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INTRODUCTION

Much of the evidence for the operation of sub-
duction on early Earth is based on the geochem-
istry of volcanic rocks found in Archean granite-
greenstone terranes, particularly calc-alkaline 
andesites, which commonly bear striking geo-
chemical similarities to their counterparts from 
Phanerozoic arc complexes (Barley et al., 2006b; 
Kositcin et al., 2007). The inferred uniformitar-
ian growth mechanism for Archean crust through 
subduction-accretion is seemingly supported by 
evidence for convergent tectonics, terrane accre-
tion, and presence of structural elements that 
are locally similar to modern active continental 
margins (Swager and Griffi n, 1990; Blewett et 
al., 2010). However, Archean granite-greenstone 
terranes also show a number of features that are 
distinctly different from their proposed modern 
counterparts. Such features include: the wide-
spread occurrence of komatiites; prevalence of 
basalts with strong geochemical similarities to 

modern oceanic plateau compositions; domi-
nance of low-pressure over high-pressure meta-
morphism; almost exclusively submarine volca-
nism; lack of accretionary prisms and ophiolites; 
scarcity of true andesites; and development of 
late-stage “blooms” of vast volumes of tonalite-
trondhjemite-granodiorite (TTG) granitoids 
(Hamilton, 1998; Bédard et al., 2013). This leads 
to something of a paradox: basaltic assemblages 
have chemical compositions that strongly suggest 
mantle plume derivation (Barnes et al., 2012), 
whereas the interbedded calc-alkaline interme-
diate-felsic complexes are interpreted to derive 
from convergent margin processes in the absence 
of plume input. One school of thought appeals to 
models of plume-arc interaction (Kerrich et al., 
1998; Wyman et al., 2002), but the juxtaposition 
of widespread plume-derived volcanism—in 
the east Yilgarn case, over an area of more than 
50,000 km2—with localized subduction-zone 
magmatism (typically <1000 km2) poses major 
problems of scale (e.g., Barnes et al., 2012). The 

local interlayering of plume and arc magmas, 
repeated up to four times in the Abitibi belt (Ayer 
et al., 2002), requires highly complex tectonic 
models (Bédard, 2013; Bédard et al., 2013).

A critical factor in this paradox is the origin 
of Archean andesites. Although Phanerozoic 
andesites overwhelmingly form at convergent 
margins as a result of subduction-derived melt-
ing, calc-alkaline intermediate rocks have also 
been recorded in ocean islands, oceanic pla-
teaus, continental large igneous provinces, and 
back-arc spreading centers, albeit in very small 
proportions (Hooper et al., 2002; Scarrow et al., 
2008; Willbold et al., 2009). Petrogenetic models 
for andesites in general commonly call on pro-
cesses of mixing between mafi c and felsic mag-
mas, regardless of tectonic environment (Reubi 
and Blundy, 2009). For example, a non–subduc-
tion setting has been deduced from a detailed 
study of Paleoarchean andesites from the Pilbara 
craton in Western Australia, which concluded 
that their origin was a result of fractionation 
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with voluminous basaltic magmatism derived from 1000-km-scale plume-head arrival events. The problem is moot if Archean andesites are 
products of plume, not subduction-zone, magmatism.
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of a large basaltic magma chamber combined 
with contamination by felsic crust (Smithies et 
al., 2007). Bédard et al. (2013) proposed that 
trace-element patterns of Archean andesites are 
consistent with this type of mixing process. In 
contrast, Morris and Kirkland (2014) propose 
a subduction related model for c. 2730 Ma old 
andesites in the central Yilgarn craton.

This contribution considers the composi-
tions of 2.69–2.71 Ga andesites from the East-
ern Goldfi elds superterrane of the Yilgarn craton 
(herein referred to as the east Yilgarn craton) in 
the context of the geochemical variability in the 
entire coeval volcanic suite, and in comparison 
with modern island-arc terranes. We examine 
the critical question of whether subduction is a 
necessary process in the petrogenesis of andes-
ites, or whether plume-driven interpretations are 

equally plausible. Our results suggest that the 
volcanic assemblage of much of the east Yil-
garn craton was a plume-related large igneous 
province, along the lines originally suggested 
by Campbell and Hill (1988), with the regional 
distribution of rock types being controlled by 
interaction of the source mantle plume with a 
preexisting Archean cratonic nucleus.

METHODS

The approach taken in this study was to 
compile all of the publicly available whole-
rock geochemical data on volcanic and asso-
ciated hypabyssal intrusive rocks from the 
greenstone belts of the east Yilgarn craton (see 
Table 1 for data sources) and to compare them 
with the large body of published analyses of 

Phanerozoic island-arc volcanic rocks from the 
extensive online GEOROC database (Sarbas, 
2008). Data from the east Yilgarn craton are 
plotted over data density contours created using 
ioGASTM software based on the GEOROC data 
set. Contours are shown for the intermediate to 
felsic component of the data set only, leaving 
out the basalts for clarity and also because of the 
uneven sampling probability for basalts relative 
to felsic volcanic rocks in arcs.

