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Abstract

There is no consensus on the processes responsible for near-coeval formation of Archaean continental crust (dominantly tonalite–
trondhjemite–granodiorite: TTG), greenstone belts dominated by komatiitic to tholeiitic lavas (KT), and sub-continental lithospheric
mantle (SCLM). The Douglas Harbour domain (2.7–2.9 Ga) of the Minto Block, northeastern Superior Province, has two TTG suites,
the western and eastern Faribault–Thury (WFT and EFT), with embedded KT greenstones. Tonalites of both suites have high light/hea-
vy rare-earth element ratios (L/HREE), high large ion lithophile element (U–Th–Rb–Cs–La: LILE) contents, positive Sr–Pb anomalies,
and negative Nb–Ta–Ti anomalies. Such typical Archaean TTG signatures are commonly explained by melting of subducted oceanic
crust, but could also originate by melting the base of thick basaltic plateaux formed above mantle upwellings (plumes), leaving behind
restites containing pyroxene, garnet, and rutile. Field relationships (in situ segregation veins), phase equilibria (hornblende stabilized at
lower crustal pressure), petrography (corroded epidote and muscovite phenocrysts, rare plagioclase phenocrysts), and trace element mod-
els, all imply that FT tonalite to trondhjemite evolution reflects hornblende-dominated fractional crystallization, not partial melting of
subducted crust. The geochemistry of parental FT tonalites can be modeled by 15–30% melting of FT tholeiitic metabasalts, with residues
of eclogite, garnet-websterite, or hornblende-garnet websterite. A minor residual Ti-phase such as rutile is also needed to generate neg-
ative Ti–Nb–Ta troughs in the TTGs. However, large volumes of eclogitic restites complementary to TTG are not observed either at the
base of Archaean crustal sections, or in the SCLM. Additional problems with slab-melting models include: (a) the rarity of lithologies
and associations characteristic of active margins (ophiolites, andesites, blueschists, accretionary mélanges, molasse, flysch, high-pressure
belts, and thrust-and-fold belts); (b) the need to deliver plume-derived KT melt through the slab; and (c) extracting enough TTG melt
from a subducting slab in the time available (200–300 my). In the plateau-melting model, heat for crustal anatexis is supplied by ongoing
KT magma derived from mantle upwellings. However, SCLM rocks differ from predicted 1-stage mantle melting residua; and the volu-
minous residual eclogites complementary to TTG generation somehow need to be removed. These two problems might solve one another
if the dense crustal restites disaggregated and mixed into the underlying depleted mantle. Mantle melting slows upon exhaustion of Ca–
Al-rich phases, with large temperature increases needed to extract more melt from harzburgite residua. Physical addition of delaminated
crustal restites would refertilize the refractory mantle, allowing extraction of additional melt increments, and might explain the ultra-de-
pleted and orthopyroxene-rich nature of the SCLM. A hybrid source composed of 10% eclogitic restite of EFT tonalite generation, mixed
with harzburgitic residues from 25% melting of primitive mantle, yields model melts with trace element signatures resembling typical
Munro komatiites. Variations in the mineralogy and geochemistry of the delaminated component might account for the diversity of
komatiite types. Degassing of hornblende-rich delaminated restites would transfer LILE to surrounding depleted mantle and could gen-
erate boninites. Fusion of undepleted metabasalt sandwiched among denser restites could generate sanukitoids. Mantle melt pulses gen-
erated by catastrophic delamination events would underplate nascent TTG crust and trigger renewed crustal melting, followed by
delamination of newly formed eclogitic restites, triggering additional mantle melting, and so on. I posit that delamination of crustal res-
tites catalyzed multi-stage melting of the SCLM and maturation of the Archaean continental crust. Thus, Archaean crust and SCLM are
genetically inter-linked, and both form above major mantle upwellings.
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1. Introduction

There is no consensus about the mechanisms that creat-
ed Archaean crust and sub-continental lithospheric mantle
(SCLM). Existing age data imply that the SCLM formed
synchronously or immediately after (100–300 Ma) the crust
(Richardson et al., 1984; Bell and Blenkinsop, 1987; Huang
et al., 1995; Pearson et al., 1995; Pearson, 1999; Moser
et al., 2001; Schmidberger et al., 2002; Davis et al., 2003).
The buoyant nature, high viscosity, and high brittle yield
stress of Fe-depleted, refractory, Archaean SCLM keep it
from being recycled into the convecting asthenosphere,
and also protects the cratonic crust (Davies, 1979; Jordan,
1988; Abbott et al., 1997; De Smet et al., 2000; Moser et al.,
2001; Poudjom Djomani et al., 2001; Lenardic et al., 2003).
However, the ultra-depleted SCLM differs from 1-stage
melting residua of primitive mantle in having olivine Fo-
contents that are too high (>Fo92) for a given modal oliv-
ine content, with local excesses in SiO2 and modal orthopy-
roxene/olivine at high Mg# (MgO/MgO + FeO) (Boyd,
1998; Kelemen et al., 1998; MacKenzie and Canil, 1999;
Zheng et al., 2001; Arndt et al., 2002; Griffin et al., 2003;
Herzberg, 1999, 2004).

Archaean crust is dominated by granite–greenstone terr-
anes organized into dome-and-keel structures that do not
resemble the linear orogenic belts that typify Proterozoic
and Phanerozoic orogens (Anhaeusser et al., 1969; Good-
win, 1981, 1996; Windley, 1984; Kröner, 1985; Ayres and
Thurston, 1985; Bickle et al., 1995; Choukroune et al.,
1995; Hamilton, 1998; Bleeker, 2002). Proposed genetic
models for granite–greenstone terranes run the gamut from
early vertical tectonic scenarios involving ensialic processes
(e.g., Macgregor, 1951; Baragar and McGlynn, 1976;
Goodwin, 1981); to uniformitarian plate-tectonic models
involving arcs (Glikson, 1972; Tarney et al., 1976; Dimroth
et al., 1982; Windley, 1984); to a presently popular model
involving marginal oceanic terrane accretion and mixed
arc-plume magmatism (e.g., Drury et al., 1984; Davis
et al., 1988; Card, 1990; Williams, 1990; Desrochers
et al., 1993; Kimura et al., 1993; de Wit, 1998; Kusky,
1998; Kusky and Polat, 1999; Lowe, 1999; Daigneault
et al., 2002; Chown et al., 2002; Dirks et al., 2002; Percival
et al., 2004). Recently, vertical magmatic-tectonic scenarios
for craton cores involving partial convective overturn have
regained favour (Davidson, 1980; Hickman, 1983, 1984,
2004; Bouhallier et al., 1995; Chardon et al., 1996, 1998,
2002; Collins et al., 1998; Bleeker, 2002; Rey et al., 2003;
Bédard et al., 2003; Van Kranendonk et al., 2004; Ketchum
et al., 2004); and increased attention is being focused on
proposals for progressive maturation of Iceland-type crust
above major mantle upwellings (Lambert, 1981; Maaløe,
1982; Kröner, 1985; this paper).

