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To better understand the genetic relationship between granitoid rocks

of the Archean cratons and the underlying ‘keel’of subcratonic litho-

spheric mantle (SCLM), we have conducted two types of experi-

ments in a multi-anvil apparatus at 3^4 GPa: (1) peridotite

assimilation experiments, in which natural, hydrousTTG (trondh-

jemite^tonalite^granodiorite) melts are reacted with mantle perido-

tite at relatively high melt^rock ratios; (2) liquidus saturation

experiments on hydrous Mg-rich diorite (sanukitoid) melts. Our

results demonstrate that liquids similar to typically late- to

post-tectonic sanukitoid intrusions can form by hybridization of ini-

tial TTG melts by assimilation of olivine-bearing peridotite, and

that these primitive granitoid melts are in equilibrium with reaction

residues consisting of olivine-free garnet websterite or garnet pyroxen-

ite.The experimental melts retain the distinctive trace element signa-

ture of TTGs, overprinted by a ‘primitive’ mantle signature (i.e.

high Mg-number, elevated Cr and Ni abundances), whereas the

various phases of the crystalline residues acquire trace element signa-

tures reflecting equilibration with Mg-rich granitoid melts. At low

melt:rock ratios, metasomatism by TTG melts may be responsible

for the silica enrichment and high modal orthopyroxene content of

some cratonic peridotites and cryptic trace element overprints in

garnet, clinopyroxene, and orthopyroxene. Our results demonstrate

that the lithospheric keel of Archean cratons represents the product

of reaction betweenTTG melts and previously depleted mantle peri-

dotite at relatively low melt:rock ratios, as evidenced by the trace

element signature in garnet pyroxenite and orthopyroxene-enriched

garnet peridotite xenoliths, whereas Late Archean sanukitoids repre-

sent the products of these same reactions at relatively high melt:rock

ratios.

KEY WORDS: TTG; cratons; cratonic lithosphere; garnet websterite;

sanukitoid

I NTRODUCTION

Despite indirect evidence for the presence of continental

crust on the Earth at �4·2^4·4 Ga (Harrison et al., 2005;
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Harrison, 2009), no granitoid rocks older than �4·0 Ga

survive and so the question of when and how Earth’s first

true continents formed remains a matter for continued

speculation and debate. Archean cratons, the nuclei for

the continents, have been attached to deep roots or ‘keels’

in the cratonic lithosphere since their initial formation

more than 3·0 Ga ago (Carlson et al., 2000, 2005; James &

Fouch, 2002; Pearson et al., 2002; Lee & Aeolus, 2006; Arndt

et al., 2009). The physical and temporal juxtaposition of the

oldest preserved granitoid rocks with old, cold roots extend-

ingdeep into the underlying subcratonic lithosphericmantle

(SCLM) implies a coeval evolutionary history; preservation

of this oldest continental crust may in fact be contingent

upon the development of these deep roots in the cratonic

lithosphere.Understanding thegenetic relationshipbetween

Archean continental crust and the SCLMmay therefore be

crucial to understanding how physically and chemically

stable continental nuclei (cratons) formedonEarth.

The vast majority of continental crust of early to

mid-Archean age (�3·8^3·0 Ga) is composed of granitoids

of the TTG (trondhjemite^tonalite^granodiorite) suite of

plutonic rocks (Martin et al., 2005). A survey of all

Archean granitoids in terms of a simple geochemical par-

ameter, the Mg-number (defined as the molar ratio of

[Mg/(MgþFe)], which in the present context reflects the

extent of direct mantle contributions to granitoid petrogen-

esis), shows that Archean granitoids with Mg-numbers

greater than �0·50 are relatively rare in the rock record

prior to �3·5 Ga, but become increasingly more common

between 3·5 and 3·0 Ga (Fig. 1). By 3·0 Ga, late- to

post-tectonic granitoids of the sanukitoid suite (Shirey &

Hanson, 1984; Stern & Hanson, 1991), with Mg-numbers

of �0·55 and above, have become prevalent (Fig. 1), al-

though granitoids of the TTG suite, with Mg-numbers

less than 0·50, still predominate crust-generating processes

throughout this period. Although granitoids of the TTG

suite occur predominantly in the Archean, intrusive rocks

of comparable composition are also found in much

younger terranes (e.g. in the northern and central Andes;

Petford & Atherton, 1996; Bourdon et al., 2002; Condie,

2005; Figueroa et al., 2009), and compositionally similar in-

trusive and extrusive rocks occur throughout the geologic-

al record, from the Archean to the present, and are often

referred to as ‘adakites’. The similarities and differences be-

tween adakites and TTG have been discussed in detail in

a number of recent papers (e.g. Smithies, 2000; Condie,

2005; Martin et al., 2005, 2010), and as their relationship

continues to be a matter of considerable debate, this is a

subject beyond the scope of this paper. Suffice it to say

that, despite their overall similarities in terms of major-

and trace-element characteristics, there is general agree-

ment that adakites have higher Mg-numbers than TTGs,

with a consensus that TTGs are restricted to Na-rich gran-

itoids with Mg-numbers less than �0·50.

A number of experimental studies have shown that the

chemical compositions of TTG granitoids are consistent

with an origin by low to moderate degrees of dehydration

melting of garnet-bearing metabasalt (garnet amphibolite

Fig. 1. Mg-number vs age for Archean granitoids, including tonalite^trondhjemite^granodiorites (TTG), ‘parental’ sanukitoids with
Mg-numbers40·58, and ‘derivative’ sanukitoid suite granitoids formed by crystallization differentiation of ‘parental’ sanukitoids. Sanukitoids
are distinguished fromTTGs on the basis of their Mg-number and K2O/Na2O ratio (41·0 for sanukitoids; �1·0 for TTG). It should be noted
that TTG production does not cease in the Archean, but continues up to the present day in some locales.
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to eclogite; e.g. Rapp et al., 1991, 2003; Sen & Dunn, 1994a;

Rapp & Watson, 1995). The relative scarcity of early to

mid-Archean granitoids with ‘primitive’ geochemical char-

acteristics, indicative of a mantle petrogenetic lineage, sug-

gests that there was limited mantle participation in

granitoid magmatism prior to 3·0 Ga. It is only with the

appearance in the Late Archean of monzodiorites and tra-

chyandesites of the sanukitoid suite that granitoids with a

direct mantle pedigree are found in any significant quanti-

ties (it should be noted that although most early to

mid-ArcheanTTG have þeNd, this mantle isotopic signa-

ture is probably acquired indirectly through remelting of

basaltic precursors), with the implication that these

magmas mark the maturation of crustal growth processes

and the beginning of ‘modern-style’ subduction-related arc

magmatism in a plate-tectonic framework [e.g. downgoing

slab, overlying mantle wedge, and crustal growth via

some variant of ‘the andesite model’ (Arculus, 2006); see

also Smithies (2000), Smithies & Champion (2000),

Martin & Moyen (2002) and Martin et al. (2005, 2010) for

discussion of the evolution in tectonic style through the

Archean, and Bedard (2006) for an alternative, plume-

based model].

The compositional transition in granitoid magmatism c.

3·0 Ga represents the establishment of a clear genetic link

between rocks of the silica-rich continental crust and ultra-

mafic rocks of the subcontinental lithospheric mantle. In

this study, this relationship is considered from two perspec-

tives: first, the nature of the reaction betweenTTG liquids

and peridotitic (cratonic) mantle and its effect on the com-

position of the hybridized melt; second, the role of TTG

melts as metasomatic agents within the cratonic litho-

sphere. Our focus is on reactions betweenTTG^sanukitoid

melts and mantle peridotite in the juvenile root zones of a

maturing Archean craton.

EXPER IMENTAL AND

ANALYTICAL METHODS

Natural starting materials were selected for the laboratory

experiments described below. Where published data were

not available, bulk compositions were determined

for major elements by X-ray fluorescence (XRF) in

Clermont-Ferrand and solution inductively coupled

plasma mass spectrometry (ICP-MS) for trace elements at

the Australian National University (ANU) (Table 1). The

granitoid rocks used in the experiments include a primitive

tonalitic ‘old grey gneiss’ (Table 1, SV-4: Mg-number -

0·36; K2O/Na2O¼ 0·33) from the 3·4 Ga Sete Voltas

massif in the Brazilian Craton (Martin et al., 1997), and

two primitive, Late Archean sanukitoid compositions

from the granite^greenstone terranes of the Superior

Province: the 2·7 Ga old Saganaga Tonalite (ST-01:

Mg-number¼ 0·54; K2O/Na2O¼ 0·33) from the

Minnesota River Valley, provided by G. Hanson of Stony

Brook University (Arth & Hanson, 1972; Goldich et al.,

1972), and a 2·7 Ga monzodiorite (RR-07: Mg-number -

0·61; K2O/Na2O¼ 0·52) from the Roaring River

Complex (Stern & Hanson, 1991). The latter two samples

possess the elevated Mg-numbers and Cr and Ni contents

characteristic of the Late Archean Mg-rich diorites and

monzodiorites that were initially described by Shirey &

Hanson (1984), and first given the name ‘sanukitoid’, where-

as the SeteVoltas tonalite has a low Mg-number typical of

the early to mid-Archean TTG suite; all three granitoids

have the high Sr/Yand La/Yb ratios and lowYandYb con-

centrations characteristic of Archean TTGs and sanuki-

toids. A hydrous glass of SV-4 with c. 6 wt % H2O was

synthesized in an internally heated pressure vessel at

0·25GPa and 9008C at the Laboratoire Magmas et

Volcans, Blaise Pascal University in Clermont-Ferrand; in

experiments with the sanukitoid starting materials (ST-01

and RR-07 monzodiorites), c. 6^8 wt % H2O was added

to the charge by microsyringe. The peridotite samples con-

sist of rock powders made directly from two different

depleted spinel peridotite xenoliths derived from the

sub-arc mantle beneath the northern sector of the

Kamchatka Arc (Kepezhinskas et al., 1995, 1996) (Table 1).

These peridotites were selected on the basis of their

depleted nature, the fact that they had been previously

described, and because they could be compared with

other xenoliths from the same xenolith collection that had

undergone variable degrees of adakite metasomatism

(Kepezhinskas et al., 1995, 1996). In addition, a single

garnet peridotite xenolith from the Matsoku kimberlite in

Lesotho, collected during the 7th International

Kimberlite Conference field trip in 1998, was analyzed for

major and trace elements for comparison with the experi-

mental run products.

Two types of experiments were carried out: (1) liquidus

saturation experiments on the RR-07 sanukitoid compos-

ition; (2) peridotite assimilation experiments, in which

either the SV-4 tonalite glass or the ST-01 rock powder

was mixed in fixed proportions with powdered peridotite

DP-1 or DP-2. With one exception, all of the experiments

were conducted in aWalker-type multi-anvil apparatus at

Stony Brook University at pressures of 3·5^3·8GPa and

temperatures of 1100^12508C, using thick-walled (�1mm),

pressure welded, Au100 capsules. One additional peridotite

assimilation experiment using the hydrated SV-4 glass

was carried out at 3·0GPa and 11008C in a piston-cylinder

apparatus at the Laboratoire Magmas et Volcans in

Clermont-Ferrand, using instead a thick-walled Au80^Pd20
capsule. The experiments were maintained at the high

P^Tconditions for 5^10 days; after quenching, the sample

capsules were sectioned and polished for microanalysis. A

summary of run conditions and the resulting high-pressure

phase assemblages is provided inTable 2.
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Table 1: Whole rock major- and trace-element compositions of experimental starting materials (Columns 1^5), and of a

garnet websterite xenolith from the Matsoku kimberlite, Lesotho (Column 6)

Sample: 1 2 3 4 5 6

Label: SV4 ST-01 RR-07 DP1 DP2 MAT-1

Type: TTG Mg-diorite sanukitoid peridotite peridotite xenolith

wt % oxide

SiO2 66·44 62·98 58·81 44·48 42·27 46·60

TiO2 0·50 0·29 0·49 0·0 0·17 0·03

Al2O3 16·76 18·51 16·15 0·69 2·75 1·55

FeO 4·32 3·26 4·81 7·43 n.a n.a.

Fe2O3 n.a. n.a. n.a. 11·44 6·48

MnO 0·09 0·08 0·09 0·12 0·16 0·10

MgO 1·39 2·76 4·30 43·85 38·54 42·19

CaO 4·13 4·18 6·31 0·91 2·97 0·79

Na2O 5·15 5·43 5·22 0·31 0·11 0·11

K2O 1·02 1·77 2·73 0·04 0·007 0·18

P2O5 0·20 0·08 0·48 n.d. 0·013 0·025

Cr2O3 b.d. b.d. n.a. 0·43 n.a. 0·261

H2OT n.a. n.a. n.a. 0·0 2·29 0·00

Total 100·00 99·34 99·39 98·38 98·44 100·60

Mg-no. 0·37 0·54 0·61 0·86 0·87 0·93

Trace elements (ppm)

Sc n.a. 8·1 11 14·0 12·9 6·6

V 30·5 44 83 36 38 26·4

Co 8·05 12 20 127 111 90

Cr 18·0 106 143 2903 — 1786

Ni 15·8 39 80 2752 2113 19

Rb 68·6 54·1 26·2 0·04 0·089 7·86

Sr 571 698 1943 141 88 30.