For the geochemical modeling, we consid-
ered a variety of possible mixing and assimilation 
models for the derivation of the east Yilgarn cra-
ton andesites from the coeval mafi c and ultramafi c 
parent magmas represented within the greenstone 
sequence. These models were carried out using 
the program PELE (Boudreau, 1999), an imple-
mentation of the MELTS thermodynamic simula-
tion of silicate melt equilibria (Ghiorso and Sack, 
1995). Assimilation models assumed addition of 
a liquid contaminant of the given composition, 
assuming simultaneous crystallization of the par-
ent magma coupled with addition of a constant 
relative mass of contaminant at each crystalliza-
tion step, calculated at ten degree intervals. Vari-
able input parameters included (1) the relative rate 
of assimilation and crystallization; (2) pressure; 
(3) equilibrium versus fractional crystallization; 
and (4) whether or not spinel was included as a 
potential crystallizing phase. The assimilation-
crystallization simulations modeled the process 
as a combination of equilibrium crystallization 
(i.e., with no mass transfer out of the system, 
and phases continuously equilibrating with one 
another as they form) and addition of molten 
dacite contaminant in a fi xed proportion. Input 
compositions are discussed further later herein.

VOLCANIC ASSEMBLAGES IN THE EAST 

YILGARN CRATON

The Archean greenstone belts of the east 
Yilgarn craton have been a testing ground for 
tectonic models of granite-greenstone terrane 
evolution for several decades (Archibald et al., 
1978; Groves et al., 1984; Campbell and Hill, 
1988; Swager et al., 1997). The felsic and inter-
mediate rocks that form the main topic of this 
paper occur within the two best-studied and most 
mineral-endowed terranes comprising the west-
ern half of the east Yilgarn craton: the Kalgoorlie 
and Kurnalpi terranes (Fig. 1). In this section, 
we present an overview of the entire volcanic 
package, in order to establish a context for the 
interpretation of the critical andesitic lithologies.

Ultramafi c and Mafi c Assemblages

The Kalgoorlie terrane is characterized by a 
belt of highly magnesian, cumulate-dominated 

TABLE 1. DATA SOURCES FOR INTERMEDIATE TO FELSIC EAST YILGARN ROCKS

 fo .oNgnihtroNgnitsaEecnerefeRytilacoL
samples

1)a6002( .la te yelraBriottabA
17671007173842snwoD noiblA

Albion Downs CSIRO/UWA (pers. commun, 2012) 248550 7004300 9
360586366824963)4002 ,9991( .la te lliHnawS kcalB

Boundary–Dingo Range Geoscience Australia (2007) 346000 6970000 4
34223654162293)0102( .la te diaSlliH aylinraC
25234776270804)a6002( .la te yelraBekaepasehC
60006296006272)0102 ,7002( .la te gniruuDynomraH

Hootanni GA Geoscience Australia (2007) 398000 6959000 3
47919607754362)a6002( .la te yelraByramiN-eednuJ
11028856367653)a6002( .la te yelraBeilrooglaK
10070956078753)0102( .la te diaS ;)4002( .la te drofsereBeilrooglaK

Kambalda unspecifi 613733856555063)a6002 .la te yelraBde 
13396756616454)a6002( .la te yelraBN einoraK
23853476160744)a6002( .la te yelraBhtidE ydaL

Lancefi eld-Windarra Geoscience Australia (2007) 426000 6845000 2
Laverton GA Geoscience Australia (2007) 447000 6822000 2
Laverton N GA Geoscience Australia (2007) 444000 6875000 3
Leinster NW Barley et al. (2006a, b) 265900 6929400 1

27188486308703)4002( .la te drofsereBlooP llahsraM/droffilC tnuoM
13912896059652)4002( initneroiFtisopeD sffilC htieK tnuoM
14547896333652)4002( initneroiFtisopeD 5DKM htieK tnuoM
810086896004652)4002( nergnesoRtisopeD 5DKM htieK tnuoM

Mount McLure–Bronzewing Barley et al. (2006a, b) 302811 6969515 1
Mount Monger Barley et al. (2006a, b) 405473 6563664 16
Mount Weld–Granny Smith Geoscience Australia (2007) 465000 6803000 9

28535486692724)b,a6002( .la te yelraBarradniW tnuoM
42449576285324)b,a6002( .la te yelraBlleW yhpruM

Murphy Well east Barley et al. (2006a, b) 429556 6758178 17
21702446431883)0102( .la te diaSnamesroN
1)b ,a6002( .la te yelraBadnaB arO
35422296332372)5991( .la te senraBecnarevesreP
410002296000472)0102( .la te gniruuDecnarevesreP