Interpreting the origin of individual Archaean cratons
requires detailed stratigraphic and structural constraints
(e.g., Van Kranendonk et al., 2002, 2004; Bleeker, 2002;
Hickman, 2004; Percival et al., 2004; Ketchum et al.,
2004), but also depends heavily on the attribution of tec-
tonic environments to the constituent magmatic rocks.
Unfortunately, palaeo-tectonic geochemical and petrologi-
cal fingerprinting is not unambiguous, even in the Phanero-
zoic (e.g., Wang and Glover, 1992). For example,
Archaean felsic plutons and gneisses are commonly inter-
preted to have formed in oceanic or continental arc envi-
ronments, with an origin as either: (a) the fusion
products of subducted oceanic crust (e.g., Weaver and Tar-
ney, 1981; Condie, 1981; Martin, 1999; Foley et al., 2002);
(b) the fractionation products of subduction-related mantle
melts (Feng and Kerrich, 1992; Kamber et al., 2002;
Kleinhanns et al., 2003); or (c) the result of intra- and low-
er-crustal anatexis of oceanic arcs or thickened crust
(Smithies, 2000; Whalen et al., 2002, 2004a). The dominant
tholeiitic and komatiitic lavas of the associated greenstone
belts, on the other hand, are generally interpreted to have
formed above mantle plumes (e.g., Campbell et al., 1989;
Tomlinson et al., 1999; Kerrich and Xie, 2002; Wyman
and Kerrich, 2002; Wyman et al., 2002; Sproule et al.,
2002; Arndt, 2003; Herzberg, 2004). Since the komatiites
and tholeiites are commonly interbedded with felsic tuffs
and lavas (e.g., Hamilton, 1998; Tomlinson et al., 2004)
some of which can be correlated to the ages and chemistry
of the adjoining felsic plutons (e.g., Hill et al., 1989; Van
Kranendonk et al., 2004); and since the felsic volcanic
and plutonic rocks are generally inferred to have arc affin-
ities (e.g., Barrie et al., 1993; Lesher et al., 1986), then uni-
formitarian interpretations require extremely complex
geodynamic scenarios involving multiple subduction zones,
slab windows and intermittent plumes (e.g., Wyman et al.,
2002). The sum of these complexities has led to the extreme
conclusion that there is no genetic link between the Archae-
an continental crust and the near-coeval SCLM that under-
lies it (Arndt et al., 2002). In this paper, I will propose a
hypothesis to explain this problematic association, the dia-
chronous origin of cratons (3.8–2.7 Ga), and the apparent-
ly paradoxical co-emplacement of arc and plume-related
magmatic suites. Archaean rocks (2.9–2.7 Ga.) of the Min-
to Block, north-eastern Superior Province (Fig. 1) will be
used to illustrate some of these relationships, and as the ba-
sis for geochemical tests of the hypotheses proposed.

2. Are archaean tonalite–trondhjemite–granodiorite suites

subduction-related?

2.1. Archaean crust

Archaean crust is dominated by the tonalite–trondhje-
mite–granodiorite suite (TTG: Barker and Arth, 1976;
Jahn et al., 1981; Condie, 1981; Martin, 1987; Luais and
Hawkesworth, 1994). The ‘calc-alkaline’ nature of Archae-
an TTGs has led to the widely held hypothesis that they
represent the eroded root zones of Archaean Andean-Type
margins (Weaver and Tarney, 1980; Condie, 1980; Stern
et al., 1994; Martin, 1999). However, most Archaean
TTG suites are not calc-alkaline, but belong to a distinctly
more sodic tonalite–trondhjemite (TT) differentiation trend



Fig. 1. Geological sketch map of the Minto Block, NE Superior Province,
Canada, adapted from Percival and Skulski (2000), showing the different
crustal domains. Pz, Proterozoic rocks; Rae, Archaean rocks of the Rae
Province. Inset (A) shows the location, while inset (B) shows a detail of the
Douglas Harbour Domain of the NE Minto (Madore et al., 1999, 2001;
Madore and Larbi, 2000; Bédard et al., 2003), showing the distribution of
Western and Eastern Faribault–Thury Complex rocks (FT), dominated by
2.9–2.86 Ga and 2.83–2.72 Ga tonalites and trondhjemites (respectively).
The Troie and Quimussinguat complexes (T and Q) are dominated by
2.74–2.73 Ga enderbites (pyroxene tonalites and trondhjemites). L, lepelle
complex granodiorites and tonalites. D, Diana complex tonalites, inferred
to belong to the Rae Province.
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(Arth et al., 1978; Martin, 1987; Luais and Hawkesworth,
1994); with locally prominent development of high-tempera-
ture pyroxene–tonalites or enderbites (Ridley, 1992; Percival
and Mortensen, 2002; Bédard et al., 2003). Archaean grani-
toids display secular K-enrichment, with the younger plu-
tons in a craton gradually becoming more calc-alkaline
(e.g., Davis and Edwards, 1986; Taylor and McLennan,
1986; Stern and Hanson, 1991; Collins, 1993; Stevenson
et al., 1999; Madore et al., 1999; Moyen et al., 2001; Whalen
et al., 2004b; Martin et al., 2005). Phase equilibrium con-
straints and trace element models indicate that TT magmas
were derived by anatexis ofmetabasalt, leavingbehind eclog-
ite (garnet–clinopyroxenite), amphibolite, or garnet
amphibolite residues (Arth and Hanson, 1972, 1975; Beard
and Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991; Foley
et al., 2002; Rapp et al., 2003; Moyen and Stevens, 2005).

2.2. Adakites

The overall high Sr/Y, La/Yb, and lack of Eu anoma-
lies of most Archaean TTs has been taken to signify that
they are similar to high-SiO2 adakites (Drummond and
Defant, 1990; Martin, 1999; Martin and Moyen, 2002;
Martin et al., 2005). High-SiO2 adakites have
SiO2 > 60%, MgO < 4%, TiO2 < 0.9%, high Sr
(<1000 ppm), high contents of LREE (light rare earth ele-
ments) and LILE (large ion lithophile elements), and low
Y (<20 ppm) and HREE (heavy rare earth elements).
High-SiO2 adakites are thought to have formed by multi-
stage devolatilization and melting of unusually young
(hot) oceanic crust as it subducts (Drummond and Defant,
1990; Drummond et al., 1996; Kepezhinskas et al., 1997;
Rollinson and Tarney, 2005; Martin et al., 2005). The high
Mg#, Cr, and Ni of some high-SiO2 adakites is attributed
to reaction with the mantle wedge (Kay, 1978; Carroll and
Wyllie, 1989; Calmus et al., 2003; Martin et al., 2005).
Adakites are rare in the Phanerozoic, since oceanic crust
will only melt if it is unusually young and hot (Fig. 2; De-
fant and Kepezhinskas, 2001). The higher temperatures in-
ferred for the Archaean mantle has led to the proposal
that slab melting was more common then (e.g., Martin,
1993).