Y 9·5 5·51 12·7 0·09 2·8 0·44

Zr 219 24·0 20·3 0·16 6·97 5·50

Nb 3·75 3·00 2·48 0·040 0·092 2·17

Cs 2·41 1·33 0·46 0·0012 0·004 0·24

Ba 188 673 2432 3·2 4·44 13·9

La 22·11 20·6 60·4 0·022 0·41 1·36

Ce 48·6 42·1 122·8 0·049 1·21 2·90

Nd 20·8 16·8 58·8 0·029 1·11 1·41

Sm 3·73 2·64 9·95 0·007 0·35 0·25

Eu 1·18 0·73 2·77 0·002 0·13 0·070

Gd 2·72 1·81 6·27 0·008 0·46 0·186

Dy 1·87 1·03 2·84 0·009 0·52 0·106

Er 0·79 0·51 1·04 0·011 0·29 0·037

Yb 0·67 0·51 0·75 0·024 0·28 0·031

Hf 4·59 0·076 0·110 0·004 0·20 0·104

Ta 0·19 0·19 0·095 0·004 0·011 0·110

Pb 17·9 7·9 15·9 0·25 0·71 0·1

Th 0·49 3·37 1·81 0·005 0·013 0·181

U 0·66 0·63 0·29 0·004 0·012 0·063

Whole-rock major elements by XRF and trace elements by solution ICP-MS for samples 1, 4, 5 and 6; published analyses
for samples 2 and 3; n.a., not analyzed. Sample localities: (1) SV4 TTG: Sete Voltas TTG from the Brazilian Craton; (2)
Saganaga Tonalite (ST-002): Mg-rich diorite from the Vermilion district granite–greenstone terrane, Minnesota River
Valley, northeastern Minnesota–northwestern Ontario, provided by Professor G. Hanson, Stony Brook University,
Stony Brook, NY, USA (after Goldich et al., 1972); (3) Roaring River monzodiorite (MZDi-07): ‘sanukitoid’ from the
Superior Province, Canada (Stern & Hanson, 1991); (4) depleted peridotite AVX-51 (DP1): ultradepleted harzburgite
xenolith from Valvoyam Volcanic Field (VVF), northern Kamchatka (Kepezhinskas et al., 1995); (5) melt-metasomatized,
‘depleted’ spinel peridotite xenolith 8710P (DP2): also from VVF, Kamchatka sub-arc mantle; (6) garnet pyroxenite
xenolith from the Matsoku kimberlite, Lesotho (this study) MAT-1: modal composition: orthopyroxene 46·8%, garnet 6
·2%, olivine 44·0%, clinopyroxene 3·0%, phlogopite,51·0%; residual sums 0·99.
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The phase assemblages consisted of a glass (quenched

melt) and coexisting metasomatic crystalline phases; no

relicts of the original peridotite minerals were evident

(e.g. unreacted cores). The glasses and crystals were char-

acterized for major elements by electron microprobe ana-

lysis (EPMA; Cameca SX100 at ANU for major

elements), and for trace elements by laser-ablation

(Excimer UV) ICP-MS (HP7500 Agilent) at ANU.

EPMA analyses were conducted with an accelerating volt-

age of 15 kV, a beam current of 20 nA and a focused beam

(�1 mm diameter) for the crystalline phases, and a beam

current of 10 nA and a defocused beam (�20 mm diameter)

for analyses of the glasses (to minimize Na loss under the

electron beam). For the laser-ablation ICP-MS analyses,

the largest possible laser beam size was used to maximize

signal intensity, with the size of the crystals and/or melt

pockets being the limiting factor (generally a beam diam-

eter of �30 mm was required). Glasses of NIST-612 and

NIST-610 (Hinton, 2007), and USGS geochemical refer-

ence standard BCR-2 (Ila & Frey, 1999) and Geological

Survey of Japan rock standard JA-1 (Ando et al., 1987),

were used as primary and secondary standards, respective-

ly, with CaO wt % determined by EPMA used as an in-

ternal standard.

RESULTS

General observations
All of the experiments produced high Mg-number dioritic

melts in equilibrium with garnet pyroxenite or garnet web-

sterite crystalline reaction residues; none of the original

peridotitic olivine of the starting materials survived the

melt^rock reaction. Major-element compositions of the

melts and minerals are given in Tables 2 and 3,

respectively, and the trace element compositions of selected

crystalline phases are given inTable 4 (for both melts and

minerals). Modest thermal gradients (�20^308C over

�1mm) along the length of the sample capsules in the

multi-anvil experiments produce layered textures, with a

zone of crystal-free melt overlying layers of crystals with

small amounts of interstitial melt, and with the liquidus

phase closest to the top. These textures were advantageous

in isolating a particular phase when aiming the laser

beam for the ICP-MS analyses. Back-scattered electron

photomicrographs of polished sections of several of the ex-

perimental charges are shown in Fig. 2a^d. The distribu-

tion of phases was much more uniform in the single

piston-cylinder experiment (CF-HP; Fig. 2d).

In the sanukitoid liquidus saturation experiments with

the RR-7 starting material, near-liquidus melts with mod-

erate Mg-numbers (�0·46^0·53) coexist with garnet pyr-

oxenite [e.g. clinopyroxene (Cpx)þ subordinate garnet

(gt)] or garnet websterite (gtþCpxþOpx) crystalline re-

action residues. For example, the phase assemblage in ex-

periment KJ-2, which at �12508C is the highest

temperature run and therefore closest to the liquidus at

3·8GPa, consists of 72% melt, 22% clinopyroxene, and

6% garnet, by weight per cent mass-balance caculation

(residue¼ 78% Cpx, 22% gt); experiments KJ-3 and KJ-4,

at slightly lower temperatures (1200^12208C), consist of 49^

51% melt, �42% clinopyroxene, and �12% garnet (resi-

due¼ 77% Cpx, 23% gt). These results suggest that hy-

drous sanukitoid liquids at 3·8GPa (�140^150 km depth)

would have been in equilibrium with a garnet clinopyrox-

enite phase assemblage, formed in response to reaction be-

tween hydrous TTG melts and fertile peridotite, with

clinopyroxene the liquidus phase (see below). Experiment

KJ-6, in which �30% peridotite rock powder was added

Table 2: Experimental run conditions and high-pressure phase assemblages

Run Material P (GPa) T (8C) Assemblage

KJ2 RR-07þ 6 wt % H2O 3·8 1250 Cpx, melt

KJ3 RR-07þ 6 wt % H2O 3·8 1220 gt, Cpx, melt

KJ4 RR-07þ 6 wt % H2O 3·8 1200 gt, Cpx, melt

KJ6 RR-07þ 6 wt % H2Oþ 33% DP1 3·8 1250 gt, Cpx, melt

ST/DP1 ST-01þ 30% DP1 3·6 1150 gt, Opx, Cpx, melt

ST/DP2 ST-01þ 30% DP1 3·8 1200 gt, Opx, Cpx, melt

ST/DP3 ST-01þ 50% DP1 3·8 1200 gt, Opx, melt

CF-HP SV4þ 30% DP2 3·0 1100 gt, Cpx, Opx, phlg, melt

Starting materials: RR-07, Roaring River Sanukitoid (Stern & Hanson, 1991); DP1, depleted peridotite ‘AVX51’, from
Valvoyam Volcanic Field, northern Kamchatka (Kepezhinskas et al., 1995; bulk composition reported by Rapp et al.,
1999); ST-01, Saganaga Tonalite (Goldich et al., 1972); SV4, 3·4 Ga old TTG from the Sete Voltas massif, Brazilian Craton
(Martin et al., 1997); DP2, depleted peridotite 8710P from Valvoyam Volcanic Field, northern Kamchatka (Kepezhinskas
et al., 1995).
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to the original Superior Province sanukitoid (RR-07),

demonstrates that additional assimilation of ultramafic

material by Mg-rich diorite liquids is possible, and leads

to melts with much higher Mg-numbers (40·70) without

any change in the garnet clinopyroxenite mineral assem-

blage, but with the single phases (gt and Cpx) becoming

progressively more magnesian. In the TTG melt^perido-

tite assimilation experiments (Table 2: ST/DP1, ST/DP2,

ST/DSP3 and CF-HP), liquids with moderate to high

Mg-numbers (�0·55^0·77) coexist with garnet websterite

(gtþCpxþOpx) or garnet orthopyroxenite (gtþOpx)

residues, with the proportion of garnet again subordinate

Table 3: Major-element compositions of melts and crystalline phases in sanukitoid liquidus andTTG or sanukitoid melt^

peridotite rock reaction experiments, and of phases in garnet peridotite xenolith from Matsoku kimberlite, Lesotho

Sample: KJ-2 KJ-3 KJ-4 KJ-6 ST/DP301 ST/DP302 ST/DP 3 CF-HP

P (GPa): 3·8 3·8 3·8 3·8 3·5 3·5 3·8 3·0

T (8C): 1250 1220 1200 1250 1150 1200 1200 1100

wt % oxide

SiO2 54·38 59·34 61·51 56·67 67·34 63·13 55·71 58·24

TiO2 0·58 0·72 0·95 0·54 0·42 0·66 0·33 0·69

Al2O3 14·02 12·80 12·78 12·09 9·87 15·31 12·49 15·20

FeO* 3·45 2·24 2·23 3·20 1·53 2·73 3·11 2·63

MnO 0·03 0·052 0·06 0·06 0·02 0·06 0·04 0·08

MgO 2·17 1·13 1·04 5·95 2·77 1·89 5·25 1·86

CaO 3·80 2·88 2·86 3·71 1·03 3·88 3·64 3·27

Na2O 3·92 3·67 3·52 5·13 3·02 3·93 5·66 6·03

K2O 3·33 5·64 6·26 3·09 4·41 3·30 2·61 2·18

P2O5 0·68 0·85 0·89 0·58 0·17 0·78 0·27 0·49

Cr2O3 n.d. n.d. b.d. 0·027 n.d. b.d. n.d. 0·01

Total 86·36 88·81 92·10 90·58 90·14 95·67 88·37 90·65

Mg-no. 0·53 0·48 0·46 0·77 0·76 0·55 0·77 0·56

Sample: KJ-2 KJ-2 KJ-3 KJ-3 KJ-4 KJ-4 KJ-6 KJ-6

P (GPa): 3·8 3·8 3·8 3·8 3·8 3·8 3·8 3·8

T (8C): 1250 1250 1220 1220 1200 1200 1250 1250

Phase: gt Cpx gt Cpx gt Cpx gt Cpx

wt % oxide

SiO2 40·96(0·27) 53·90(0·16) 39·32 55·97 40·10 56·43 42·70(0·27) 56·26(0·77)

TiO2 0·31(0·04) 0·13(0·03) 0·35 0·29 0·19 0·30 0·23(0·02) 0·13(0·01)

Al2O3 22·45(0·15) 14·08(0·39) 20·76 15·57 22·40 15·57 23·13(0·16) 8·91(0·29)

FeO* 11·29(0·07) 5·03(0·24) 19·22 3·29 16·80 3·70 7·90(0·39) 2·86(0·10)

MnO 0·49(0·04) 0·02(0·01) 0·46 0·06 0·36 0·15 0·22(0·03) 0·08(0·02)

MgO 14·25(0·37) 7·76(0·42) 9·21 6·59 11·54 6·75 22·00(0·32) 14·74(0·28)

CaO 8·95(0·21) 11·23(0·43) 8·56 9·79 8·14 10·16 3·49(0·21) 11·03(0·10)

Na2O 0·12(0·02) 6·41(0·21) 0·21 7·43 0·23 7·26 0·14(0·03) 5·10(0·20)

K2O 0·01(0·01) 0·02(0·01) 0·03 0·03 0·02 0·13 0·01(0·004) 0·01(0·01)

P2O5 0·22(0·03) b.d. 0·36 0·07 0·33 b.d. 0·08(0·02) 0·02(0·01)

Cr2O3 n.a. 0·17(0·04) 0·16 0·004 0·01 0·06 0·27(0·05) 0·14(0·03)

Total 99·05 98·75 98·64 100·30 100·13 100·46 100·17 99·29

Mg-no. 0·69 0·73 0·46 0·78 0·55 0·77 0·84 0·90

Mg42Fe15Ca43 Py35Alm41Gr24 Mg43Fe12Ca45 Py43Alm35Gr22 Mg42Fe13Ca45 Py77Alm15Gr8 Mg61Fe7Ca33

(Continued)
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to that of the pyroxenes. The ‘melt-hybridized’ phase as-

semblages formed in these experiments are the products

of reactions that stabilize orthopyroxene while consuming

all of the original peridotitic olivine at moderate

temperatures (�12008C) and intermediate melt:rock

ratios (from �1:2 to �1:1). These assemblages can be gen-

etically linked to primary high-Mg dioritic (sanukitoid)

or andesitic (HMA) magmas that formed in response to

Table 3: Continued

Sample: ST/DP ST/DP-1 ST/DP1 ST/DP2 ST/DP2 ST/DP3 ST/DP3 CF-HP

P (GPa): 3·5 3·5 3·5 3·5 3·5 3·8 3·8 3·0

T (8C): 1150 1150 1150 1200 1200 1200 1200 1100

Phase: gt Opx Cpx gt Cpx gt Opx gt

wt % oxide

SiO2 41·89(0·42) 57·49(0·35) 56·49 40·33 54·48 43·52 57·19(0·22) 42·01

TiO2 0·19(0·03) 0·03(0·005) 0·21 0·24 0·59 0·07 0·013(0·006) 0·51

Al2O3 23·17(0·12) 2·34(0·25) 11·29 20·76 17·35 21·55 1·71(0·06) 23·00

FeO* 10·30(1·33) 6·35(0·23) 4·03 23·27 3·98 7·61 5·81(0·09) 10·60

MnO 0·21(0·03) 0·08(0·03) 0·10 0·50 0·06 0·19 0·07(0·02) 0·03

MgO 21·34(1·60) 33·30(0·52) 13·99 11·01 5·22 23·27 35·00(0·22) 19·49

CaO 2·79(0·74) 0·51(0·04) 6·52 9·18 8·99 2·79 0·54(0·01) 5·01

Na2O 0·13(0·01) 0·74(0·10) 6·19 0·11 8·09 0·10 0·50(0·04) 0·08

K2O 0·02(0·01) 0·002(0·003) b.d. 0·008 0·01 b.d. 0·013(0·007) b.d.