Quinn Hills Barley et al. (2006 a,b) 256711 6803619 1
SE Yilgarn GA Geoscience Australia (2007) 425500 6718500 2
Spring Well Barley et al. (2006a, b) 319283 6912353 5

15539186720133)2102( .la te duabéhThtuoS snavilluS
112080076347234)b ,a6002( .la te yelraByballaW

Welcome Well–Woolshed Well Barley et al. (2006a, b) 367455 6804650 1
18144507698022)4002( initneroiFanuliW

Wiluna SW Barley et al. (2006 a,b) 220122 7045535 6
81)7002( ailartsuA ecneicsoeGAG ladnaY
80353407065182)b ,a 6002( .la te yelraBN ladnaY
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komatiites and associated contaminated kom-
atiitic basalts that extends from Widgiemooltha 
in the south to Wiluna in the north, over a strike 
length of more than 500 km (Fig. 1), and these 
rocks were erupted over a restricted time period 
between 2708 and 2690 Ma (Hill et al., 1995; 
Nelson, 1997; Barnes and Fiorentini, 2012; 
Fiorentini et al., 2012). The Kalgoorlie terrane 
komatiites host the world’s third largest prov-
ince of nickel sulfi de ore deposits, after Sud-
bury and Noril’sk-Talnakh, and they account for 
more than half of the total global endowment 
of komatiite-hosted nickel sulfi de mineraliza-
tion in a number of camps, of which the major 
camps are Kambalda, Perseverance, and Mount 
Keith (Barnes and Fiorentini, 2012). This belt is 
overwhelmingly the largest (by contained metal 
tonnes) nickel sulfi de province associated with 
Archean komatiites. Further to the east across 
the Kurnalpi terrane, komatiites are widespread 
but are marked by more-evolved, lower-MgO 
compositions, and a prevalence of compound 

spinifex-textured fl ows interpreted as the distal 
fl anks of the major fl ow fi elds (Hill et al., 1995). 
A feature associated with the komatiitic sequence 
in both terranes is a widespread and very homo-
geneous unit of low-Th tholeiitic basalts, having 
geochemical characteristics typical of Archean 
greenstone belt tholeiites worldwide and bearing 
strong similarities to Phanerozoic ocean plateau 
tholeiites (Barnes et al., 2012). The basalt pack-
age also includes moderately light rare earth ele-
ment (LREE)–enriched intermediate-Th tholei-
ites, and a suite of siliceous high-Mg basalts with 
strong Th and LREE enrichment interpreted 
variously as crustally contaminated komatiite 
(Arndt and Jenner, 1986; Sun, 1989; Lesher and 
Arndt, 1995) or as products of a strongly hetero-
geneous mantle plume source (Said and Kerrich, 
2009; Said et al., 2012).

The north-south–striking komatiite trend in 
the Kalgoorlie terrane is interpreted to represent 
the locus of maximum eruption rate of the hottest 
komatiite magmas (Barnes and Fiorentini, 2012). 

The basalt-komatiite assemblage across both ter-
ranes, including units intercalated with andesites, 
has overwhelmingly plume-like characteristics 
and shows none of the diagnostic characteris-
tics, such as Nb depletion and low Ni, Cr, and Fe 
contents, of Phanerozoic arc basalts (Barnes et 
al., 2012). The entire package of komatiites and 
basalts in the age grouping around 2700 Ma has 
many of the hallmarks of a large igneous prov-
ince (Barnes et al., 2012; Ernst, 2007).

Felsic and Intermediate Volcanic 

Assemblages and Relationship to 

Komatiites and Basalts

Volcanic and volcaniclastic rocks of andes-
itic to dacitic affi nity are widespread across the 
Kalgoorlie and Kurnalpi terranes, and much of 
the assemblage falls within the same age range 
as the komatiite-basalt assemblage, as indi-
cated in the age-lithostratigraphic chart in Fig-
ure 2 after Blewett et al. (2010) and Czarnota 
et al. (2010). Most of these rocks, as with the 
basalts and komatiites, have undergone low- 
to medium-grade regional metamorphism and 
destruction of primary mineralogy, but with 
widespread preservation of primary volcanic 
textures. Rocks of andesite to dacite composi-
tion range from lavas to agglomerates and tuffs 
and are commonly mildly amygdaloidal and 
porphyritic with up to 25% phenocryst plagio-
clase (Barley et al., 2006b, 2008). Andesites 
underlie and overlie low-Th tholeiites and kom-
atiites in the Kurnalpi terrane, spanning an age 
range from 2720 to 2695 Ma (Blewett et al., 
2010; Czarnota et al., 2010), although it is not 
clear whether the older ages may be due to a 
component of inherited xenocrysts. Felsic vol-
canism of dacite to rhyolite composition contin-
ued to 2690 Ma (Barley et al., 2008).