2.3. Can Archaean slabs melt?

Martin (1986, 1993) proposed a hot Archaean geo-
therm consistent with abundant melting of the subducted
slab (Fig. 2). However, modeled pressure–temperature
paths of the upper surface of subducting crust only enter
regions with melt fractions >5% if the crust is very young
and hot, and if convergence rates are extremely slow
(<2 cm/year: Fig. 2; Peacock et al., 1994; Kincaid and
Sacks, 1997; van Keken et al., 2002; Kelemen et al.,
2004b). While these calculations are consistent with the
concept of limited slab melting under the most favourable
conditions imaginable, a number of caveats must be
remembered. (1) Not all Archaean oceanic crust could
have been so young, and much of it must have been
too cold to melt, yielding normal ‘arc’ magmas instead.
(2) Calculations and some paleomagnetic data suggest
that Archaean plates moved faster than Phanerozoic
plates (e.g., Bickle, 1978, 1986; Strik et al., 2003); which
would not be conducive to slab melting during subduc-
tion. (3) It has also been suggested that hot slabs would
dehydrate quickly, losing the water needed to flux slab
melting at greater depths (Harry and Green, 1999). (4)
Pressure–temperature paths that attain melt fractions
>5% only pertain to the top of the subducting slab. Ther-
mal diffusion into subducting slabs is extremely slow,
otherwise they would not retain their rheological, seismic
or mechanical identity long enough to drive subduction
(Carlson et al., 1983). Thus, subducted lower oceanic
crust would not heat up to the same extent as the upper
crust (Fig. 2; van Keken et al., 2002), and so should
not have melted significantly. (5) None of the computed
pressure–temperature paths reach temperatures appropri-
ate for genesis of the voluminous enderbitic suite
(P1050 �C: Bédard, 2003).



Fig. 2. Comparison of a basaltic phase diagram with model pressure–
temperature (PT) paths calculated for the upper surface of the subducting
oceanic crust. Only the models most favourable to slab melting are shown.
Models for older or faster slabs rarely intersect the basaltic solidus. Dotted
curves show the wet and dry basaltic solidus, the grey field marks
hornblende breakdown reactions, with the small italic numbers in the
supra-solidus domain indicating the % melt present at the PT conditions
shown (Peacock et al., 1994). The solidus and melt proportions are
appropriate for an amphibolite with 50/50 hornblende/plagioclase, with
0.3 wt% H2O added (Peacock et al., 1994). The phase relations shown are
not significantly different from an Archaean tholeiite phase diagram
(Rapp and Watson, 1995). The sediment solidus (dashed line) is from
Nichols et al. (1994). (A) The solid (1) and dotted (2) black curves are the
PT trajectories appropriate for the upper part of the subducting oceanic
crust from van Keken et al. (2002) for convergence rates of 2 and 10 cm/
year (respectively), a slab age of 20 Ma, and a subduction angle of 30�.
Grey dashed curves LC (3) and UC (4) are for the lower and upper crust
(respectively) of a 10 Ma old slab converging at 0.45 cm/year (van Keken
et al., 2002). (B) Solid lines (5 and 6) are model PT trajectories for the
upper part of a 50 Ma slab (Kelemen et al., 2004b), and a convergence rate
of 6 cm/year. The curve labelled (6) includes the effect of shear heating.
The heavy dashed lines (7 and 8) are model PT trajectories (Kincaid and
Sacks, 1997) for the upper part of a slab dipping 45�, moving at 1.3 cm/
year, for thermal boundary layer thicknesses of 70 and 45 km, respectively.
The heavy black line marked ‘M86’ is the putative Archaean geotherm
from Martin (1986).
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2.4. Shallow Archaean subduction?

Most estimates suggest that Archaean oceanic crust was
thicker than Phanerozoic oceanic crust (e.g., Windley and
Davies, 1978; Sleep and Windley, 1982; Bickle, 1986; Da-
vies, 1992; Vlaar et al., 1994). Such thick crust would imply
shallow subduction angles (e.g., Hoffman and Ranalli,
1988; Cloos, 1993; Abbott et al., 1994), and it has been sug-
gested that failed subduction of thick, buoyant oceanic
crust would lead to subcretion/obduction, and represent
a major crustal growth process (e.g., Helmstaedt and Schu-
lze, 1986; Hoffman and Ranalli, 1988; Davies, 1992; Smith-
ies et al., 2003). Subduction of a hot slab, the axiom of the
adakite model, also favours a shallow subduction angle,
since hot slabs are more buoyant (e.g., Kincaid and Sacks,
1997). On the other hand, Van Hunen et al. (2004) suggest
that flat subduction may not be required if the mantle po-
tential temperature is P1375 �C. More research is needed
to confirm the plausibility of Archaean subduction, flat
or otherwise (cf. Stern, 2005).

If hotter and thicker Archaean oceanic crust implies
shallow subduction, then the downgoing slab must under-
thrust the overriding plate and there would be little or no
overlying mantle wedge. Since the primary source of heat
for anatexis of the subducting slab is convection of the
overlying mantle wedge induced by movement of the slab
(e.g., Kincaid and Sacks, 1997), then shallow subduction
should inhibit the transfer of heat into the subducting crust
(e.g., Dumitru et al., 1991; Cahill and Isacks, 1992; Gut-
scher and Peacock, 2003), and so preclude its anatexis.