P2O5 0·06(0·02) 0·02(0·01) b.d. 0·12 0·53 0·04 b.d. 0·15

Cr2O3 0·17(0·10) 0·16(0·05) n.a. n.a. n.a. 0·62 0·17(0·04) 0·27

Total 100·28 101·19 98·82 99·87 99·29 99·75 101·02 101·46

Mg-no. 0·79 0·93 0·87 0·46 0·78 0·85 0·91 0·77

Py73Alm20Gr7 En93Fs07 Mg67Fe11Ca22 Py77Alm15Gr8 Mg61Fe7Ca33 Py78Alm14Gr7 En91Fs09 Py67Alm20Gr12

Sample: CF-HP CF-HP CF-HP Mats Mats Mats Mats Mats

P (GPa): 30 30 30 — — — — —

T (8C): 1100 1100 1100 — — — — —

Phase: Cpx Opx phlog oliv gt Cpx Opx phlog

wt % oxide

SiO2 55·22 56·58 47·63 39·84 39·71 52·67 56·71 39·14

TiO2 0·16 0·05 1·15 0·013 b.d. 0·07 0·04 0·38

Al2O3 6·92 2·54 13·21 b.d. 21·63 2·83 0·91 13·14

FeO* 4·32 8·06 9·21 8·48 7·56 2·79 5·07 3·17

MnO 0·14 0·12 0·05 0·096 0·32 0·08 0·10 0·02

MgO 15·94 32·00 11·89 52·49 21·63 17·06 36·93 26·57

CaO 13·47 0·86 0·48 0·03 5·70 19·72 0·47 0·01

Na2O 3·56 0·39 4·73 0·003 0·03 2·24 0·16 0·23

K2O 0·02 b.d. 7·11 0·03 0·01 0·02 0·01 12·57

P2O5 0·05 b.d. 0·07 0·03 0·06 b.d. b.d. 0·005

Cr2O3 0·46 0·19 0·004 0·16 4·75 1·92 0·32 0·70

Total 100·25 100·89 95·55 100·98 100·99 99·42 100·72 95·94

Mg-no. 0·87 0·88 0·70 0·92 0·84 0·92 0·93 0·94

Mg57Fe9Ca35 En88Fs12 — Fo92Fa08 Py72Alm14Gr14 Mg52Fe5Ca43 En93Fs07 —

Starting material for experiments as follows: KJ-2, KJ-3 and KJ-4, Roaring River sanukitoidþ�6–8 wt % H2O; KJ-6,
sanukitoidþH2Oþ 15% depleted peridotite; ST/DP experiments, sanukitoidþ depleted peridotite in percentage indicated;
CF-HP, piston-cylinder experiment conducted at the Laboratoire Magmas et Volcan in Clermont-Ferrand; starting mater-
ials were 1:1 mix of TTG SV-4 and depleted peridotite. The numbers in parentheses represent �1 standard deviation of
the mean value in the EPMA analyses; b.d., below detection; n.a., not analyzed.
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Table 4: Trace element abundances (ppm) in experimental melts and mineral phases, measured by laser-ablation ICP-MS

Expt.: KJ2 KJ3 KJ4 KJ6 STDP-1 STDP-2 STDP-3 CF-HP

Melts (n¼ 2) (n¼ 2) (n¼ 4) (n¼ 5) (n¼ 3) (n¼ 3) (n¼ 4) (n¼ 4)

P 3188 3355 4917(370) 3142(80) 1063(12) 3259(74) 1141(146) 1748(36)

Sc 6·01 3·35 4·55(0·10) 4·95(0·15) 4·32(0·03) 4·26(0·01) 6·43(0·38) 4·38(0·07)

Ti 3480 4320 5700 3240 2771(21) 3960 1980 4140

V 46·4 8·01 11·7(1·2) 30·8(0·2) 11·5(0·2) 18·5(0·6) 35·1(3·0) 36·2(0·5)

Cr 13·5 5·36 7·8(1·3) 120(4) 88·1(2·2) 18·8(1·2) 217(36) 179(4)

Ni 25·3 0·56 1·07(0·08) 7·5(0·2) 9·02(0·23) 1·18(0·38) 59·4(6·9) 47·0(0·8)

Rb 29·4 36·9 53·3(4·9) 34(2) 138(2) 37·7(1·7) 89·9(7·8) 137(1)

Sr 1755 2179 3001(177) 1829(19) 1159(3) 1927(21) 993(119) 1029(18)

Y 10·6 7·58 9·8(0·8) 8·1(0·1) 3·25(0·10) 7·04(0·32) 3·29(0·33) 4·98(0·13)

Zr 153 74·8 101(5) 531(7) 287(3) 169(2) 268(33) 301(3)

Nb 2·93 3·27 4·60(0·50) 2·89(0·08) 9·39(0·10) 3·25(0·1) 5·03(0·82) 8·69(0·20)

Ba 2018 2608 3441(163) 2011(21) 1033(5) 2269(11) 863(156) 336(7)

La 116 70·8 96·4(5·8) 68·2(0·5) 32·1(0·1) 90·3(1·3) 37·4(6·9) 37·7(0·7)

Ce 121 141 189(3) 111(2) 71·4(1·2) 195(4) 71(10) 81(1)

Nd 56·2 64·5 86·2(1·6) 55·7(1·3) 30·3(0·1) 68·4(1·0) 28·6(2·6) 32·1(0·4)

Sm 9·43 9·91 14·6(1·4) 9·86(0·16) 4·53(0·16) 10·12(0·1) 3·30(0·25) 5·02(0·20)

Eu 2·73 2·78 3·84(0·13) 2·80(0·12) 1·08(0·02) 2·99(0·12) 0·94(0·11) 1·37(0·07)

Gd 6·31 6·58 8·51(0·67) 5·80(0·41) 2·26(0·07) 5·61(0·20) 1·92(0·50) 3·00(0·19)

Dy 2·40 1·93 2·60(0·08) 2·15(0·07) 0·87(0·03) 1·79(0·04) 0·74(0·20) 1·36(0·16)

Er 0·74 0·50 0·75(0·13) 0·43(0·08) 0·24(0·02) 0·48(0·03) b.d. 0·34(0·08)

Yb 0·69 0·26 0·35(0·09) 0·25(0·02) 0·16(0·01) 50·3 b.d. 0·23(0·03)

Hf 2·52 1·57 2·09(0·22) 9·70(0·24) 7·89(0·03) 3·27(0·04) 6·65(1·32) 6·13(0·15)

Ta 0·19 0·14 0·20(0·02) 0·217(0·006) 0·61(0·02) 0·14(0·02) 0·32(0·06) 0·32(0·02)

Pb 29·0 1·02 1·41(0·08) 2·63(0·09) 3·2(0·8) 2·16(0·48) 5·53(1·39) 63·2(1·3)

Th 1·89 2·11 2·68(0·25) 1·99(0·08) 7·43(0·08) 1·72(0·07) 4·09(0·72) 0·86(0·10)

U 0·42 0·32 0·46(0·07) 0·85(0·04) 1·78(0·03) 0·45(0·02) 1·75(0·42) 1·29(0·06)

Expt. mineral: KJ2 KJ3 KJ4 KJ4 KJ6 KJ6 ST/DP1 ST/DP2

Phase: Cpx Cpx Cpx gt Cpx gt Cpx Cpx

(n¼ 4) (n¼ 3) (n¼ 6) (n¼ 3) (n¼ 3) (n¼ 3) (n¼ 2) (n¼ 3)

K 146(30) n.a. n.a. �665 96(35) �105 670(18) �262

P 118(26) 212(3) 238(25) 2606(65) 93·7(14·3) 437(37) 85·4(1·5) 118(30)

Sc 11·0(0·5) 9·69(0·32) 7·37(0·19) 52·6(1·7) 6·7(0·5) 25·2(1·0) 5·94(0·08) 8·12(0·42)

V 106(7) 162(11) 149(14) 95·6(1·8) 133(6) 76(6) 121(3) 160(13)

Cr 1079(40) 463(93) 445(49) 643(24) 784(33) 2435(963) 1139(233) 296(94)

Ni 79(14) 20·7(2·7) 27·1(5·5) 10·5(0·1) 40(7) 17·4(2·7) 120(5) 8·48(0·21)

Rb 0·18(0·05) �0·25 �0·33 1·17(0·03) 50·3 50·4 2·1(0·1) 89·9(7·8)

Sr 172(4) 326(7) 314(34) �12 241(3) �10 109(4) 167(7)

Y 2·98(0·28) 2·78(0·31) 2·27(0·36) 78·4(1·2) 2·92(0·44) 20·2(2·6) 1·65(0·07) 1·69(0·10)

Zr 8·17(0·65) 4·87(0·28) 4·36(0·65) 29·4(3·5) 26·8(5·6) 75(17) 21·5(0·2) 8·54(1·04)

Nb �0·02 �0·06 �0·14 �0·30 50·1 50·1 0·25(0·02) 50·11

Ba 2·15(0·10) �13 7·8(3·8) �3 51·1 �1·3 5·0(1·8) 50·2

La 1·77(0·14) 1·52(0·04) 1·55(0·31) �0·019 1·81(0·13) �0·1 1·34(0·03) 1·93(0·62)

Ce 4·00(0·31) 5·76(0·25) 5·33(1·16) �0·6 6·06(0·38) 1·06(0·28) 4·74(0·13) 6·52(1·00)

Nd 4·62(0·32) 6·17(0·64) 5·64(1·02) 12·9(0·8) 7·0(1·0) 2·66(0·58) 4·40(0·31) 4·85(1·48)

Sm 1·75(0·23) 1·69(0·29) 1·66(0·12) 8·9(2·2) 2·53(0·90) 1·38(0·28) 0·86(0·03) 1·07(0·04)

Eu 0·58(0·12) 0·72(0·08) 0·66(0·12) 5·5(0·1) 0·84(0·10) 0·83(0·23) 0·30(0·03) 0·40(0·11)

Gd 1·45(0·05) 1·08(0·08) 1·30(0·10) 15·8(4·0) 1·29(0·34) 3·90(0·50) 0·91(0·08) 50·9

Dy 0·61(0·11) 0·60(0·03) 0·81(0·10) 13·35(0·87) 0·94(0·11) 3·90(0·22) 0·40(0·04) 50·6

Er 0·34(0·12) 50·2 50·3 9·11(0·11) 50·3 1·93(31) b.d. 50·5

Yb �0·2 �0·23 �0·6 6·34(0·13) 50·4 1·69(0·23) 0·21(0·03) 50·4

Hf 0·37(0·04) �0·32 50·4 51·5 �1·0 1·50(0·15) 0·93(0·23) 50·1

Ta 50·02 �0·08 �0·08 50·3 50·1 50·1 b.d. 50·1

Pb 0·47(0·05) 50·2 50·2 50·2 50·6 50·6 b.d. 50·6

Th 50·1 50·2 50·3 50·4 50·1 50·1 0·22(0·02) 50·1

U 50·05 50·1 50·1 50·1 50·1 b.d. �0·06 50·1

(Continued)
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Table 4: Continued

Expt. mineral: ST/DP2 ST/DP3 CF-HP CF-HP

Phase: gt gt gt Cpx

(n¼ 3) (n¼ 2) (n¼ 3) (n¼ 1)

K �75 �74 n.a. 31·6

P 955(23) 235(92) 321(48) 45·4

Sc 57·8(1·3) 38(3) n.a. 10·54

V 113(6) 96(3) 77(5) 136

Cr 772(91) 7480(778) 5681(704) 3927

Ni 4·3(1·5) 139(16) 225(20) 343

Rb 50·5 0·49(0·35) 50·8 b.d.