Within the Kalgoorlie terrane, komatiites 
occur in two distinctly different stratigraphic 
associations. In the Kambalda Domain in the 
southwest part of the terrane (Fig. 1), komatiites 
form part of a plume-derived basalt-dominated 
stratigraphy, underlain by low-Th tholeiites and 
overlain by intermediate-Th tholeiites and sili-
ceous high-Mg basalts, with little or no felsic 
material (Fig. 2). Elsewhere in the Kalgoor-
lie terrane, in the Boorara Domain to the east 
of Kalgoorlie in the south and in the Agnew-
Wiluna Domain in the north (Figs. 1 and 2), 
dacite fl ows and tuffs are intimately intercalated 
with komatiites. In the Kanowna–Black Swan 
region in the Boorara Domain (Fig. 1), the 
two magma types appear to have been erupted 
simultaneously in a spectacular example of 
bimodal komatiite-dacite volcanism, forming 
complex peperite mingling textures (Fig. 3A) 
and invasive pillow-like fl ow lobes of komatiite 
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(Fig. 3B) injected into soft or partially molten 
dacite (Trofi movs et al., 2004). Complex inter-
calations of komatiite and felsic tuffs and lavas 
are also inferred from closely spaced diamond 
drill sections through the Black Swan nickel 
deposit 70 km northeast of Kalgoorlie (Hill et 
al., 2004). A similar intercalation of co-erupted 
komatiite and dacite is found within the Agnew-
Wiluna Domain in the northern part of the ter-
rane (Duuring et al., 2012; Fiorentini et al., 
2012); this region hosts the bulk of the known 
nickel sulfi de mineralization.

These two distinct stratigraphic associa-
tions—komatiite + siliceous high-Mg basalt, and 
komatiite + coeval dacite—are mutually exclu-
sive up and down the terrane. Whereas occa-
sional siliceous high-Mg basalt–like samples are 
found within the komatiite-dacite associations 
(as at Black Swan), they are clearly the result 
of local supracrustal magma mingling, peperite 
formation (Fig. 3), and within-fl ow contami-
nation. Thick sequences of siliceous high-Mg 
basalt lavas are not found in the komatiite-dacite 
domains, and felsic volcanism (other than the 
overlying and signifi cantly younger Black Flag 
rocks) is not found in the komatiite + siliceous 
high-Mg basalt domains.

Current Tectonic Interpretations

An expanding body of isotopic data, going 
back to early recognition of anomalous Nd/Sm 
systematics and old inherited zircons in kom-
atiites at Kambalda (Compston et al., 1986; 
Claoué-Long et al., 1988), and currently being 
extended by detailed Pb, Lu-Hf, and Nd-Sm 
crustal mapping (Champion and Cassidy, 2007; 
Huston and Blewett, 2012; Wyche et al., 2012; 
Mole et al., 2013), further supports the now 
generally accepted view that these komatiites 
erupted through preexisting continental crust. It 
is now recognized that the linear belt of high-
fl ux komatiites is spatially related to the edge of 
the Youanmi terrane “archon,” a block of older 
cratonized crust to the west that has been delin-
eated by the isotopic signal of source rocks to 
the granitoids (Champion and Cassidy, 2007). 
This craton-margin relationship, common to 
many of the world’s major nickel sulfi de prov-
inces, was attributed by Begg et al. (2010) to 
emplacement of a mantle plume under the 
Youanmi archon, and consequent localization of 
fl ow of the plume head to give rise to maximum 
degrees of melting and channelizing of melt 
products beneath the thinner and more juvenile 
lithosphere around the edges.

The currently prevalent view of the 2.71–
2.69 Ga volcanic rocks of the east Yilgarn craton 
asserts a distinct difference in tectonic setting 
between the Kalgoorlie and Kurnalpi terranes. 

The eastern part (the Kurnalpi terrane) is con-
sidered to be an accreted island arc, containing a 
prevalence of calc-alkaline andesites over TTG 
dacites, and the western part, the Kalgoorlie ter-
rane, having a higher proportion of TTG dacite 
to calc-alkaline andesite, is considered to have 
formed as a back-arc basin (Fig. 1; Barley et al., 
2008; Czarnota et al., 2010). The island arc–like 
character of the andesites in the putative Kur-
nalpi arc is the pivotal line of evidence for this 
view (Barley et al., 2006b, 2008; Kositcin et al., 
2007; Czarnota et al., 2010).

GEOCHEMISTRY OF THE FELSIC AND 

INTERMEDIATE VOLCANIC COMPONENT

The felsic and intermediate volcanic rocks 
of the Kalgoorlie and Kurnalpi terranes span a 
range of compositions from andesites to soda-
rhyolites on the basis of silica and total alkali 
contents (Fig. 4A). Trace-element characteris-
tics of the felsic and intermediate volcanic rocks 
span a distinctive range that can be summarized 
by shapes of rare earth element (REE) patterns 
(Figs. 4B–4G) and other lithophile immobile 
trace elements (Figs. 4D–4G). Most of the popu-
lation falls within, or slightly on the low-Yb side 
of, the FI-FII categories of Hart et al. (2004).