2.5. Melt productivity deficits

The requirement for a slow rate of convergence creates a
mass-balance problem with regard to generation of thick
Archaean TTG crust from subducting metabasalt. The
Minto block of the north-eastern Superior Province is
about 500 km wide (Fig. 1), and most of its rocks were gen-
erated between 2.9 and 2.7 Ga. It has an overall N-NW
structural grain, which has been interpreted (e.g., Percival
and Skulski, 2000) to record multiple, E-W directed, sub-
duction/collision events. In the context of the adakite mod-
el, a 500 km wide, 40 km thick continental crust implies
that 20,000 km3 of magma needs to be generated for each
km of strike-length of an Archaean subduction zone. If
we assume a generous 300 Ma time-window, that all of
the melt is derived by slab melting, and that none is trapped
in the mantle; then this implies a minimum melt production
of 67 km3/Ma/km of subduction zone. This minimum val-
ue considerably exceeds typical melt fluxes from Phanero-
zoic subduction zones (e.g., 20 km3/Ma: Patino et al.,
2000; 4 km3/Ma Macdonald et al., 2000), but is similar to
estimates from Iceland (92 km3/Ma: Jakobsson, 1972).
Furthermore, combining a slow 1.2 cm/year convergence
rate (the average Archaean convergence rate computed
by Hargraves, 1986) with a 10-km thick oceanic crust that
melts 10%, yields only 3600 km3 of magma per km of sub-
duction zone, nearly an order of magnitude smaller than
the amount required (20,000 km3). There are two possible
ways to circumvent this problem. (1) There may have been
6 subduction zones simultaneously active for 300 Ma in the



Fig. 3. A sketch map of the North American Cordillera (adapted from
Winter, 2001), showing the distribution of major felsic plutons, and the
limit of Mesozoic thrusting. The Minto Block and Abitibi greenstone belt
are overlain to show their comparatively small size.

Fig. 4. Sr/Y vs. Y diagram showing the distribution of tonalites,
trondhjemites and enderbites (pyroxene–tonalites) from the Douglas
Harbour Domain (Minto Block, NE Superior Province). Thick grey
curves show the distribution of batch melts derived from an Archaean
Mafic Composite (AMC) source (Drummond and Defant, 1990) in
equilibrium with eclogite (1) and garnet amphibolite (10% gt, 2) restite
assemblages. The Adakite and Arc fields are from Castillo et al. (1999).
The heavy black curve (3) is a hornblende-dominated fractional crystal-
lization path from a tonalitic parental melt (TP). The dotted black curve
(4) shows a fractionation path for up to 90% dioritic fractionation (50:50
hornblende + plagioclase). Both fractionation models (3 and 4) were
calculated using the constant D values shown in Table 1.
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Minto case. While possible, this seems excessive, given the
comparative scale of Phanerozoic active margins (Fig. 3).
(2) Convergence rates may have been 6 times faster or
more. Thermal and continental freeboard arguments
(e.g., Bickle, 1986; Howell, 1989), and some recent palaeo-
magnetic data (Strik et al., 2003), also suggest rapid
Archaean plate migration rates, up to 100 cm/year;
although most paleomagnetic studies imply rates compara-
ble to modern environments (e.g., Kröner, 1991; Piper,
2003). In any case, rapid subduction cannot solve the mag-
matic deficit, because rapid subduction rates imply that the
slab will not heat up enough to melt (Fig. 2).

2.6. Fractional crystallization as an origin for high Sr/Y

magmas

The geochemical similarity between Archaean TTGs
and adakites has been considered a ‘smoking gun’ indicat-
ing an arc origin for TTGs, although Smithies (2000) and
Condie (2005) consider them as distinct magma types.
For example, the high Sr/Y ratio of many Archaean TTGs
(Fig. 4) is commonly attributed to anatexis of subducting
oceanic crust with plagioclase-free residues (e.g., Drum-
mond and Defant, 1990). However, to explain the very high
Sr/Y (and other geochemical signatures) by partial melting
requires that very small fractions of melt (<5%) generated
in a subducting slab must be able to wend their way
through c. 100 km of a convecting mantle wedge, and then
through >30 km of a partially molten crust, without losing
their geochemical identity. This seems implausible. An
additional constraint is that the TTGs with the highest
Sr/Y are the evolved trondhjemitic facies with SiO2 >
70–72% (Fig. 5: cf. Tarney et al., 1979), which suggests to
me that Sr/Y enrichment is the result of fractional crystalli-
zation, an hypothesis that is explored next using rocks of
the Minto Block as an example.

Minto TT suite rocks grade continuously from horn-
blende-biotite tonalites to biotite ± muscovite trondhje-
mites. The common presence of partly resorbed igneous
epidote and muscovite implies that these magmas ascended
rapidly as crystal slurries (Brandon et al., 1996; Bédard,
2003). Trondhjemite-filled melt segregation structures in
tonalites (Bédard et al., 2003) indicate a syn- to post-
emplacement melt segregation origin, and are clearly
inconsistent with independent derivation of trondhjemite
from a subducting slab. There is progressive development
of positive Sr–Eu anomalies and heavy rare-earth element
(and Y) depletion (Figs. 5 and 7) as rocks grade from ton-
alite to trondhjemite. Fractionation models involving
abundant plagioclase cannot generate such trends, but
hornblende-dominated fractionation models yield appro-
priate trace element signatures (Figs. 5 and 7). The tona-
lites with Y > 15 ppm shown on Fig. 4 may represent
either low-pressure, plagioclase-bearing fractionation
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paths, or cumulates associated with segregation of tron-
dhjemitic residual melts from the ascending tonalitic,
high-pressure crystal slurry. Comparison with phase equi-
librium data from tonalitic bulk compositions (Schmidt
and Thompson, 1996; Bédard, 2003), the notable lack of
plagioclase phenocrysts and occasional presence of horn-
blende phenocrysts in Minto tonalites (Bédard et al.,
2003), and results of trace element modeling (Figs. 4 and
7), are all consistent with the theory that TT magmatic evo-
lution records hornblende-dominated fractional crystalliza-
tion of a tonalitic parental melt in the lower-middle crust
(Arth et al., 1978; Tarney et al., 1979; Sutcliffe et al.,
1990; Castillo et al., 1999).

2.7. Importance of residual titanate minerals

In Phanerozoic magmas, negative Nb–Ta–Ti anomalies
are widely considered an arc signature (Pearce, 1982).
Table 1
Partition coefficients used to model fractionation of tonalites and anatexis of