Sr 5·9(0·6) �5·8 1·7(0·02) 126

Y 71(0·9) 11·8(1·7) 44(8) 2·78

Zr 66(11) 60·7(9·7) 141(8) 22·9

Nb 50·11 0·15(0·02) 0·13(0·04) 0·04

Ba 51·5 7·2(1·6) �0·7 1·59

La 50·3 �0·1 0·07(0·03) 1·67

Ce 2·56(0·18) �0·12 0·50(0·09) 7·93

Nd 9·3(0·1) �0·33 1·69(0·05) 8·28

Sm 4·8(0·1) 0·87(0·03) 0·49(0·04) 2·35

Eu 3·00(0·23) 0·28(0·06) 1·07(0·16) 0·72

Gd 12·2(1·7) 1·47(0·27) 4·95(0·15) 1·76

Dy 12·0(1·1) 1·82(0·18) 6·41(0·57) 0·77

Er 6·45(0·28) 1·51(0·10) 4·34(0·62) 0·28

Yb 6·17(0·88) 1·72(0·05) 4·56(0·35) b.d.

Hf 51·1 0·95(0·23) 2·23(0·09) 1·11

Ta 50·1 50·03 50·05 b.d.

Pb 50·8 0·21(0·10) 0·86(0·09) 2·74

Th 50·14 0·07(0·03) 50·12 b.d.

U 50·1 �0·04 50·06 b.d.

Expt. mineral: ST/DP1 ST/DP2 ST/DP3 CF-HP Matsoku

Phase: Opx Opx Opx Opx Opx

(n¼ 1) (n¼ 2) (n¼ 5) (n¼ 1) (n¼ 3)

P 41·3 13·8(6·5) 19·0(4·1) 29·3 13·6(1·1)

K 9·95 12·1 — 47·1 63·8

Sc 2·86 2·52(0·13) 3·11(0·25) 4·19 2·96(0·07)

Ti 202 74·3(3·1) 71·6(6·5) 328 188(8)

V 44·5 32(3) 32·8(1·9) 37·2 39(1)

Cr 1323 1195(108) 1194(383) 1736 2379(102)

Ni 217 521(69) 641(72) 671 957(16)

Sr 2·81 0·99(0·71) 1·50(0·57) 1·2 0·45(0·17)

Y 0·23 0·12(0·05) 0·10(0·03) 0·32 0·04(0·01)

Zr 1·70 1·01(0·47) 0·78(0·30) 1·62 0·61(0·04)

Nb 0·02 0·12 — 0·07 0·12(0·01)

Ba 0·86 0·64 — 1·01 0·12

La 0·04 0·04 0·17 — 0·01

Ce 0·19 0·11 0·11 0·09 0·04(0·01)

Nd 0·25 0·15 — 0·21 0·06(0·02)

Sm 0·08 — — — —

Eu 0·02 — — — —

Gd 0·09 — 0·52 0·15 0·01

Dy — — — 0·21 0·02

Er — — 0·22 0·19 0·02

Yb — — — 0·23 —

Hf 0·07 — — 0·13 0·03

Ta — — — — 0·02

Pb — 0·54 — 0·88 0·02

Th �0·01 50·03 — — —

U — 50·06 — — —

na., not analyzed; data preceded by � denote elements for which only a single analysis was above the detection limit;
data preceded by ‘5’ denote elements at concentrations ‘below the detection limit’ (given by the number that follows).
The numbers in parentheses represent �1 standard deviation of the mean value in the laser-ablation analyses; italicized
values represent EPMA measurement for titanium (Ti); b.d., below detection; n.a., not analyzed.
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reaction between hydrous tonalite or sanukitoid melts and

depleted peridotite. At lower pressures and/or temperature

(e.g. from this study, experiment CF-HP: �3·0GPa,

11008C), these ‘melt-metasomatized’ reaction assemblages

also contain phlogopite and/or amphibole (e.g. Sen &

Dunn, 1994b; Yaxley & Green, 1998; Rapp et al., 1999).

Melt compositions
The silicate liquids produced in our experiments are all

quartz normative, with K2O/Na2O close to or greater

than 1·0, and in terms of their CIPW normative compos-

ition can be classified as quartz monzodiorite, quartz mon-

zonite, or monzodiorite, according to Streckeisen (1976).

Near-liquidus sanukitoid melts (experiments KJ-2, KJ-3,

and KJ-4) have Mg-numbers (�0·46 to 0·53) that are

slightly lower and SiO2 concentrations (62^66 wt %, on

an anhydrous basis) that are slightly higher than the initial

bulk composition (Mg-number¼ 0·61, SiO2 58·53 wt %)

(Fig. 3), in accord with the proportion of near-liquidus

crystalline phases (lowest in KJ-2, at �28% crystals). The

‘mantle-hydridized’ TTG melts of the assimilation experi-

ments (KJ-6, ST-DP1, ST/DP2, ST/DP3, and CF-HP) have

higher Mg-numbers (�0·49 to 0·77) and lower SiO2 con-

tents (58^66 wt %) relative to (1) their respective original

tonalitic starting compositions (SV4, RR-07 and ST-01;

see Table 1), (2) experimental melts of hydrous metabasalt

at �1^4GPa (Sen & Dunn, 1994a; Rapp & Watson, 1995),

and (3) Archean TTG (Fig. 3). Thus in terms of

Mg-number and wt % SiO2, the experimental melts are

closely comparable with parental Late Archean sanuki-

toids; some melts extend further still to the higher

Mg-numbers characteristic of high-magnesium andesites

(HMAs; see Rogers & Saunders, 1989; Tatsumi et al., 2003,

Tsuchiya et al., 2005; Tatsumi, 2006; Gomez-Tuena et al.,

Fig. 2. Back-scattered electron photomicrographs of typical experimental melt þ mineral phase assemblages. (a) Experiment KJ-3, sanukitoid
near-liquidus experiment with RR-07 starting material, 3·8GPa, 12008C; (b) experiment KJ6, peridotite assimilation experiment with sanuki-
toid RR-07þ�30% depleted peridotite AVX-51, 3·8GPa, 12508C; (c) peridotite assimilation experiment ST/DP2, sanukitoid ST-01þ30%
depleted peridotite AVX-51, 3·8GPa, 12008C, showing craters from laser-ablation ICP-MS analyses; (d) peridotite assimilation experiment
CF-HP,TTG SV-4þ30% depleted peridotite 8710P, run in piston-cylinder apparatus at 3·0GPa, 11008C.
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2007) and bajaites (see Rogers et al., 1985; Saunders et al.,

1987; Benoit et al., 2002; Calmus et al., 2003) from modern

subduction zones (Fig. 3).

In spite of the varied P^Tconditions and residual phase

assemblages, the primitive mantle (PM) normalized trace

element abundance patterns of the experimental liquids

as a group are generally parallel to each other, with their

overall shape closely resembling those of the granitoid

components of the experimental starting materials

(Fig. 4). For example, in Fig. 4 the pattern for the SV-4

TTG starting material (Mg-number¼ 0·37; SiO2 66·44

wt %) can be directly compared with its mantle-

hybridized counterpart (experiment CF-HP; Mg-

number¼ 0·56; SiO2 58·24 wt %); the two trends display

an overall parallelism, with higher concentrations of most

trace elements [except for the heavy rare earth elements

(HREE) and Y, because of the presence of garnet] in the

experimental ‘sanukitoid’melt, as a consequence of the ‘di-

lution’ effect of the assimilation reaction, and elevated Cr,

Ni andVcontents. Common features of all the experimen-

tal liquids include positive anomalies in K, Pb (see qualifi-

cation below), and V relative to neighboring elements in

Fig. 4, and negative anomalies inTh, U, Nb,Ta,Ti, and Sc

relative to primitive mantle abundances. The often-noted

pairing of highSr/Yand (La/Yb)Nratioswith strong relative

depletions inYand HREE (e.g.Yb), respectively, character-

istic features of Archean TTG and sanukitoids, remain

intact following the assimilation reaction.

Of particular interest is the contrasting behavior of lead

(Pb) in different experiments, depending upon which

noble metal sample capsule was used. For experiments car-

ried out in thick-walled gold capsules, Pb concentrations

in the melt are unexpectedly low (�1^5 ppm; Table 2),

leading us to suspect that these experiments have been af-

fected by Pb loss to the capsule, primarily from the melt

phase (experiment KJ2, which appears to have experi-

enced only partial Pb loss, is an exception, for unknown

reasons). However, in the single experiment carried out

with a thick-walled capsule of Au80^Pd20 alloy (CF-HP),

Pb concentrations in the melt are more than an order of

magnitude higher (�63 ppm), leading us to believe that

Pb loss in this run has been suppressed. The data for Pb

from this experiment are used to estimate new mineral^

melt distribution coefficients (D values) for Pb for garnet

and clinopyroxene in equilibrium with Mg-rich dioritic

melts (sanukitoids).

Mineral compositions (major elements)
The major and trace element compositions of experimental

garnet, clinopyroxene, orthopyroxene and phlogopite are

listed in Tables 4 and 5. The compositions of coexisting

garnet (gt) and clinopyroxene (Cpx) representative of the

two types of experiments are shown in a ternary diagram

of molar Mg^Fe^Ca (Fig. 5), with garnet, and to a lesser

extent clinopyroxene, showing a range of compositions

that fall along a trend extending from the more Fe-rich

compositions of the sanukitoid liquidus experiments to the

more Mg-rich compositions of the peridotite assimilation

experiments. The Ca^Fe^Mg compositions of garnet and

clinopyroxene in the sanukitoid liquidus experiments are

comparable with those of ‘crustal’ eclogite residues of

basalt dehydration melting at �1·6^3·2GPa that are in

equilibrium withTTG-like liquids (Rapp & Watson, 1995).

These eclogites correspond to the ‘Group B’ eclogites of

Fig. 3. Mg-number vs wt % SiO2 for experimental high-Mg diorite melts and granitoid starting materials SV-4 (TTG), ST-01 and RR-07
(sanukitoids), shown relative to ArcheanTTG, Late Archean sanukitoids, high-magnesian andesites (HMAs) and bajaites from modern subduc-
tion zone settings, and experimental ‘TTG’melts produced by dehydration melting of garnet-amphibolite and eclogite at 1^3GPa (Rapp et al.,
1991; Sen & Dunn, 1994a; Rapp & Watson, 1995).
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Taylor & Neal (1989), Sobolev et al. (1999), and Taylor et al.

(2003). Garnet and clinopyroxene products of reaction be-

tween peridotite and TTG melts are richer in the

Mg-component, and are similar in composition to gt and

Cpx in ‘Group A’ eclogites and websterites (Taylor et al.,

2003), members of an ‘intermediate’ or ‘websteritic’ para-

genesis transitional between Group B eclogites and garnet

peridotites (Sobolev et al., 1999). In our experiments, li-

quids with moderate to very high Mg-numbers coexist

with reaction residues resembling these parageneses

Fig. 4. Trace element abundance patterns for experimental melts, including RR-07 sanukitoid near-liquidus experiments (KJ2, KJ3, KJ4),
RR-07 sanukitoid^peridotite assimilation (KJ6), Saganaga Tonaliteþperidotite assimilation (ST/DP1, ST/DP2, ST/DP3), and SV-4
TTGþ peridotite assimilation (CF-HP), shown relative to patterns for granitoid experimental starting materials (SV-4; RR-07; ST-01), all nor-
malized to primitive mantle abundances of Sun & McDonough (1989). The negative anomaly in Pb in most of the experimental melts is due
to preferential loss of Pb to the gold sample capsule; the melt in experiment KJ2 appears to have undergone only partial Pb loss. The positive
anomaly in Pb in the melt from experiment CF-HP is considered to represent the equilibrium concentration; this experiment was carried out
using Au^Pd alloy capsule, which does not appear to be susceptible to Pb loss. Other notable negative anomalies are observed for niobium^
tantalum and titanium. The very low Zr and Hf measured in the ST-01 starting material (panel B) may be due to undissolved zircon during
the solution ICP-MS bulk analysis.
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Table 5: Experimentally determined mineral^melt D values for garnet, clinopyroxene, and orthopyroxene in equilibrium

with Mg-rich diorite (sanukitoid) melts

Garnet

Sample: KJ4 KJ6 ST/DP2 ST/DP3 CF-HP FSS-3.2

Rb 0·022 b.d. 0·015 0·0027 b.d. 0·0073

Ba 0·0008 0·00065 b.d. 0·00014 0·0021 0·0026

Th b.d. b.d. b.d. 0·024 b.d. 0·0410

U b.d. b.d. b.d. 0·04 b.d. 0·1104

K b.d. 0·0041 0·0027 0·0015 b.d. 0·0024

Nb 0·0634 0·0346 b.d. 0·0354 0·0149 0·6603

Ta b.d. b.d. b.d. b.d. b.d. 0·9

La 0·0002 0·0015 b.d. 0·0055 0·0019 0·0066

Ce 0·003 0·0095 0·0131 0·0024 0·0062 0·0270

Pb b.d. b.d. b.d. 0·0036 0·0136 0·0050

Sr 0·0039 0·0056 0·0031 0·00055 0·0017 0·0021

Nd 0·1484 0·0478 0·1359 0·01084 0·0527 0·3367

P 0·5377 0·1391 0·2930 0·1902 0·1836 0·9070

Zr 0·2854 0·1412 0·3905 0·2265 0·4684 1·2665

Hf b.d. 0·1546 b.d. 0·3308 0·3638 0·8415

Sm 0·6224 0·1340 0·4753 0·4545 0·2968 1·82

Ti 0·2 0·4259 0·3636 0·2121 0·7391 3·326

Gd 1·787 0·6724 2·180 0·7656 1·65 5·727

Dy 5·056 1·814 6·687 1·986 4·706 16·38

Er 12·15 4·489 13·44 b.d. 12·76 32·33

Y 7·686 2·494 10·085 3·861 8·835 22·22

Yb 18·12 6·76 20·57 b.d. 19·826 43·5

Sc 11·56 5·091 13·57 5·910 b.d. 18·74

V 8·171 2·468 6·108 2·934 2·127 26·74

Cr 156·8 20·29 41·06 34·99 31·74 109

Ni 11·93 2·32 3·644 1·835 4·787 37·04

Clinopyroxene

Sample: KJ2 KJ3 KJ4 KJ6 ST/DP1 ST/DP2 CF-HP

Rb 0·0034 0·0068 0·0062 b.d. 0·0152 0·0080 b.d.