The population as a whole displays a con-
tinuum of REE patterns, incorporating a broad 
trend of positively correlated La/Sm and Gd/Yb 
(i.e., light and heavy REE slopes) with a sec-
ond fl at trend toward variable and high Gd/Yb 
at high but roughly constant La/Sm (Fig. 4C). 
The higher Gd/Yb character is indicative of an 
affi nity with the TTG suite of magmas, usually 
interpreted as being moderate- to high-pressure 
partial melts of mafi c precursors in the deep 
crust (Martin et al., 2005), although they are 
somewhat less enriched in Th and LREEs and 
less depleted in Y and Yb than the “type” TTG 
compositions as defi ned by Smithies (2000).

A fourfold classifi cation of east Yilgarn cra-
ton felsic-intermediate volcanic rocks is pro-
posed (Fig. 4C), based on slopes of the REE pat-
terns: calc-alkaline, low La/Sm; calk-alkaline, 
having La/Sm

n
 between 2 and 3.4; TTG, hav-

ing La/Sm
n
 greater than 3.4 and Gd/Yb

n
 mostly 

greater than 1.5; and TTG, high Gd/Yb, having 
La/Sm

n
 greater than 3.4 and Gd/Yb

n
 greater 

than ~3, where the subscript n refers to nor-
malization to the primitive mantle composition 
of McDonough and Sun (1995). The extended 
trace-element characteristics of these subdivi-
sions are shown in Figures 4D–4G, including 
Th, Nb, Zr, Ti, and Y with selected rare earth ele-
ments. The TTG categories are dominated by 
dacites and rhyolites and have distinct negative 
Nb and Ti anomalies (Figs. 4D and 4E). The 
calk-alkaline categories are dominated by andes-

ites; negative Nb and Ti anomalies are also evi-
dent, with the deeper Nb anomalies being associ-
ated with the stronger LREE enrichment (Figs. 
4F and 4G).

Lithophile trace-element concentrations in 
east Yilgarn craton andesites closely match Pha-
nero zoic calc-alkaline island-arc andesites (Fig. 
5), whereas the associated dacites and rhyolites 
have distinctly steeper patterns, higher ratios 
of middle REEs to heavy REEs (as represented 
by Gd/Yb ratios), and smaller negative Nb and 
Ti anomalies compared with east Yilgarn cra-
ton andesites and with modern arc dacites and 
rhyolites.

The proposed classifi cation scheme is used 
to map out the distribution of 2705–2690 Ma 
felsic and intermediate rocks by geochemi-
cal type across the Kalgoorlie and Kurnalpi 
terranes (Fig. 6). (For convenience in subse-
quent discussion, we consider the dacite and 
rhyolite population together and refer to them 
as dacites.) Geochemical types of dacite are 
distributed without any obvious spatial control 
across both the Kalgoorlie and Kurnalpi ter-
ranes, although proportionately higher num-
bers of the TTG types are found within the 
Kalgoorlie terrane. The andesite groupings are 
predominantly, although not exclusively, found 
within the Kurnalpi terrane, with no systematic 
north-south variation or systematic variabil-
ity between andesite localities. The TTG type 
andesites are rare and restricted to the Kal-
goorlie terrane, and the low-La/Sm variety is 
restricted to the northern part of this terrane. In 
summary, the various dacite types can be found 
anywhere across the two terranes, but andes-
ites of calc-alkaline type become dominant 
toward the east. This spatial distribution is key 
to understanding the tectonic setting.

Geochemical Trends within the Basalt-

Andesite-Felsic Array

Figure 7 shows major- and trace-element data 
for the array of 2710–2690 Ma volcanic rocks of 
the Kalgoorlie and Kurnalpi terranes, combining 
the andesite and dacite population with data for 
the predominant basalt suite, the low-Th tholei-
ite suite, which extends across both terranes. The 
entire data set extends almost continuously from 
highly magnesian komatiites (excluded from 
the plots for clarity) to highly siliceous rhyolites 
(Fig. 7). The Kurnalpi terrane andesites are bro-
ken out as a combined geographical-geochemical 
group to test the hypothesis that these rocks rep-
resent a distinct island-arc–related component.

The Kurnalpi terrane andesites occupy a 
position at the high-Si end of the basalt data 
array (Fig. 7A), chemically intermediate in 
almost all respects between the tholeiitic basalts 
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Figure 6. Detailed map showing distribution of komatiites, and felsic (A) and intermediate (B) volcanic rocks across the Kalgoorlie and Kurnalpi 

terranes, subdivided according to rare earth element characteristics defi ned in Figure 4C. TTG—tonalite-trondhjemite-granodiorite affi nity.