D Cpx Opx Plag Amp Biot Garnet Magn Ilm

Cs 0.0026 0.047 0.087 0.166 0.63 0.0001 0.001 0
Rb 0.0100 0.047 0.068 0.055 2.25 0.0007 0.001 0
K 0.0039 0.047 0.252 0.333 3.0 0.0013 0.001 0
Ba 0.006 0.047 1.016 0.046 6.0 0.0004 0.001 0
Th 0.104 0.130 0.095 0.055 0.010 0.0075 0.02 0
U 0.032 0.089 0.091 0.050 0.100 0.024 0.02 0
Nb 0.007 0.010 0.239 0.274 0.085 0.040 0.04 3
Ta 0.028 0.126 0.053 0.477 0.107 0.080 0.04 2
La 0.028 0.0003 0.358 0.319 0.020 0.028 0.015 0
Ce 0.059 0.0007 0.339 0.560 0.030 0.080 0.016 0
Pr 0.116 0.0014 0.316 0.898 0.008 0.150 0.018 0
Pb 0.022 0.047 0.770 0.175 0.10 0.032 0.022 0
Sr 0.032 0.047 6.65 0.389 0.10 0.019 0.022 0
P 0.162 0.050 0.079 0.225 0.005 0.184 0.024 0
Nd 0.115 0.0028 0.289 1.32 0.030 0.222 0.026 0
Sm 0.259 0.0085 0.237 2.09 0.040 1.43 0.024 0
Zr 0.125 0.031 0.078 0.417 0.023 0.537 0.12 2
Hf 0.208 0.246 0.069 0.781 0.023 0.431 0.97 2
Ti 0.473 0.500 0.078 4.03 3.5 2.63 5.0 12
Eu 0.341 0.680 2.17 1.79 0.031 1.54 0.025 0
Gd 0.422 0.020 0.192 2.53 0.04 4.84 0.018 0
Tb 0.502 0.030 0.170 2.60 0.05 7.80 0.019 0
Dy 0.570 0.043 0.150 2.55 0.06 11.5 0.018 0
Y 0.603 0.054 0.138 2.47 0.07 14.1 0.018 0
Ho 0.616 0.060 0.132 2.41 0.08 15.3 0.018 0
Er 0.640 0.079 0.117 2.22 0.09 18.8 0.018 0
Tm 0.644 0.101 0.104 2.00 0.10 21.5 0.018 0
Yb 0.635 0.125 0.094 1.79 0.11 23.2 0.018 0
Lu 0.617 0.149 0.085 1.59 0.12 24.1 0.018 0
Ga 0.3 0.278 0.582 0.858 2.0 1.0 2 0
Cr 0.582 7.97 0.150 4.70 6.8 22.0 20 2
Co 1.48 16.6 0.208 8 1.2 2.0 5.0 1
Ni 5.96 7.35 1.73 6.12 1.75 1.2 45 6
Cu 0.993 0.043 0.949 0.144 0.2 1.0 0.42 1
Zn 3.56 8.24 0.088 1.6 5.0 3.7 2.6 0
V 1.0 0.737 0.062 3.93 1.5 3.5 2 7
Sc 14.7 1.47 0.012 8.66 17.0 5.9 2 1

Partition coefficients for Plag (Plagioclase), Cpx (clinopyroxene), and Opx (orth
and are appropriate for a temperature of 850 �C, An30 plagioclase, a melt SiO2

compiled from the literature and will be presented elsewhere (Fig. 6). Biot, bi
However, rutile, ilmenite or titanite are present for a wide
range of conditions in felsic melts derived from anatexis of
metabasalt (Green and Pearson, 1986; Ryerson and Wat-
son, 1987; Patin̂o-Douce and Johnston, 1991; Rapp
et al., 1991; Klemme et al., 2002), and have very high Ds
for these elements (Table 1; Horng and Hess, 2000; Foley
et al., 2000; Klemme et al., 2002; Tiepolo et al., 2002; Jang
and Naslund, 2003; Prowatke and Klemme, 2005). Since
residual titanates could equally well form at the pressure
and temperature conditions characteristic of melting at
the base of oceanic plateaux, then negative Nb–Ta–Ti
anomalies in TTGs are not necessarily diagnostic of an
arc environment.

2.8. Origin of TTG by fractionation of andesite?

It has also been proposed that Archaean TTGs are frac-
tionation products of subduction-related, hydrous, basaltic
metabasites

en Titan Zircon Epidote Allanite Apatite Rutile

.025 0.3 4.4 0.0045 0.0380 0.05 0.01

.025 0.5 4.0 0.0045 0.0765 0.1 0.0076

.034 0.7 4.0 0.0045 0.05 0.2 0.005

.018 1.5 4.0 0.408 11.21 0.45 0.0043

.09 0.16 62 156 2418 23 0.2

.09 0.14 298 1.29 20 25 0.2

.0 2.2 50 0.226 3.5 0.05 42.8

.7 6.55 50 0.226 3.5 0.05 68.0

.015 4.73 26.6 2.05 1005 12 0.0057

.012 7.57 23.5 2.44 725 15 0.0065

.011 9.0 20.0 2.86 489 17 0.0073

.0078 0.04 0.001 0.50 0.53 0.1 0.0154

.0022 2.68 20 2.0 10.3 1.4 0.036

.002 0.057 20 0.18 1.0 410 0.03

.010 12.4 21.7 3.34 308 19 0.0082

.009 14.0 17.7 4.22 116 20 0.0954

.3 1.92 130 0.10 0.13 16 3.7

.4 2.43 450 10.0 18.9 16 4.97

.5 67.0 10.0 0.375 1.66 14 45

.010 13.8 12.1 3.78 4.34 13 0.00037

.011 11.9 15.0 4.67 42.4 20 0.0106

.018 10.0 37.3 4.67 24.3 19 0.0111

.020 8.27 60 4.50 13.4 18 0.0116

.037 5.42 80 4.30 9.18 17.5 0.0118

.035 5.50 120 4.18 7.55 16.8 0.0119

.067 5.54 200 3.78 4.35 15.5 0.0122

.102 4.00 300 3.36 2.58 14.2 0.0124

.130 3.02 490 2.96 1.59 13 0.0126

.190 2.00 632 2.59 1.02 10 0.0127

.14 0 0 1.5 1.5 0.2 0

.9 0 0 0.0029 380 0.2 0

.9 0 9 40 45 0.17 0

.8 0 0 0.1 0.1 0.4 0

.46 0 0 5 5.8 0.28 0

.48 0 0 20 27 0.2 0

.8 5.94 0 0.1 0.1 0.2 0

.4 1.64 60 0.0001 50 0.22 0

opyroxene) were calculated in the same manner as Bédard (2005; cf Fig. 6),
of 60 wt% and/or a melt MgO of 3.5 wt%. Values for other minerals were
otite; Magn, magnetite; Ilmen, ilmenite; Titan, titanite.



Fig. 7. Multi-element trace element profiles normalized to normal MORB
(mid-ocean-ridge basalt: Sun and McDonough, 1989) for average tonalite
and trondhjemite from the Eastern Faribault–Thury Complex. Two
fractionation models are shown. The circles + dotted line shows results of
60% fractionation of a plagioclase + hornblende + biotite assemblage,
while the stars with filled line show results for 45% hornblende-dominated
fractionation. Plag, plagioclase, Hb, hornblende; Biot, biotite; Mt,
magnetite; Ep, epidote; Zr, zircon; Ap, apatite; Tit, titanite; All, allanite.
The prominent negative Th anomaly is caused by the extremely high D for
Th in allanite. It is possible that in nature, allanite crystals may not be able
to scavenge enough Th from the surrounding melt to satisfy its appetite
for this element. The very large negative Ti anomaly results from use of an
hornblende/meltDTi value of c. 4. Although this value seems appropriate for
melts of 60% SiO2 (Fig. 6), there is considerable scatter, and the value
applicable to TTG differentiation could be somewhat lower.