Ba 0·001085233 0·005 0·002076677 b.d. 0·0048 b.d. 0·0047

Th b.d. b.d. b.d. b.d. b.d. b.d. b.d.

U b.d. b.d. b.d. b.d. b.d. b.d. b.d.

K 0·0067 b.d. 0·0073 0·0037 0·0183 0·0096 0·0017

Nb 0·007 0·0183 0·0296 b.d. 0·0266 b.d. 0·0046

Ta b.d. b.d. b.d. b.d. b.d. b.d. b.d.

La 0·0153 0·0215 0·0157 0·0265 0·0417 0·0214 0·0443

Ce 0·0331 0·0409 0·0267 0·0546 0·0664 0·0334 0·098

Pb b.d. b.d. b.d. b.d. b.d. b.d. 0·0434

Sr 0·0980 0·1496 0·1027 0·1318 0·094 0·0866 0·1224

Nd 0·0822 0·0957 0·0649 0·1257 0·1452 0·0709 0·258

P 0·0370 0·0632 0·0492 0·0298 0·0803 0·0362 0·026

Zr 0·0534 0·0651 0·0423 0·0505 0·075 0·0505 0·0761

Hf 0·1468 0·2038 b.d. 0·1031 0·118 b.d. 0·1811

Sm 0·1856 0·1705 0·1161 0·2566 0·19 0·1057 0·4681

Ti 0·2158 0·4028 0·3158 0·2407 0·5 0·8939 0·2319

Gd 0·2298 0·1641 0·1471 0·2224 0·403 b.d. 0·5867

Dy 0·2542 0·3109 0·3068 0·4372 0·46 b.d. 0·5662

Er 0·4595 b.d. b.d. b.d. b.d. b.d. 0·8235

Y 0·2811 0·3668 0·2225 0·3605 0·5077 0·2401 0·5582

Yb 0·3478 0·8846 1·714 b.d. 1·3125 b.d. b.d.

Sc 1·830 2·893 1·620 1·353 1·375 1·906 2·406

V 2·284 20·22 12·74 4·318 10·52 8·649 3·757

Cr 79·93 86·38 108·5 6·533 12·93 15·75 21·94

Ni 3·123 36·96 30·80 5·333 13·30 7·186 7·3

(Continued)
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(garnet pyroxenite and garnet websterite). Clinopyroxenes

in both sets of experiments are further characterized

by relatively high Na and Al contents and corres-

ponding large jadeite (NaAlSi2O6) and Ca-Tshermak’s

(CaAl[AlSiO6]) components.

Orthopyroxene (Opx) plays a critically important role

as the primary product phase of the peridotite assimilation

reaction, forming as a consequence of the complete con-

sumption of peridotitic olivine.The metasomatic orthopyr-

oxenes produced in reactions between TTG melts and

depleted peridotite have variable but generally lower

Mg-numbers (�0·88^0·93), and higher CaO (0·5^1·0 wt

%) and Al2O3 (�1·5^2·5 wt %) contents than most peri-

dotitic orthopyroxenes (occurring as both diamond inclu-

sions or in xenoliths) (Fig. 6a and b). When data for

orthopyroxenes formed in other melt^rock reaction or as-

similation experiments involving ‘tonalitic’ liquids and

crystalline peridotite (e.g. Johnston & Wyllie, 1989;

Carroll & Wyllie, 1989; Sen & Dunn, 1994b; Rapp et al.,

1999) are included, together with data for cratonic ortho-

pyroxenes of the pyroxenitic and websteritic parageneses

[e.g. Opx diamond inclusions from Siberia (Sobolev et al.,

1998), Kaapvaal (Aulbach et al., 2002) and Tanzania

(Stachel et al., 1998a); and Opx in garnet pyroxenite and

garnet websterite xenoliths from the Slave Province

(Aulbach et al., 2007), Kaapvaal (Simon et al., 2007) and

Siberia (Ota et al., 2004)], a general trend of increasing

CaO and Al2O3 content with decreasing Mg-number is

apparent (Fig. 6a and b). The array of experimental ortho-

pyroxene compositions in Fig. 6 appears to be related to

the nature of the peridotitic starting material of the experi-

ments [whether fertile lherzolite, in the case of Sekine &

Wyllie (1982), Johnston & Wyllie (1989), and Carroll &

Wyllie (1989), Sen & Dunn (1994b) and Yaxley & Green

(1998); or depleted harzburgite, in the case of Rapp et al.

(1999) and this study], as well as temperature and the

melt:rock ratio. For example, the highest temperature

experiments with fertile peridotite produce ‘metasomatic’

orthopyroxene with the highest Mg-numbers, and the

highest CaO and Al2O3 contents, whereas experiments

with the most depleted peridotite at intermediate

temperatures produce orthopyroxene with the lowest

Mg-numbers. These interdependences warrant more

systematic experimental study in the future.

Mineral compositions (trace elements)
Garnet

Laser-ablation data are reported for garnet from four ex-

periments: KJ-4 (sanukitoid liquidus), KJ-6 (sanukitoid

liq. þ peridotite), and two TTG^peridotite reaction ex-

periments (ST/DP1 and ST/DP3), with the average of 2^5

analyses listed inTable 4. These data are used in two ways:

(1) for comparisons with natural samples of cratonic

garnet occurring as diamond inclusions and in peridotite

and pyroxenite xenoliths, to assess the role that melt^rock

reaction may have played in the chemical evolution of the

SCLM; (2) in combination with trace element data for the

experimental mantle-hybridized melts, to determine min-

eral^melt distribution coefficients (D values), for use in

petrogenetic modelling of melt^rock reaction. Primitive

mantle normalized trace element abundance patterns for

the experimental garnets are shown in Fig. 7a. There are

a number of distinct and persistent trace element charac-

teristics common to all of the experimental garnets in

Fig. 7a, including prominent positive anomalies in U, Ta,

and Pb relative to neighboring elements, and prominent

negative anomalies in Ba, Nb, Sr, Ti and Ni.

Chondrite-normalized REE patterns (Fig. 7b) are strongly

depleted in light REE (LREE; La, Ce) and flat in the

middle REE (MREE) to HREE (�Sm^Yb) at �20�

chondrite; in this respect, they resemble garnets in eclogite

xenoliths from the Kaapvaal Craton (Jacob et al., 2003)

and garnet inclusions in diamonds from the Siberian

Table 5: Continued

Orthopyroxene

Sample: ST/DP1 ST/DP2 ST/DP3 CF-HP

Rb

Ba 0·0008 0·0003 0·003

Th 0·0013 0·0581

U 0·13

K 0·0003 0·0004 0·0026

Nb 0·0021 0·037 0·0081

Ta

La 0·0012 0·0004 0·0045

Ce 0·0027 0·0006 0·0015 0·0011

Pb 0·25 0·0139

Sr 0·0024 0·0005 0·0015 0·0012

Nd 0·0083 0·0022 0·0065

P 0·0389 0·0042 0·0167 0·0168

Zr 0·006 0·006 0·0029 0·0054

Hf 0·0089 0·0212

Sm 0·0177

Ti 0·073 0·0188 0·0362 0·0792

Gd 0·0398 0·2708 0·05

Dy 0·1544

Er 0·559

Y 0·0708 0·017 0·0304 0·0643

Yb 1

Sc 0·662 0·5915 0·4837 0·9566

V 3·87 1·73 0·9345 1·03

Cr 15·017 63·6 5·5023 9·7

Ni 24·05 442 10·8 14·276

JOURNAL OF PETROLOGY VOLUME 51 NUMBER 6 JUNE 2010

1250

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
1
/6

/1
2
3
7
/1

4
0
4
9
2
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Craton (Ireland et al.,1994), and are readily distinguishable

from (predominantly) harzburgitic garnets in diamonds

and xenoliths, which possess sinusoidal REE patterns that

are generally attributed to fluid metasomatism (Stachel &

Harris, 1997; Stachel et al., 1998b).

Clinopyroxene

Laser-ablation ICP-MS data are reported for experimental

clinopyroxenes from each of the three sanukitoid liquidus

experiments (KJ-2, KJ-3, and KJ-4), and for the four ex-

periments in which clinopyroxene was present after sanu-

kitoid or TTG melts had reacted with peridotite (KJ-6,

ST/DP1, ST/DP2, and CF-HP); these data are listed in

Table 4 and their corresponding primitive mantle normal-

ized trace-element abundance patterns are shown in

Fig. 8. As with garnet, the experimental clinopyroxenes

show some common, distinctive characteristics, including

strong depletion in Nb coupled with low Nb/Ta ratios,

Ce/Pb ratios410 (except when phlogopite is present), posi-

tive anomalies in Sr and V and a slight but not universal

negative anomaly in Ti, and primitive mantle normalized

Sc/V ratios 50·1 and Cr/Ni ratios 410. Chondrite-

normalized REE patterns (not shown) are convex, with a

maximum at Nd, and a slight enrichment in the LREE

relative to the HREE.

Orthopyroxene

Laser-ablation ICP-MS data are reported for experimental

orthopyroxenes (Opx) from three experiments (CF-HP,

ST/DP2 and ST/DP3; Table 4). For many trace elements,

concentrations in Opx in a given experiment are below

the detection limit, although a measurable value has been

obtained for most elements in orthopyroxene from at least

one experiment. The (incomplete) trace element abun-

dance patterns for Opx, normalized to primitive mantle

abundances, are shown in Fig. 9. A distinct and prominent

positive Pb anomaly is clearly evident, as are strong nega-

tive Y anomalies; PM-normalized ratios for Sc/V are51·0

and for Cr/Ni are41·0.The prominent Pb andYanomalies

observed in the experimental Opx (produced in the reac-

tion between TTG or sanukitoid melts and peridotite

rock), are also apparent in orthopyroxene inclusions in dia-

monds from the Snap Lake kimberlite (Promprated et al.,

2004) and Opx in garnet peridotite xenoliths from the

Diavik kimberlite (G. Yaxley, unpublished data), both

within the Slave Craton, and in Opx from a garnet web-

sterite xenolith from Matsoku (R. Rapp, this study) and

phlogopite-rich mafic xenoliths from the Kimberley area,

South Africa, both within the Kaapvaal Craton.