Figure 5. (A) Rare earth element (REE)–high fi eld strength element (HFSE) spidergrams for andesites (593 samples) and dacites (413 

samples) from Phanerozoic island arcs. (B) Andesites and dacites from the Kalgoorlie and Kurnalpi terranes of the east Yilgarn craton, 

superimposed on fi eld for Phanerozoic island-arc andesites (gray shade). Each case shows 25th percentile, 75th percentile, and median 

values, normalized to McDonough and Sun (1995) primitive mantle (MS95).
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and the main population of dacites. Whereas the 
andesite grouping is almost exactly coincident 
with the main mode of modern island-arc data 
with respect to lithophile incompatible trace ele-
ments (Fig. 5, Figs. 7 D–F), they are systemati-
cally at, or beyond, the high end of the range of 
MgO, Ni, and Cr for given values of SiO

2
 (Figs. 

7A–7C). They are also mildly enriched in Fe 
and depleted in Al relative to the main data clus-
ters for Phanerozoic arc magmas.

PETROGENETIC MODELING

Two types of quantitative petrogenetic 
models were tested with a view to reproducing 
the major- and trace-element geochemistry of 
the Kurnalpi terrane andesites. The fi rst con-
sists of simple linear mixing of end-member 
magmas, disregarding phase equilibria and 
crystallization. Such models (Bédard et al., 
2013) are useful in establishing trajectories 
of incompatible trace-element trends, but they 

cannot reliably be used to test major-element 
matches owing to the likelihood of crystalliza-
tion during mixing.

The second approach allows for simultane-
ous assimilation and crystallization, using the 
program PELE (Boudreau, 1999), an implemen-
tation of the MELTS thermodynamic simulation 
of silicate melt equilibria (Ghiorso and Sack, 
1995). End-member compositions are listed in 
Table 2. Hypothetical melt compositions were 
generated by models involving between 40% 
and 60% mixing of TTG melt with tholeiite or 
komatiite magma, combined with between 20% 
and 40% crystallization of the mixture to pro-
duce solid assemblages composed of olivine, 
orthopyroxene, clinopyroxene, and plagioclase 
at pressures anywhere from 1 to 10 kbar.

Models involving komatiite failed to repro-
duce andesite compositions under reasonable 
sets of assumptions, generating excessive enrich-
ment in lithophile incompatible elements for 
appropriate MgO and SiO

2
. However, contami-

nation of komatiite with TTG dacite, with simul-
taneous olivine crystallization, gives a close 
match to the siliceous high-Mg basalts (high-Th 
basalt suite) exemplifi ed by the Paringa Basalt in 
the Kalgoorlie terrane, consistent with their pre-
vious interpretation as contaminated komatiites 
(Arndt and Jenner, 1985; Sun et al., 1989; Lesher 
and Arndt, 1990; Barnes et al., 2012).

Models involving mixing of typical east 
Yilgarn low-Th tholeiite compositions (with 
7.5% MgO as the high-temperature end mem-
ber), derived from shallow melting of the plume 
head, and a range of TTG-like contaminants 
gave excellent matches to the range of Kurnalpi 
andesite compositions (Figs. 8 and 9). The clos-
est matching results were obtained using a felsic 
end member having the median composition 
of dacites erupted in association with komati-
ites at Black Swan and Perseverance. Magma 
compositions very similar to Kurnalpi andesites 
(in REE, Th, Nb, Zr, and Y, in most major and 
minor elements, and in Ni) are generated by 
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models involving between 40% and 60% mix-
ing of TTG melt and low-Th tholeiite, combined 
with between 20% and 40% crystallization of 
the mixture to produce assemblages of olivine, 
orthopyroxene, clinopyroxene, and plagioclase 
at pressures anywhere from 1 to 10 kbar (Fig. 
8). Mismatches were observed for Al

2
O

3
 at low 

pressures, under which conditions plagioclase is 
on the liquidus of the mixture. Natural andesites 
have higher Al

2
O

3
 by ~2–4 wt% than the model 

mixtures; however, this anomaly disappears in 
the 5–10 kbar simulations, where plagioclase 
crystallization is suppressed, and the mixtures 
become Al enriched during crystallization. The 
mismatch in Al

2
O

3
 may be enhanced by the 

presence of an accumulated plagioclase pheno-
cryst component in the natural andesites, but the 
absence of positive Eu anomalies tends to favor 
an explanation in terms of higher pressures.

The other main mismatch is in Cr, but the 
Cr content of the model liquids is very highly 
dependent on whether chromite crystallizes 
from the mixture. Simulations where chromite 
is allowed as a liquidus phase tend to give model 
Cr values that are too low, whereas models with-
out chromite give high Cr values in the appro-
priate major-element composition range (Fig. 
8C). This discrepancy can be attributed to the 
uncertainties surrounding spinel equilibria in 
the underlying MELTS model, and uncertainty 
in knowledge of appropriate oxygen fugacities.