Fig. 5. Sr/Y vs. SiO2 diagram showing tonalites, trondhjemites, and
enderbites (pyroxene–tonalites) from the Douglas Harbour Domain. Note
the overall trend of increasing Sr/Y as SiO2 increases.
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(s.l.) to andesitic mantle wedge melts (Feng and Kerrich,
1992; Kamber et al., 2002; Kleinhanns et al., 2003). How-
ever, andesites are a subordinate lava type in Archaean
greenstone belts (see Section 2.9), and it seems implausible
to attribute a fractionation origin to the dominant compo-
nent of Archaean crust (TTGs), when its putative parental
Fig. 6. Example of methodology used to parameterize D-data, shown here for Ti, Yb, Nb, and Ta in amphibole, using data from the literature.
The complete REE profile at 60% SiO2 was smoothed using the Lattice Strain Model of Blundy and Wood (1994), and results are given in
Table 1.
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magma is so uncommon. Nor are the huge volumes of
amphibole + garnet cumulates expected from such a frac-
tionation process observed (Smithies, 2000; Condie,
2005). In addition, a continuous magmatic flux would be
predicted from a continuously operating arc source, rather
than the episodic TTG pulses that are observed. For exam-
ple, Whalen et al. (2004a) estimated that 20,000 km3 of
melt was emplaced in less than 5 Ma in the Lewis Lake
Batholith of Ontario; far too much for an origin from a
subduction zone. Furthermore, isotopic signatures and
the abundance of inherited zircon cores in many TTG
suites (McCulloch and Wasserburg, 1978; Gariépy and
Allègre, 1985; Shirey and Hanson, 1986; Hill et al., 1989;
Stern et al., 1994; Ridley et al., 1997; Leclair et al., 2001;
Peck et al., 2001; Tomlinson et al., 2003; Whalen et al.,
2002, 2004a) imply a major role for continental crustal
recycling, rather than a purely fractionation origin.

2.9. Archaean plate tectonics?

Application of either the adakite or subduction zone
fractionation models to the genesis of Archaean TT suite
magmas require the existence of subduction zones and
plate tectonic processes. In addition to the more specific
points made above, there are general arguments against
the attribution of modern plate-tectonic environments to
Archaean assemblages. Specifically, most Archaean cra-
tons do not display the structural, sedimentological, or
metamorphic characteristics of Phanerozoic active margins
(Kröner, 1991; Choukroune et al., 1995; Hamilton, 1998;
Bleeker, 2002; Bédard, 2003; Bédard et al., 2003; Van Kra-
nendonk et al., 2004; Stern, 2005). Accretionary/collisional
orogens should be characterized by thrust-and-fold belts,
reworked passive margin sequences, ophiolites, blueschists,
high-pressure belts, accretionary prisms, and mélanges, of
which there are no obvious, unambiguous examples in
Pre-2.6 Ga Archaean greenstones (e.g., Goodwin, 1981,
1996; Schafer and Morton, 1991; Bickle et al., 1995; Ham-
ilton, 1998; Zhai et al., 2002; McCall, 2003; Stern, 2005).
Many greenstone belts that have been interpreted as collag-
es of allochtonous accreted oceanic terranes, show compel-
ling evidence for ensialic eruption and conformable
stratigraphic contacts (Goodwin, 1981; Arndt, 1999; Green
et al., 2000; Bleeker, 2002; Ayer et al., 2002; Thurston,
2002; Sproule et al., 2002; Bolhar et al., 2003; Tomlinson
et al., 2003). Flysch and molasse deposits, which should
be inevitable by-products of orogenesis, are also rare or ab-
sent (e.g., Lowe, 1982; Hamilton, 1998), and tend to be
restricted to the ‘late’ history of any given craton (e.g., Da-
vis et al., 1990; Hickman, 2004), when progressive rigidifi-
cation and cooling of the crust allowed a transition towards
more familiar, uniformitarian environments. The archetyp-
al products of modern continental arcs, andesites, and
basaltic andesites (e.g., Kelemen et al., 2004a), are largely
subordinate to tholeiitic basalts in Archaean greenstone
belts (e.g., Goodwin, 1981, 1996; Ayres and Thurston,
1985; Condie, 1986; Laflèche et al., 1992; Kerrich et al.,
1999; Ayer et al., 2002; Blake et al., 2004). Although the
proportion of calc-alkaline facies in Archaean greenstone
belts is similar to that seen in primitive oceanic arcs
(Miyashiro, 1974), the relative scarcity of Archaean ande-
sites, and the intimate association with ‘plume’ facies such
as komatiites and tholeiites, seems inconsistent with the
attribution of an overall arc affinity to Archaean granite–
greenstone terranes. Finally, the close association of coeval
‘arc’ and plume-derived magmas requires extremely com-
plex tectonic and geodynamic scenarios, involving episodic
terrane accretion, opening of slab windows and intermit-
tent plume activity (e.g., Wyman et al., 2002). Given the
scale of most greenstone belts (Fig. 3), these scenarios ap-
pear overly intricate (Hamilton, 1998).

In conclusion, it seems that the evidence supporting an
arc environment for the Archaean TTG suite and the gran-
ite–greenstone terranes is not as strong as is generally be-
lieved, suggesting that alternative hypotheses should be
considered.

3. Crustal cannibalism above large archaean plumes

3.1. Oceanic Plateaux

The principal alternative to the slab-melting model for
generating the TTG suite is anatexis of: (1) the base of
thick basaltic plateaux, (2) of tectonically thickened ocean-
ic crust, or (3) of foundered portions thereof (Maaløe,
1982; Kröner, 1991; Kay and Kay, 1991; Atherton and
Petford, 1993; Muir et al., 1995; Dirks and Jelsma,
1998a,b; Smithies, 2000; Conrey et al., 2001; Zegers and
van Keken, 2001; Chung et al., 2003; Bédard et al.,
2003; van Thienen et al., 2004a,b). Such models are com-
patible with the phase equilibrium and trace element
requirements for TT genesis by moderate- to high-pressure
metabasite anatexis (P > 1.5 GPa, reviewed in Moyen and
Stevens, 2005). Oceanic plateaux are thought to form
above major mantle upwellings (Coffin and Eldholm,
1994; Saunders et al., 1996), of which the largest Phanero-
zoic example is the 33–43 km thick Ontong-Java Plateau
(e.g., Neal et al., 1997; Mann and Taira, 2004). The base
of the Ontong-Java Plateau may have begun its transfor-
mation to eclogite (Vlaar et al., 1994; Saunders et al.,
1996; Neal et al., 1997), which would explain why the pla-
teau is not emergent. As shown by eroded/obducted exam-
ples in the Caribbean and South America, the internal
structure of oceanic plateaux appears to be dominated
by lavas, injected by increasing proportions of differentiat-
ed feeder dykes/sills towards their base (Saunders et al.,
1996; Kerr et al., 1997, 1998). Since the crust is dominated
by extrusive rocks, this affords the opportunity for uptake
of H2O and the acquisition of ‘seafloor’ O–C–H–Li isoto-
pic signatures, with localized Fe-enrichment in the form of
volcanic massive sulphide and ironstone deposition. Thus,
low-temperature seafloor-alteration isotopic signatures,
and the presence of metacumulate rocks, do not necessar-
ily imply a ridge setting followed by subduction, as is
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generally proposed (e.g., Jacob et al., 1994; Schulze et al.,
2000), but are equally consistent with oceanic plateaux
settings.