Orthopyroxenes in low-temperature peridotite xenoliths

from the Kimberley area and northern Lesotho in the

Kaapvaal Craton (Simon et al., 2007) show similar

Ca

Mg Fe

50

50

50

websteritic (±opx)

eclogitic

experimental, this study

Matsoku xenolith (gt web)

Slave pyroxenites (Aulbach)

eclogitic DIs (Venetia)

websteritic DIs (Venetia)

assimilation

experiments

sanukitoid

near-liquidus

Fig. 5. Ternary Ca^Fe^Mg plot of representative garnet^clinopyroxene pairs from the peridotite assimilation experiments (ST/DP runs) and
the sanukitoid near-liquidus experiments (KJ runs). For comparison are shown garnet^clinopyroxene pairs in (1) a garnet websterite xenolith
from the Matsoku kimberlite in Lesotho (R. Rapp, this study), garnet pyroxenite xenoliths from the Slave Craton (Aulbach et al., 2007), and
eclogitic and garnet websteritic diamond inclusions from theVenetia kimberlite in South Africa (Aulbach et al., 2002). Coexisting garnet^clino-
pyroxene pairs can be divided into eclogitic (‘E-type’) and ‘intermediate’or websteritic parageneses (Sobolev et al., 1999).
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Fig. 6. Compositions of orthopyroxenes in cratonic xenoliths and diamond inclusions, compared with experimental orthopyroxene formed in
reactions between granitoid melts and crystalline peridotite, and with orthopyroxene from metasomatized spinel peridotite xenoliths from
sub-arc mantle in modern subduction zones, repesented in terms of (a) Mg-number vs wt % CaO, and (b) Mg-number vs wt % Al2O3. Data
sources for experimental samples: Carroll & Wyllie (1989), Johnston & Wyllie (1989), Sen & Dunn (1994b), Yaxley & Green (1998) and Rapp
et al. (1999). Data sources for orthopyroxene diamond inclusions: Sputnik kimberlite, Siberian Craton, Sobolev et al. (1997); Venetia kimberlite,
Kaapvaal Craton, Aulbach et al. (2002); Mwdui kimberlite,Tanzania, Stachel et al. (1998a). Data sources for orthopyroxene in cratonic xenoliths:
Diavik kimberlite, Slave Craton, Aulbach et al. (2007); Kimberley and Lesotho kimberlites, Kaapvaal Craton, Simon et al. (2007). Data sources
for orthopyroxene in sub-arc mantle xenoliths: Papua, New Guinea, Gre¤ goire et al. (2001) and McInness et al. (2001); Grenada, Vannucci et al.
(2007); Philippines, Gre¤ goire et al. (2008). Two distinct compositional trends can be defined in the experimental samples, based upon the
nature of the peridotite being assimilated or metasomatized; one trend, defined by orthopyroxene formed in reactions between hydrous granit-
oid melts and depleted peridotite, involves significant decreases in Mg-number coupled with only minor increases in CaO and Al2O3 (e.g.
Rapp et al., 1999), whereas the other, defined by orthopyroxene formed in reactions between hydrous granitoid melts and fertile peridotite, in-
volves only minor decreases in Mg-number, but large increases in CaO and Al2O3 contents (e.g.Yaxley & Green, 1998).
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prominent Pb (positive) and Y (negative) anomalies. All

of these particular cratonic samples share the low, primi-

tive mantle normalized Sc/V ratios and high Cr/Ni ratios

of the experimental Opx. When data for orthopyroxenes

in metasomatized spinel peridotite xenoliths from the

sub-arc mantle in Papua, New Guinea are included, pro-

nounced Pb and Yanomalies, similar to those seen in the

experimental and cratonic orthopyroxenes, are observed,

in addition to the high Cr/Ni ratios. However, in contrast

to the low Sc/V ratios (normalized to PM) of the experi-

mental and cratonic orthopyroxenes, the orthopyroxenes

in the melt-metasomatized sub-arc spinel peridotites have

high Sc/Vratios, which might possibly be related to the ab-

sence of garnet, with its high PM-normalized Sc/V ratios

(see Fig. 7a).

Mineral^melt distribution coefficients
(D values)
A comprehensive set of mineral^melt distribution coeffi-

cients (D values; Table 5) specific to equilibria between

Mg-rich diorite melts and a garnet pyroxenite phase as-

semblage can be calculated by combining the

Fig. 7. (a) Trace element abundance patterns for experimental garnets in equilibrium with Mg-rich diorite melts, normalized to primitive
mantle, and (b) chondrite-normalized rare earth element (REE) patterns for experimental garnets compared with REE patterns for garnets
in eclogitic xenoliths from the Roberts Victor kimberlite, Kaapvaal Craton, South Africa (Jacob et al., 2003) and the Udachnaya kimberlite,
Siberian Craton (Jacob et al., 1994); and for garnet diamond inclusions of the harzburgitic paragenesis from Ghana (Stachel & Harris, 1997)
and theVenetia kimberlite, Kaapvaal Craton, South Africa (Stachel et al., 2004).
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Fig. 8. Trace element abundance patterns for experimental clinopyroxene in equilibrium with Mg-rich diorite melts, normalized to primitive
mantle. Also shown is trace element pattern for clinopyroxene coexisting with phlogopite in MARID-type xenolith (Gre¤ goire et al., 2002), ana-
lagous to clinopyroxene in CF-HP experiment (note the positive anomaly in Pb in both samples).

Fig. 9. Trace element abundance patterns for experimental orthopyroxenes measured by laser-ablation ICP-MS, normalized to primitive
mantle abundances of Sun & McDonough (1989). Also shown for comparison are data for orthopyroxene in cratonic xenoliths from the follow-
ing: garnet websterite, Matsoku kimberlite, Lesotho (R. Rapp, this study); garnet peridotites from the Diavik kimberlite, Slave Craton
(G. Yaxley, unpublished data), the Snap Lake kimberlite, Slave Craton (Promprated et al., 2004), and the Jagersfontein kimberlite
(Gre¤ goire et al., 2003) and the Bultfontein kimberlite (Simon et al., 2007) of the Kaapvaal Craton. Data for orthopyroxene in metasomatized
spinel peridotite xenoliths from the sub-arc mantle beneath Papua New Guinea are from Gre¤ goire et al. (2001).
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laser-ablation data for the experimental melts with those

for the coexisting mineral phases (garnet, clinopyroxene,

orthopyroxene). In general, the most significant source of

error in these estimates is due to incompatible elements

that are below the detection limit in the mineral phases,

as, with only a few exceptions (Yb in STDP2; Er and Yb

in ST/DP3) all the trace elements measured in the melts

were above the limits of detection (it should be noted that

we do not report maximum D values in Table 5, which

could be estimated using the detection limit for certain

trace elements in the mineral analyses). The resulting min-

eral^melt D values prove to be generally consistent with

other experimental datasets from the literature, suggesting

that mineral^melt equilibrium has been achieved in the

experiments. Furthermore, our results indicate that certain

trace element characteristics of garnets, clinopyroxenes,

and orthopyroxenes in some cratonic samples, both dia-

mond inclusions and xenoliths, provide evidence for meta-

somatic equilibration with a Mg-rich granitoid melt

(sanukitoid), although this signature may have been

obscured or overprinted by subsequent metasomatic events.

Garnet^melt D values

The two critical factors in analyzing garnet^melt pairs to

obtain trace element D values by laser-ablation ICP-MS

are the detection limit for elements that are highly incom-

patible in garnet (e.g. Rb, Ba, Th, U, Pb, Ta, La), and the

very low concentrations of some elements because we are

using natural, undoped starting materials in our experi-

ments. Nevertheless, the full dataset that we have obtained

allows us to calculate garnet^melt D values for a compre-

hensive group of trace elements (Fig. 10a). Our data show

overall consistency with other experimentally determined

garnet^melt D values for granitoid melts in equilibrium

with eclogite assemblages (Klemme et al., 2002; Xiong,

2006), with several notable exceptions. Except for the

HREE (Gd^Yb), Y, Sc, V, Cr and Ni, all measured trace

elements are incompatible in garnet. Our D value for Pb

is more than an order of magnitude lower than that re-

ported by Klemme et al. (2002), which we attribute to the

loss of Pb from the melt to the capsule in their experiments.

Our D value for Pb is also consistent with that measured

for garnet coexisting with hydrous TTG melt (R. Rapp,

unpublished data) from a metabasalt dehydration melting

experiment carried out at 3·2GPa, 10758C, using a

graphite-lined Pt capsule (Rapp & Watson, 1995). Our D

values for Th and U are likewise an order of magnitude

higher than those reported by Klemme et al. (2002) and

Elkins et al. (2008), but these two studies were based on an-

hydrous experiments conducted at much higher tempera-

tures (�14008C); our data for U and Th partitioning, on

the other hand, are consistent with the D values for these

elements measured in the basalt melting experiment of

Rapp & Watson (1995), carried out at at 3·2GPa and

10758C. There are also some inconsistencies in the D

values for Nb and Ta from the various experimental data-

sets that will need to be addressed at some point in the

future, but given the overall consistency and the compre-

hensive nature of our dataset, both internally and external-

ly, we argue that the D values we report here should be

the preferred values in any trace element-based petrogen-

etic modelling of melt^rock reaction in the continental

lithosphere.

Clinopyroxene^melt D values

With few exceptions (Sc, V, Cr, Ni and sometimes Yb), all

measured trace elements are incompatible in metasomatic

clinopyroxene (Fig. 10b). Again, our data are generally

consistent with other experimentally determined clinopyr-

oxene^melt D values for granitoid liquids (e.g. Klemme

et al., 2002; Pertermann & Hirschmann, 2002; Elkins et al.,

2008). Like the garnet^melt D values, our results for Pb

partitioning in clinopyroxene are 4^5 times higher than

the only other Cpx^melt DPb measurement available

(Klemme et al., 2002), and we again attribute this discrep-

ancy to preferential loss of Pb from the melt to the platinum

capsule in the experiments of Kleeme et al. Clinopyroxene

in equilibrium with Mg-rich dioritic liquids is capable of

fractionating Sc fromV (DSc/DV � 0·12^0·82), Zr from Hf

(DZr/DHf� 0·3^0·5), andCe from Pb (DCe/DPb� 2·2), driv-

ing liquids towards high(er) Sc/V and Zr/Hf ratios, and

low(er) Ce/Pb ratios. Because of the low concentrations of

Nb, and in particular Ta, in clinopyroxene, we are unable

to assess the potential for this phase to fractionate these

sister elements from each other during metasomatic reac-

tions involving Mg-rich diorite melts, although it does

fractionate La from Nb (DLa/DNb � 1·1^9·6), contributing

to a lowering of La/Nb ratios in the melt.

Orthopyroxene^melt D values

Orthopyroxene^melt D values (Fig. 10c) have been deter-

mined for a subset of the elements measured (e.g. P, K,

Sc, Ti, V, Cr, Ni, Sr, Y, Zr, Nb, La and Ce), because of the

low concentrations of these elements in the starting mater-

ials (e.g. natural abundance levels), and the high incompa-

tiblity of most trace elements in orthopyroxene. Rough

estimates based on sparse data are reported for Hf, Gd,

Dy, Er, Yb, Th and Pb. With the exception of V, Cr and

Ni, all measured trace elements are incompatible in ortho-

pyroxene in equilibrium with Mg-rich diorite liquids. Our

data compare favorably with other experimentally deter-

mined D values from Green et al. (2000) and McDade

et al. (2003), with an order of magnitude or less variability

between the datasets. Orthopyroxene can fractionate Sc

fromV (e.g. DSc/DV � 0·5�0·3), with Sc being moderately

incompatible (average D � 0·7; range �0·5^0·9), and V

moderately compatible to neutral (average D � 1·9; range

�1^4). Orthopyroxene produced by melt^rock reaction

also fractionates Ni from Cr to a variable extent, showing

a preference for Ni, and driving liquids to high (Cr/Ni)PM
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Fig. 10. Experimentally determined trace element mineral^melt D values governing melt^rock reaction in the cratonic lithosphere.
(a) Garnet^Mg-rich diorite melt D values from this study compared with published D values for garnet^anhydrous, Fe-free ‘tonalitic’ melt
(Klemme et al., 2002) and garnet^hydrousTTG melt (Xiong, 2006), and unpublished data for garnet^hydrousTTG melts D values from the ex-
periments of Rapp & Watson (1995). (b) Clinopyroxene^Mg-rich diorite melt D values from this study, compared with published D values of
Klemme et al. (2002) and Pertermann & Hirschmann (2002), both determined under anhydrous conditions. The overall strong correlation be-
tween the different datasets, with the exception of lead (Pb), should be noted (see discussion in text). (c) Orthopyroxene^melt D values from
this study compared with D values from Green et al. (2000) for orthopyroxene^hydrous basaltic melt; McDade et al. (2003) for hydrous,
high-MgO basaltic melt; Frei et al. (2009) for high-Al2O3, high-CaO orthopyroxene in equilibrium with anhydrous, Fe-free, NCMAS synthetic
melts; and mineral^matrix D values for orthopyroxene^dacite melts from Severs et al. (2009).
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ratios (see Fig. 4a). The two very different D values for Pb

shown in Fig. 10c reflect the problem of Pb loss from the

melt in experiments with Au capsules (e.g. STDP2), rela-

tive to experiments using Au^Pd capsules (e.g. CF-HP), re-

sulting in a (DPb)Opx-melt value that is more than an order

of magnitude lower in the latter case (preferred value).

Despite the considerable scatter in the experimental Opx^

melt D values, orthopyroxene appears capable of some

fractionation of high field strength elements (HFSE; e.g.

Zr, Hf, Nb, Ta, and possiblyTi) from HREE (e.g. Dy, Er,

and Yb) (vanWestrenen et al., 2001); for example, DZr/DYb

50·2.

DISCUSSION

The general consensus regarding cratons is that their sta-

bility over billions of years of Earth’s history can be attrib-

uted to the presence of the tectosphere (Jordan, 1978,

1988), and the unique chemical and physical properties of

their roots deep in the underlying mantle (for recent

reviews see Sleep, 2005; Carlson et al., 2005; Lee & Aeolus,

2006). The stable, ‘unsubductable’ nature of the granitoid

(continental) crust of the cratons is a consequence not

only of their inherent buoyancy, but also of their chemical

and physical bonding to the underlying SCLM. The

tectonic environment that led to cratonization remains a

matter of considerable speculation, but syntheses of geo-

logical and geophysical data for the most extensively

studied craton, the Kaapvaal Craton of southern Africa,

suggest that subduction processes played a central role

both in the formation of Archean continental crust and in

the chemical evolution of early continental lithosphere

(Aulbach et al., 2002; James & Fouch, 2002; Schmitz et al.,

2004; Bell et al., 2005: Carlson et al., 2005; Simon et al.,

2007). [It should be emphasized, in all fairness, that our

experimental results only specify some mechanism where-

by TTG melts can interact with mantle peridotite, and

thus are also compatible with the oceanic plateau-melting

model for the ‘near-coeval formation’ of Archean crust

and SCLM proposed by Bedard (2006).]