These discrepancies aside, the distinctive 
calk-alkaline–like trace-element characteris-
tics of the Kurnalpi terrane andesites can be 
explained entirely by a model involving mantle-
plume–derived and crust-derived melts. The 
proposed model also accounts for the distinc-
tive, anomalously high Ni, Cr, and Mg contents 
of the east Yilgarn craton andesites.

Isotopic Constraints

A Lu-Hf whole-rock and Lu-Hf zircon iso-
topic database is gradually accumulating for the 
volcanic rocks of the Kalgoorlie and Kurnalpi 
terranes, but not enough coherent data currently 
exist in the way of multiple isotope systems on 
individual samples to be able to constrain mixing 
models with any rigor. Nevertheless, some gen-
eral statements can be made. Zircons with crys-
tallization ages around 2700 Ma from Kurnalpi 
terrane andesites are reported as having ε

Hf
 val-

ues between +2 and +6, and whole-rock values 
are between −0.3 and +2 (10 samples: Barley et 
al., 2003). These values fall between chondritic 
and mildly depleted in terms of source charac-
teristics. Small numbers of TTG-type dacites 
from the Kurnalpi terrane are reported by the 
same authors as having ε

Hf
 between −1.5 and 

+1.4, also implying sources with Hf isotopic 
characteristics close to, but more depleted than, 
calculated values for chondritic mantle (chon-

dritic uniform reservoir [CHUR]). Low-Th 
basalts from the Kalgoorlie terrane are reported 
as having ε

Nd
 values predominantly between +1 

and +3 (Said et al, 2010), i.e., mildly depleted 
but also close to chondritic values. Although 
yet to be comprehensively tested, these data are 
consistent with derivation of andesite from an 
essentially primitive, near-chondritic end-mem-
ber basalt, and a TTG-like dacite with CHUR-
like to slightly depleted isotopic characteristics, 
as implied by the major- and trace-element 
chemistry presented here.

DISCUSSION

The debate regarding the tectonic setting of 
east Yilgarn volcanic rocks centers on the ques-
tion of whether subduction is necessary for the 
origin of the andesites and specifi cally the TTG 
component required for their formation accord-
ing to the model proposed here. Advocates of 
plate-driven subduction-accretion models claim 
an affi nity between Archean TTG magmas and 
modern adakites, believed to have formed by slab 
melting (Rapp et al., 2003); others have demon-
strated that Archean TTGs, with characteristics 
very similar to the array of compositions seen in 
the east Yilgarn craton, can be derived by partial 
melting at the base of thickened crust of under-
plated mafi c rocks with compositions similar to 
modern oceanic plateau basalts (Smithies, 2000; 
Bédard, 2006; Smithies et al., 2009; Karsli et al., 
2010; Bédard et al., 2013). The evidence from 
TTG-like magmas on Iceland (Hegner et al., 
2007; Willbold et al., 2009) shows that such 
melts can be derived by partial melting at the 
base of thick accumulations of plume-derived 
basalts. This process is likely to have occurred 
readily in Archean granite-greenstone terranes 
where komatiites formed a major component of 
the plume volcanism. The temperature and fl uid 
dynamic properties of komatiites are such that 
they are capable of generating extensive roof 
melting above sills, even in the absence of a vol-
atile component, and this may account for the 
observed bimodal komatiite-dacite volcanism 
(Huppert and Sparks, 1988) with no assump-
tions about subduction-related hydration.

A characteristic feature of Archean green-
stone belts is a transition from mafi c-ultramafi c 
plume-derived magmatism, through andesites, 
to dacites and rhyolites. Long ascribed to con-
vergent margin settings, this juxtaposition of 
extensive plume-head magmatism with calk-
alkaline intermediate to felsic volcanic rocks 
poses a major problem for geotectonic interpre-
tations of Archean crustal growth. Data and cal-
culations presented here provide an alternative 
explanation for the origin of Archean andesites 
within such evolving successions, through mix-

TABLE 2. INPUT PARAMETERS AND “TARGET” ANDESITE COMPOSITIONS USED IN PELE MODELING

Median
Lunnon-type 

basalt

Average 
Perseverance–

Black Swan dacite

Median 
high-Gd/Yb 

dacite

Kurnalpi 
andesite 
median

Kurnalpi 
andesite 

2× std deviation

SiO2 51.0 71.0 69.2 59.0 3.7
TiO2 1.0 0.4 0.6 1.0 0.6
Al2O3 15.0 15.1 15.9 16.3 2.0
FeO 10.5 2.5 3.0 6.5 4.2
MgO 7.5 1.2 2.2 4.0 1.2
CaO 11.5 2.7 2.4 7.3 3.2
Na2O 2.0 4.6 4.5 3.4 2.5
K2O 0.2 1.9 2.0 0.5 1.1
Th 0.3 5.3 8.4 2.5 2.2
Nb 2.5 5.3 4.6 5.1 2.3
La 2.6 23.4 39.7 15.2 44.3
Ce 7.5 44.6 79.4 31.3 49.8
Nd 6.0 18.8 35.0 16.1 31.3
Zr 48 153 152 132 49
Sm 1.9 3.3 5.6 3.8 8.0
Eu 1.0 1.2 1.6 1.2 2.5
Gd 2.6 3.5 4.0 3.9 9.2