Archaean basaltic plateaux may have been larger and
thicker than Phanerozoic ones (Fyfe, 1978; Morgan and
Phillips, 1984; Davies, 1993), because of the higher extents
of melting that would result from a higher Archaean man-
tle potential temperature (Bickle, 1978, 1986; Sleep and
Windley, 1982; Nisbet et al., 1993; Green and Falloon,
1998; Herzberg, 2004). In addition to magmatic thicken-
ing, mechanical interaction of adjacent oceanic plateaux
may have led to peripheral tectonic thickening and terrane
accretion or subcretion (de Wit et al., 1992; Kusky and
Kidd, 1992; Kusky, 1998; de Wit, 1998; Dirks and Jelsma,
1998a,b; Tomlinson et al., 2003). The Ontong-Java pla-
teau formed by major pulses at 120 and 90 Ma, with
smaller pulses at 63 and 44 Ma (Tejada et al., 1996), sug-
gesting a c. 20–30 Ma periodicity to plume-associated
mantle melting/segregation events (cf. Prokoph et al.,
2004). Given a higher magmatic flux, repeated ascent of
hot magma, and a thicker metabasaltic pile, it is plausible
to suggest that the base of Archaean oceanic plateaux
may have begun to melt (Richter, 1985; Sandiford et al.,
2004), generating a 1st generation of TT magmas (cf.
Condie, 1984; Maaløe, 1982; Kröner, 1991). These early
TT rocks could then be remelted by subsequent tholeiit-
ic/komatiitic pulses to generate more voluminous and
progressively more potassic TTGs. This type of repeated
recycling of earlier anatectic products is required by the
common presence of inherited zircon cores in Archaean
TTGs, and their isotopic signatures and model ages
(McCulloch and Wasserburg, 1978; Gariépy and Allègre,
1985; Hill et al., 1989; Bickle et al., 1989; Collins, 1993;
Stern et al., 1994; Ridley et al., 1997; Whitehouse et al.,
1998; Leclair et al., 2001; Tomlinson et al., 2003). The
higher liquidus temperature of some Archaean magmas
(komatiites: Herzberg, 2004; Parman et al., 2004) and the
higher radiogenic heat productivity of Archaean crust and
mantle (Lambert, 1976; Pollack, 1997; Sandiford et al.,
2004), both would favour lower crustal melting. Buoyant
felsic melts generated by such processes would tend to rise
up into the denser basaltic carapace, leading to some type
of partial convective overturn (Glazner, 1994; Goodwin,
1996; Collins et al., 1998; Bleeker, 2002; Bédard et al.,
2003; Rey et al., 2003; Van Kranendonk et al., 2004).

3.2. Low-viscosity crust implies no mountains; no mountains

implies no orogeny

The prerequisite to major crustal convective overturn is
a partly molten, low-viscosity lower crust (Collins et al.,
1998; Chardon et al., 1998; Mège et al., 2000). Low viscos-
ities imply that Archaean continental crust should have
been too weak to support high mountain ranges (Sandi-
ford, 1989; Moser et al., 1996), and so, given the absence
of mountains, the entire concept of Archaean ‘orogenies’
becomes problematic. A low-viscosity crust also implies
the potential for lateral collapse of continental crust (Bai-
ley, 1999), with felsic rocks flowing out over adjoining oce-
anic crust. Such a mechanism would generate shallowly
dipping gneissic fabrics (e.g., Sandiford, 1989), and might
explain the ubiquitous sub-horizontal lower-crustal reflec-
tors seen in seismic profiles (e.g., Calvert and Ludden,
1999). Lateral flow would create a tensional environment
in the proto-craton core, which would facilitate: (1) ascent
and emplacement of TTG melts (Bédard et al., 2003), (2)
delamination of lower crustal restites (Saleeby et al.,
2003), and (3) partial convective overturn of the crust
(Sandiford et al., 2004). The end result of such a process
would be akin to shallow subduction, with the dense ocean-
ic plate foundering, heating up, and melting (Bailey, 1999).
However, the two phenomena are kinematically different,
since in this case the laterally collapsing felsic crust plays
the active role.

3.3. Geochemical tests relating metabasite to tonalitic

magmas

An obvious 1st-order test of the hypothesis that TT suite
magmas form by lower crustal metabasite anatexis is that,
on average, the dominant felsic magma type (TT) can be
generated by partial melting of the dominant mafic litholo-
gy (tholeiitic metabasalt). A series of simple equilibrium
melting models were designed to investigate this hypothe-
sis. The protolith used is the average amphibolite-grade
metabasalt from the Douglas Harbour domain (av.
MgO = 7 wt%), which makes up the north-eastern part of
the Minto Block (Fig. 1; Bédard et al., 2003). Two types
of tonalite occur in this domain, the older (c. 2.9–
2.86 Ga) WFT tonalites, and younger (2.83–2.72 Ga)
EFT tonalites (WFT and EFT =Western and Eastern Far-
ibault–Thury Complex). The WFT tonalites are enriched in
Ba–U–Th and REE in comparison with EFT tonalites. The
trace element profiles of the ‘parental’ tonalites shown in
Fig. 8 are averages of the more mafic tonalitic rocks in each
suite (excluding a few, rare, lithologically distinctive dior-
ites), and include fine-grained, hornblende-phyric, intra-
plutonic mela-tonalite dykes. Models were developed for
different extents of melting and different residual assem-
blages. Partition coefficients (Table 1) were either taken
from the literature (rutile, garnet, magnetite, ilmenite, bio-
tite, allanite, and epidote) with some interpolation, or from
recent parameterizations applied to appropriate melt and
mineral compositions (clinopyroxene, orthopyroxene, pla-
gioclase feldspar, Ca-amphibole: Fig. 6, Bédard, 2005).