Geochronological studies of cratonic xenoliths and inclu-

sions in diamonds demonstrate that the timing of SCLM

formation (e.g. Pearson et al., 1995; Pearson, 2002; Shirey

et al., 2004) occurred over the same broad time span

(�3·5^2·9 Ga) as the granitoid magmatism that created

the overlying continental crust (Clemens et al., 2006;

Moyen et al., 2006).We can use the constraints imposed by

our experiments to establish an unequivocal genetic link

between granitoid magmatism in the crust and the geo-

chemical evolution of the underlying SCLM, and to evalu-

ate the role that melt^rock reaction may have played in

the overall development of cratons in the Archean. This is

done by straightforward comparisons between our experi-

mental melts and the minerals of the reaction assemblage,

with their natural analogues (Late Archean sanukitoids

and eclogite^garnet pyroxenite xenoliths, respectively).

Genetic link between TTG and sanukitoids
Numerous studies have highlighted marked similarities in

the trace element characteristics of Archean TTGs and

sanukitoids (e.g. Smithies & Champion, 2000; Martin

et al., 2005, 2010). The experimental liquids and late

Archean sanukitoids both possess the distinctive and

unique characteristics of TTG granitoids [e.g. high (La/

Yb)N and Sr/Y coupled with depletions in Y, HREE and

HFSE]; these correlations are indicative of a genetic link

between the two groups of granitoids, the main difference

being the relative ‘enrichment’ of sanukitoids in ‘primitive’

(mantle-derived) geochemical characteristics (e.g. high

Mg-numbers, high Cr, Ni, andVabundances).Variable en-

richment in Cr and Ni reflects the extent of the mantle’s

direct contribution or ‘involvement’ in sanukitoid petro-

genesis. In Fig. 11a, we compare the PM-normalized trace

element abundance patterns of our experimental liquids

as a group with those of typical Late Archean sanukitoids

from the Superior Province (Stevenson et al., 1999), the

Brazilian Craton (Althoff et al., 2000), the Tanzanian

Craton (Manya et al., 2007), the Baltic Shield

(Lobach-Zhuchenko et al., 2008), and the Kaapvaal

Craton (Kleinhanns et al., 2003). The overall shapes of the

trace element abundance patterns for the natural rocks

are remarkably similar to the experimental melts, with

the most prominent features of the experimental liquids

(e.g. compared with PM, strong relative depletions in

Nb^Ta and Ti, positive Pb anomaly; high K/Nb and V/

Cr, and low Ce/Pb ratios) present in the sanukitoid sam-

ples as well. These results demonstrate a genetic relation-

ship between sanukitoids and TTG, with parental

sanukitoid melts forming by reaction betweenTTG liquids

and mantle peridotite. Our experimental high-Mg diorite

(sanukitoid) melts are in equilibrium with olivine-free,

garnet clinopyroxenite or garnet websterite phase assem-

blages. Liquids comparable with HMAs and bajaites in

modern subduction zone settings may form by further as-

similation of peridotite by these Mg-rich dioritic melts. As

of yet, there is no experimental basis for the idea that pri-

mary, primitive granitoid liquids, such as high-Mg diorites,

sanukitoids, high-magnesian andesites, and bajaites (e.g.

Saunders et al., 1987), are the products of partial melting of

olivine-bearing metasomatized peridotite, but rather are

in equilibrium with pyroxenite mineral assemblage (Rapp

et al., 2005).

Comparisons with cratonic xenoliths
As discussed above, the major element compositions of co-

existing garnet and clinopyroxene in the peridotite assimi-

lation experiments, where orthopyroxene makes up part

of the reaction assemblage, are similar to those of these

phases in cratonic xenoliths of the ‘intermediate’ or

RAPP et al. ARCHEANCONTINENT FORMATION

1257

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
1
/6

/1
2
3
7
/1

4
0
4
9
2
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Fig. 11. (a) Primitive mantle normalized trace element abundance patterns of typical Late Archean sanukitoids from various cratons, com-
pared with range of experimental high-Mg diorite (sanukitoid) melts. Data sources: Limpopo Belt, Zimbabwean Craton, Kreissig et al. (2000);
Barberton Mountain Land, Kaapvaal Craton, Kleinhanns et al. (2003); Finland, Fennoscandian Shield, Halla (2005); Baltic Shield, central
Karelia, Lobach-Zhuchenko et al. (2005, 2008); Pilbara, western Australia, Smithies et al. (2004); Superior Province, Canadian Shield,
Stevenson et al. (1999); Rio Maria granitoids, SE Amazonian Craton, Althoff et al. (2000); Tanzanian Craton, Manya et al. (2007). (b) Primitive
mantle normalized trace element abundance patterns for garnets from cratonic xenoliths compared with the range of patterns observed in ex-
perimental garnet samples. Data sources for cratonic samples: Bultfontein and Jagersfontein kimberlites, Kaapvaal Craton, Gre¤ goire et al.
(2003) and Simon et al. (2007); Diavik kimberlite, Slave Craton, Aulbach et al. (2007) and G. Yaxley (unpublished data); Matsoku kimberlite,
Lesotho, Kaapvaal Craton, R. Rapp (this study). (c) Primitive mantle normalized trace element abundance patterns for clinopyroxenes from
cratonic xenoliths compared with the range of patterns observed in experimental clinopyroxene samples. Data sources for cratonic samples
are the same as for Fig. 10b.
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‘websteritic’ paragenesis (see Fig. 5, and Sobolev et al.,

1999), whereas the major element compositions of garnet

and clinopyroxene in the sanukitoid near-liquidus experi-

ments, where orthopyroxene is absent, are similar to those

of ‘Group B’eclogites of Taylor & Neal (1989), and eclogitic

residues of dehydration melting of metabasalt at 2^3GPa

(Rapp & Watson, 1995). Because of the modal predomin-

ance of clinopyroxene relative to garnet in the residual

phase assemblages in our experiments, we prefer to use

the term‘garnet pyroxenite’, rather than ‘eclogite’, although

other classification schemes may apply genetic criteria to

discriminate these two rock types (e.g. Schulze, 2003;

Gonzaga et al., 2010). Thus the near-liquidus experiments

(KJ2, KJ3, and KJ4) that we have conducted on the RR-7

starting material indicate that ‘parental’ sanukitoid liquids

would be in equilibrium with a garnet clinopyroxenite

mineral assemblage. More Mg-rich HMA or bajaite (see

Saunders et al., 1987, for further discussion) liquids would

be in equilibrium with garnet websterite or garnet ortho-

pyroxenite mineral assemblages. These differences may

be related to a higher proportion of mantle peridotite

relative to granitoid liquid in the orthopyroxene-

bearing experiments, and the more magnesian nature of

the bulk composition, given that all of the experiments

were carried out at approximately the same temperature

(1200�508C).

Garnet

In Fig. 11b we compare the range of trace element abun-

dances measured in our experimental garnets with the

primitive mantle normalized patterns of selected garnets

in xenoliths from the Kaapvaal Craton [e.g. from the

Matsoku kimberlite in Lesotho (R. Rapp, this study) and

the Bultfontein and Jagersfontein kimberlites in South

Africa (Gre¤ goire et al., 2004: Simon et al., 2007)], and in

garnet pyroxenite and garnet peridotite xenoliths from the

Diavik kimberlite in the Slave Craton (Aulbach et al.,

2007; G. Yaxley, unpublished data). Although there is con-

siderable variability in the highly incompatible elements

on the left-hand side of the diagram, the cratonic samples

share a number of the most distinctive features of the ex-

perimental garnets, in particular the prominent negative

anomalies in Sr and Ti, positive anomalies in U and Pb,

and highly fractionated, LREE-depleted REE patterns

that are flat from Sm to Yb (see also Fig. 7b). Bearing in

mind that the cratonic samples most probably experienced

multiple episodes of metamorphism and metasomatism,

we consider these similarities to be reasonably strong evi-

dence for a history that includes equilibration with a

high-magnesium dioritic (sanukitoid) melt at some point

in their evolutionary path.

Clinopyroxene

PM-normalized trace-element abundance patterns for

clinopyroxene in mantle xenoliths from the Kaapvaal

(Gre¤ goire et al., 2003: Simon et al., 2007) and Slave cratons

(Aulbach et al., 2007; G. Yaxley, unpublished data) are

shown in Fig. 11c, relative to the range displayed by the ex-

perimental Cpx. On this diagram, the natural samples ex-

hibit some of the same distinctive trace element features

(relative to primitive mantle abundances) of Cpx in equi-

librium with high-Mg diorite (sanukitoid) melts; for ex-

ample, negative anomalies in Pb (unless phlogopite is

present) and Ti, high Cr/Ni and Ce/Pb ratios, and low

Pb/Sr and Sc/V ratios, and Nb/Ta51·0, although the frac-

tionation of Nb from Ta in the cratonic samples is not as

pronounced as in the experimental samples. Some cratonic

samples also show a more pronounced depletion in HREE

and enrichment in LREE compared with the experimental

samples; these features may be attributable to an SCLM

that was initially more depleted than the peridotite start-

ing materials of our experiments, and subsequently sub-

jected to multiple episodes of metasomatism by

LREE-enriched fluids. The wide range in trace element

abundances of the natural samples may reflect the effects

of both multiple metasomatic events and an enhanced sus-

ceptibility of clinopyroxene, relative to garnet, to meta-

somatic alteration; nevertheless, the geochemical

characteristics of clinopyroxene that are potentially specif-

ic to melt^rock reaction and equilibration with sanukitoid

melts [e.g. negative anomalies in Pb and Ti; (Nb/

Ta)PM51·0] appear to persist through these events.

Corroborating evidence for such an interpretation comes

from melt-metasomatized spinel peridotite xenoliths from

the sub-arc mantle beneath Papua, New Guinea, whose

clinopyroxenes show many of the same distinctive charac-

teristics of the experimental samples, including negative

anomalies in Pb and Ti, (Nb/Ta)PM51·0, and high Cr/Ni

ratios. Notably, ratios in the PNG xenoliths have (Sc/

V)PM41·0, reflecting the absence of garnet in the meta-

somatic phase assemblage.

Orthopyroxene

Orthopyroxene plays a key role in the melt^rock reactions

that are the focus of this study. When formed during as-

similation of peridotite by hydrous granitoid liquids

(TTG and sanukitoid), orthopyroxene shows a wide com-

positional range in terms of Mg-number and CaO and

Al2O3 concentrations, parameters that appear to be

related to temperature, melt^rock ratio, and the initial

composition of the peridotite being metasomatized.

Although the majority of orthopyroxenes in cratonic peri-

dotites, pyroxenites, and inclusions in diamonds have

Mg-numbers greater than 0·91, CaO50·5 wt %, and

Al2O351·0 wt % (Fig. 5a and b), the full range of compos-

itions extends beyond this locus to include samples with

lower Mg-numbers and higher CaO and Al2O3 contents.

Orthopyroxene compositions in assimilation experiments

between SiO2-rich melts and peridotite fall within an enve-

lope defined by two different compositional trends in
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terms of these components, depending upon whether the

initial peridotite is fertile or depleted. For reactions with

depleted peridotite, metasomatic orthopyroxene compos-

itions trend towards lower Mg-numbers and higher CaO

and Al2O3 as the melt:rock ratio increases (Rapp et al.,

1999; Fig. 6a and b, this study). For melt^rock reactions

involving fertile peridotite, the compositional trend in

orthopyroxene is towards higher CaO and Al2O3, with

only a slight decrease in Mg-number (e.g. Yaxley &

Green, 1998). Orthopyroxene diamond inclusions from the

Kaapvaal (Aulbach et al., 2002) and Siberian (Sobolev

et al., 1997) cratons, and orthopyroxene in garnet pyroxen-

ite xenoliths from Matsoku (Cox et al., 1973; R. Rapp, this

study), follow the trend defined by metasomatic orthopyr-

oxene produced in assimilation reactions with depleted

peridotite (Rapp et al., 1999; this study). In contrast, peri-

dotite xenoliths from the Slave Craton trend towards the

field defined by metasomatic orthopyroxenes produced in

melt^rock reactions with fertile peridotite (Yaxley &

Green, 1998), particularly with respect to Al2O3. Data for

orthopyroxenes in metasomatized, suprasubduction zone

xenoliths from Papua New Guinea (Gre¤ goire et al., 2001),

the Solomon Islands (Berly et al., 2006), and Grenada

(Vannucci et al., 2007) in general appear to follow the

trend defined by melt^rock reactions with depleted perido-

tite (as expected, given the subduction setting), with a

smaller subset of samples at higher Mg-numbers following

the other trend (Figs. 6a and b).

Previous peridotite assimilation experiments at relative-

ly high melt:rock ratios have shown that the stability of

metasomatic orthopyroxene is enhanced in depleted peri-

dotite bulk compositions relative to fertile compositions

(Johnston & Wyllie, 1989; Rapp et al., 1999). The absence

of orthopyroxene in the sanukitoid near-liquidus experi-

ments suggests therefore that Late Archean sanukitoids

may have formed by reaction betweenTTGmelts and rela-

tively fertile (or moderately depleted) mantle, at relatively

high melt:rock ratios. Based on our experimental results,

the extreme enrichment in Mg and related elements (e.g.