5.16.04.05.0bT
Dy 3.2 2.4 2.3 3.8 10.4
Y 20.0 14.7 11.9 22.4 80.0

6.63.20.14.1rE
Yb 2.1 1.3 0.9 2.2 5.8
Cr 300 17 35 99 120
Ni 140 9 29 63 65

Note: Oxides are in weight percent; all other elements are in parts per million.
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Figure 9. Result of mixing and assimilation-crystallization models for basalt-dacite end members plotted on multi-element spidergrams, 

with normalization to primitive mantle of McDonough and Sun (1995) (MS95). (A) Simple linear mixing model. (B) Assimilation-batch 

equilibrium crystallization model, 3 kbar pressure, median low-Th tholeiite (LTTM) contaminated with median Perseverance–Black 

Swan dacite (PBSD) composition. Model patterns are shown for synthetic compositions with 59%–62% SiO
2
, 47%–58% crystallized, 

70%–100% assimilant added (relative to 100% starting mafi c magma).
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ing plume ascending beneath the 

Youanmi archon, within a few 

hundred kilometers of an origi-

nal boundary with more juvenile 

proto–Eastern Goldfi elds craton. 

Plume head is mixture of high-

temperature tail (generating kom-

atiite melts) and entrained ambi-

ent mantle (Campbell et al., 1989; 

Griffi ths and Campbell, 1990). (B) 

Impingement and fl attening of 

plume head beneath lithosphere. 

(C) Channeling of plume head 

and tail to thinnest lithosphere 

at craton margin, generation of 

continental rifting centered on 

original suture, and onset of kom-

atiite and low-Th basalt produc-

tion. Maximum melt production 

occurs beneath Youanmi craton 

margin, controlled by fl ow of 

plume along sloping base of cra-

ton margin (Begg et al., 2010), 

focusing of predominant fl ux of 

komatiite plume-tail melt at cra-

ton margin. (D) Plan view of time 

frame in C with widespread erup-

tion of komatiite, low-Th tholeiite 

(LTT), and associated TTG crustal 

melt products along Kalgoorlie 

(Kal) terrane, controlled by pres-

ence of inherited through-going 

translithospheric structures. High 

magma fl ux results in extensive 

melting of underplated mafi c 

crustal material and co-eruption 

of komatiite and TTG dacite. Fur-

ther east, low-Th tholeiite and 

less-voluminous komatiite erup-

tions extend ~1000 km east of 

original plume axis; distal kom-

atiite facies also form in extensive 

komatiite fl ow fi elds originat-

ing in or near the Kalgoorlie ter-

rane. Mixing of tholeiite with TTG 

dacite and rhyolites generated in 

lower and midcrust generates a 

spectrum of andesitic magmas 

processed through midcrustal 

magma chambers.
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ing of plume-derived basalts and TTG-like mag-
mas derived from melting of preexisting mafi c 
crust, probably consisting of a major component 
of underplated plume-derived basalt, entirely 
within a plume-driven tectonic setting. In this 
model, we regard the TTG-like dacite suite as 
being analogous to Icelandic dacites generated 
by deep melting within a thick basaltic pile 
(Hegner et al., 2007; Smithies et al., 2009; Will-
bold et al., 2009).

As noted already, the komatiite-basalt vol-
canic suite considered here is characterized by 
voluminous eruption of plume-related mafi c 
and ultramafi c volcanic rocks over a restricted 
time period; these are the essential attributes 
of a large igneous province (Richards et al., 
1989; Eldholm and Coffi n, 2000; Ernst, 2007). 
In this case, large igneous province magma-
tism involved extensive melting of preexisting 
continental crust, as evidenced by the bimodal 
komatiite-dacite assemblages described herein. 
Andesites are generated in the more distal por-
tions of the province, where the fl ux of magma 
through preexisting continental crust is domi-
nated by tholeiitic basalt derived from the 
plume head, rather than by komatiites derived 
from the plume tail (Fig. 10; Campbell et al., 
1989). This model accounts for the absence of 
island-arc signatures in associated basalts and 
has signifi cant implications for the interpreta-
tion of Archean tectonics.

The evidence presented here suggests cau-
tion in concluding a priori that the presence 
of calc-alkaline andesites in greenstone belts 
necessarily implies subduction. Plume-crust 
interaction, rather than plume-arc interaction, 
provides a much simpler explanation for the 
tectonic and stratigraphic evolution of the east 
Yilgarn craton lithosphere, and potentially for 
other typical Archean greenstone belts.
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