The results for mafic to felsic granulite restites (Fig. 8C)
show that plagioclase feldspar could not have been part of
the residual assemblage to any extent (absence of negative
Eu–Sr anomalies in FT tonalites). The younger EFT suite
could not be modeled successfully with pure amphibolite
residues (Fig. 8B), since these yield profiles with L/HREE
ratios that are too low (cf. Rudnick and Taylor, 1986).
Addition of garnet to the residual amphibolite assemblage
improves the fit, but the L/HREE ratios are still too low



Fig. 8. Equilibrium melting models using the average tholeiitic metabasalt
of the Douglas Harbour Domain (Fig. 2) as a parent (A), attempting to
match the average Western (A) and Eastern (B and C) Faribault–Thury
Complex tonalites for different restitic assemblages at different % melting.
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(Fig. 8B). Addition of clinopyroxene and rutile to the gar-
net-amphibole restite assemblage improves the fit even
more, and might represent an acceptable solution
(Fig. 8B). However, the most successful models for EFT
tonalite genesis are for rutile–eclogite or rutile–websterite
restites (Fig. 8C). The requirement that garnet and rutile
both be present implies pressures P1.5 GPa (e.g., Moyen
and Stevens, 2005). The older WFT tonalites were modeled
(Fig. 8A) using garnet-bearing pyroxenite restites, with
minor residual rutile, ilmenite or titanite. The models
slightly under-estimate the LREE contents, and strongly
under-estimate Ba–Th–U contents (Fig. 8A), suggesting
that the average FT tholeiites may not be representative
of the source of WFT tonalites. Despite a few caveats, these
models do provide support for the plateau melting model,
since they show that it is plausible to generate the dominant
felsic parental melt of the FT complex by 20–30% melting
of the most common mafic magma type (tholeiitic basalt),
and that rutile, titanite or ilmenite-bearing garnet webste-
rite to eclogitic restites are required (see Fig. 8).

The average FT metabasalt used in the models already
has negative Nb–Ta anomalies, presumably caused by
assimilation of older TT crust. It might be argued that
the negative Nb–Ta anomalies in the derivative TT model
melts are artefacts induced by using a protolith that itself
has negative Nb–Ta anomalies. If the trace element profile
of the basaltic protolith is straightened by increasing Nb
from 3 to 7 ppm, and Ta from 0.16 to 0.3 ppm, then the
average FTE tonalite shown in Fig. 8C can still be repro-
duced if the rutile eclogite restite contains 2% rutile, rather
than 1%.

It has been argued that TTG melts generated by melting
of lower crustal metabasites could not have acquired their
high Mg#–Cr–Ni signatures for lack of an overlying man-
tle wedge (Martin and Moyen, 2002). The models of van
Thienen et al. (2004a,b) imply that large delaminated slabs
of lower crust have the potential to melt after detachment.
This would increase the pressure of melting, helping to sta-
bilize rutile-bearing eclogitic restites, and allow melts liber-
ated from the delaminated slab to cross and react with
mantle rocks during ascent, so increasing their Mg#, Cr,
and Ni contents.

4. Fate of the restite

4.1. Restite delamination

If a 40 km thick TTG crust is generated by anatexis of
metabasalt, then 80–200 km of eclogitic to pyroxenitic res-
tite is generated (Rudnick, 1995; Wedepohl, 1995; Gao
et al., 1998b; Rudnick et al., 2000; Arndt et al., 2002). Mass
balance, isotopic and geophysical studies imply that these
large volumes of clinopyroxene–garnet-rich restite are not
present at the base of Archaean crustal sections (e.g., Dru-
ry et al., 1984; Arndt and Goldstein, 1989; Durrheim and
Mooney, 1994; Ireland et al., 1994; Rudnick, 1995; Gao
et al., 1998a,b; Rudnick et al., 2000; Niu and James,
2002; Rai et al., 2003). Because pyroxenite and eclogite
are dense, numerical and analogue models imply that such
restites would be unstable and should delaminate down
into the mantle (Herzberg et al., 1983; Vlaar et al., 1994;
Ducea and Saleeby, 1998a; Jull and Kelemen, 2001; van
Thienen et al., 2004a,b). Eclogite suite xenoliths from kim-
berlites are largely of Archaean age (e.g., Pearson et al.,
1995; Shirey et al., 2001; Barth et al., 2002a), and it has
been proposed that many eclogite xenoliths are restites
from anatexis of Archaean metabasalts (e.g., Ireland
et al., 1994; Snyder et al., 1997; Rollinson, 1997; Rudnick
et al., 2000; Barth et al., 2002a; Foley et al., 2002; Aulbach
et al., 2002; Rapp et al., 2003). On the other hand, the O–
C–H–Li isotopic signatures of SCLM eclogite xenoliths has
been attributed to seafloor-metamorphism (e.g., Neal et al.,
1990; Jacob et al., 1994; Schulze et al., 2000; Barth et al.,



Fig. 9. Nb/Ta vs. Log(Zr/Sm) diagram adapted from Rapp et al. (2003).
The grey TTG field and eclogite xenoliths are from Rapp et al. (2003). The
pale grey field labeled AV is the field of Superior Province Archaean mafic
volcanics from Rapp et al. (2003), complemented by data from the
Douglas Harbour Domain (Madore et al., 1999). The open symbols show
tonalites and mela-enderbites (SiO2 < 70%) from the Douglas Harbour
domain (D.H.) and other Minto locales (Bédard, 2003). Note that these
data extend offscale to higher Nb/Ta than shown here. The intersecting
dashed lines show chondritic ratios, while the star marked ‘PUM’ is
primitive upper mantle (Sun and McDonough, 1989). The star marked
‘DMM’ is depleted MORB mantle fromWorkman and Hart (2005), while
the star marked ‘UDM’ is for ultra-depleted mantle from Bédard (1999)
residual from c. 25% melting of PUM, which is used in the model shown in
Fig. 13. The ‘v’ is the average metabasalt used in the modeling of Fig. 8.
The bold black arrows show the melt trends (% melting increasing from 5
to 40%), produced in the different equilibrium melting models, while the
grey arrows show the trend of the corresponding restites. Restite
assemblages are: A: 100% Hb;. B: 65:15:20 Cpx:Hb:Gt; D: 80:19:1
Cpx:Gt:Rut; E: 80:20 Cpx:Gt. %; f: 98.9:1:0.1 Cpx:Gt:Rut; G: 20:20:60
Cpx:Opx:Pg; r: 41.5:38:20:0.5 Cpx:Opx:Gt:Rut; T: 18:77:3:2
Cpx:Opx:Gt:Titanite; i: 20:71:4:5 Cpx:