Ni, Cr, V, etc.) observed in HMAs and bajaites in modern

subduction zones requires saturation in orthopyroxene,

which is favoured by low melt:rock ratios, strongly

depleted mantle peridotite, (possibly) higher temperatures,

and in general more protracted melt^rock interaction.

Modification of SCLM by SiO2-rich melts
Our experimental results demonstrate that granitoid melts

with high Mg-numbers, resembling Late Archean sanuki-

toids or Mg-rich diorites, can form by reaction between

initally low Mg-number TTG liquids and mantle perido-

tite.These mantle-hybridized liquids are virtually identical

to sanukitoids from a number of Archean terranes in

terms of their major- and trace-element compositions. We

have also shown that the trace-element characteristics of

minerals in the crystalline component of the melt^rock

reaction assemblage (garnet, clinopyroxene, and orthopyr-

oxene) share some of their distinctive features with possible

analogue minerals occurring as inclusions in diamonds, or

as part of the phase assemblage in xenoliths from the

SCLM. Taken together, these results establish a genetic

link between Late Archean, generally late- to

post-kinematic sanukitoids (Shirey & Hanson, 1984;

Smithies & Champion, 2000: Martin et al., 2005), and the

latter stages of SCLM evolution, marking the final phase

of cratonization. Thus the Neoarchean (3·0^2·5 Ga) Re^

Os ages for peridotite xenoliths (Pearson et al., 1995; Irvine

et al., 2001) and sulfide inclusions in diamonds (Shirey

et al., 2004) from the Kaapvaal Craton coincide with the

termination of major crust-building granitoid (sanukitoid)

magmatism in the Barberton terrain at �2·9 Ga.

The cratonic lithosphere’s long-term stability is attribut-

able to its low density and high viscosity (Arndt et al.,

2009), features that in turn reflect an SCLM that is dry

and refractory, composed mineralogically of highly mag-

nesian olivine (Fo92^94) with or without orthopyroxene,

with a ‘melt-depleted’, harzburgitic bulk composition

(Boyd & Mertzmann, 1987; Boyd, 1989; Lee & Aeolus,

2006). Partial melting experiments on fertile lherzolite

bulk compositions suggest that the refractory and chem-

ically depleted nature of the SCLM is a consequence of

30^50% melt extraction, with cratonic peridotites repre-

senting the crystalline residue of this melting (Walter,

1998, 1999; Herzberg, 1999, 2004).

Low-temperature, high Mg-number (�93) peridotite

xenoliths from the Kaapvaal and Siberian cratons are

anomalously rich in SiO2 and modal orthopyroxene

(�30%) (Boyd, 1989; Boyd et al., 1997). One explanation

for the high modal orthopyroxene in some cratonic perido-

tites is by second-stage modal metasomatism, whereby

infiltrating SiO2-rich melts (TTG), generated by partial

melting of subducting eclogite, react with the Mg-rich cra-

tonic residues produced in the first stage, forming ortho-

pyroxene at the expense of olivine (Kelemen et al., 1998).

In this model, the ‘effective melt:rock ratio’ (Rapp et al.,

1999) is low, and cryptic metasomatism associated with

melt^rock reaction imparts a trace element overprint to

the peridotite that is reflective of the infiltrating granitoid

melts. This two-stage evolution of cratonic lithosphere is

consistent with isotopic signatures in xenoliths that docu-

ment a history of melt^rock metasomatism post-dating

the initial depletion events that first isolated the cratonic

lithosphere from the convecting mantle (Pearson, 1999).

The non-ubiquitous nature of orthopyroxene enrichment

in different cratons (e.g. notably weak or absent in the

Slave and North Atlantic cratons) is to be expected if melt

metasomatism represented a separate, post-depletion

stage in the evolution of cratonic lithosphere. Our experi-

mental results are consistent, to a point, with the model of

Kelemen et al. (1998), in that melt^rock reaction increases
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the amount of orthopyroxene in the reaction assemblage

relative to olivine, and in the fact that the metasomatized

minerals in altered peridotite retain a geochemical record

of equilibration with a granitoid melt. Because the mel-

t:rock ratio in our experiments is comparatively high, the

reaction residue is pyroxenitic, and a mantle-hybridized

melt (sanukitoid or high-Mg diorite liquid) survives the

encounter. For melt^rock reaction on a more pervasive

scale, where a low melt fraction is percolating through a

crystalline matrix, the granitoid melt will have insufficient

chemical ‘inertia’ to transform all of the original olivine to

orthopyroxene, and the metasomatic phase assemblage

will remain peridotitic. Based upon the existence in the

Late Archean rock record of late- to post-tectonic sanuki-

toid magmatism, orthopyroxene-enriched peridotites, and

garnet websterite xenoliths and diamond inclusion para-

geneses possessing trace element signatures indicative of

equilibration with Mg-rich granitoid melts, we conclude

that melt^rock reaction played a significant role in the

latter stages of craton evolution.

Tectonic setting for crust formation in the
Archean
Considerable effort has been devoted to reconstructing the

tectonic environment in which continent emergence and

growth, SCLM formation, and craton stabilization

occurred on the early Earth. Hadean zircons at best attest

only to the presence of (some) ‘islands’ of granitoid crust,

not necessarily continents, lacking the necessary roots

in the underlying mantle to preserve them, although

inclusions of diamonds within these very old zircons

(Menneken et al., 2007) suggests that deep recycling of

crustal rocks was occurring. And none of these ephemeral

oases of very ancient continental crust survive, as far as

we know. In this regard then, the question of when and

how continental crust became attached, physically and

chemically, to lithospheric mantle becomes important,

and any evidence for linked evolution of these two domains

is particularly significant. Because it is generally accepted

that Archean continental crust and the SCLM evolved

together (e.g. Pearson et al., 2002; Griffin et al., 2003;

Shirey et al., 2004; Bedard, 2006), the preservation of

continental crust of earlyArchean age implies the presence

of juvenile SCLM at that time as well.

A number of tectonic models for the formation of sub-

continental lithospheric mantle have been proposed, divis-

ible roughly between vertically dominated or horizontally

dominated tectonics, plume-related (e.g. Bedard, 2006) or

subduction-related (for a variety of subduction-based per-

spectives see Griffin et al., 2003, 2009; Shirey et al., 2004,

2008; Carlson et al., 2005; Sleep, 2005; Lee & Aeolus,

2006; Arndt et al., 2009). It seems probable that the highly

depleted nature of the SCLM is a result of very high

degrees of partial melting of an upwelling plume to pro-

duce komatiite liquids (Walter, 1998, 1999; Herzberg, 1999).

Intra-oceanic collision as a result of convergence of

relatively young, hot (possibly thick) Archean oceanic

lithosphere (Bickle et al., 1994; Kusky & Polat, 1999; Foley

et al., 2003) and fixed oceanic plateaux anchored above

mantle plumes may have led to thin-skinned, imbricate

thrust-stacking of oceanic lithosphere above or against

oceanic plateaux in the early to mid-Archean (e.g.

Helmstaedt & Schulze, 1986; de Wit et al., 1992; Nair &

Chacko, 2008). Crustal overthickening by the combined

effects of horizontal ‘flake’ tectonics (Hoffman & Ranalli,

1988), flat subduction (Smithies et al., 2004) and delamin-

ation of oceanic upper crust (de Wit et al., 1992; Foley

et al., 2003), would isolate the hydrous, mafic crustal com-

ponents of oceanic lithosphere, and continued tectonic

thickening would eventually displace this material to

depths sufficient to initiate dehydration melting of garnet

amphibolite^eclogite to produce low Mg-number TTGs

(Rapp et al., 2003). These melts would have experienced

little or no interaction with the depleted mantle root of

the oceanic plateau (the embryonic SCLM), which would

be consistent with the overall dearth of high Mg-number

granitoids in the early to mid-Archean. Progressive cooling

of the Earth through the Archean would have gradually

altered the dynamics of subduction and granitoid magma-

tism (Martin et al., 2005), either by increasing the depth at

which melting of cooler subducted oceanic crust took

place (e.g. Martin & Moyen, 2002), or by increasing the

angle of subduction (e.g. Smithies & Champion, 2000;

Smithies et al., 2004). Both of these conditions would have

the effect of introducing a mantle wedge above a subduct-

ing slab of oceanic lithosphere, thereby initiating

‘modern-style’ subduction and arc magmatism.

Based upon geochemical data from well-preserved vol-

canic sequences in the Pilbara Craton of northwestern

Australia, Smithies et al. (2007) concluded that there is no

compelling evidence for modern-style subduction-related

arc magmatism earlier than the Mesoarchean (�3·1 Ga

ago), and that ‘non-uniformitarian’, flat subduction pro-

cesses may have operated earlier.The �3·1Ga age happens

to correlate with the intrusion of late- to post-tectonic

Mg-rich diorites (sanukitoids) in the Kaapvaal and

Zimbabwe cratons (Kreissig et al., 2000; Kleinhanns et al.,

2003), and with the peak in Re^Os ages for the Kaapvaal

SCLM (Pearson et al., 2002: Shirey et al., 2004; Carlson

et al., 2005). A general picture thus emerges that couples

continental crust and lithospheric mantle evolution

through subduction-related ‘arc magmatism’, mantle

wedge processing and terminal collisional tectonism that

culminates in the formation of Archean continental tecto-

sphere (Schmitz et al., 2004).

A general subduction zone setting creates a ready

mechanism for the generation and effective transfer of

SiO2-rich melts (TTG) from the subducting slab into the

overlying depleted ‘wedge’ of cratonic lithosphere in the
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Late Archean, and also accounts for the silica and incom-

patible trace element enrichment in cratonic mantle peri-

dotites. Evidence for a possible modern analogue of this

scenario is provided by seismic studies of the upper

mantle overlying the central Chile^Argentina flat slab,

which show anomalously high shear-wave velocities (Vp)

and low ratios of compressional- to shear-wave velocities

(Vp/Vs). TheVp/Vs ratio has been shown to be highly sensi-

tive to the concentration of orthopyroxene in peridotite

(Lee, 2003). The predicted velocities of orthopyroxene-

enriched xenoliths from beneath the Kaapvaal Craton

and the Colorado Plateau match the observed velocities

from the Chile^Argentina upper mantle ‘flat slab’ transect

(Wagner et al., 2008), suggesting a direct relationship be-

tween flat slab subduction (in the Archean) and silica en-

richment in the continental (cratonic) lithosphere.

SUMMARY

The interdependent physical and chemical processes

involved in melt^rock reaction in the SCLM would be ex-

pected to be much more complicated than the snapshots

provided by ‘static’ experiments; nevertheless, our results

provide equilibrium phase constraints under relevant con-

ditions, to test against the evidence from xenoliths and dia-

mond inclusions, direct samples of the SCLM. The

mineral^melt D values that we have determined experi-

mentally can also be used to model more complex pro-

cesses. Nevertheless, subtle evidence for TTG melt^mantle

peridotite interactions at relatively low melt:rock ratios in

the Late Archean, by a metasomatic process exemplified

by our experimental results, is manifest in the trace elem-

ent characteristics of single minerals occurring either as in-

clusions in diamonds or as phases within garnet

pyroxenite or orthopyroxene-rich garnet peridotite xeno-

liths of this age from the SCLM. Late Archean sanukitoid

magmatism further suggests that, at least locally, melt:rock

ratios were high enough to form plutonic-scale intrusions.

Reaction between TTG melts and mantle peridotite thus

appears to have occurred over a range of scales, as a cru-

cial stage in craton development.

The geochemical impact and overall intensity of the

melt metasomatic event(s) would have been dependent on

many variables; our experiments suggest that temperature,

the inherent ratio of granitoid melt to peridotite rock, and

the initial composition of the infiltrating melt and the am-

bient mantle all played some role in the extent and out-

come of the reaction. The general consequences of these

classes of metasomatic reactions between hydrous granit-

oid melts and peridotitic wall rock can be summarized as

follows: (1) ‘hybrid’ melts retain the characteristic trace

element signature of their ‘ancestral’ TTG melts, but show

variable increases in ‘primitive’ mantle attributes (e.g.

Mg-number, Cr, Ni, Sc, V), producing bulk compositions

resembling sanukitoid intrusive rocks from the Late

Archean, and high-Mg andesites (HMAs) and bajaites in

modern arc environments; (2) the reactions produce ortho-

pyroxene at the expense of olivine (which is fully con-

sumed under the conditions of our experiments),

producing crystalline residues of garnet websterite and

garnet pyroxenite; primary, primitive granitoid melts

(sanukitoids, HMAs, bajaites) do not appear to be in equi-

librium with olivine-bearing mineral assemblages; (3)

metasomatic minerals formed in melt^rock reactions at

relatively high melt^rock ratios retain a geochemical sig-

nature of their equilibration with granitoid melts; in less

‘intense’ but perhaps more pervasive metasomatic events

(lower temperatures and/or lower melt^rock ratios), these

signatures may be more cryptically expressed within the

SiO2- and orthopyroxene-enriched peridotites of the

SCLM [e.g. unusually high Ni contents in olivine, as sug-

gested by Kelemen et al. (1998)].
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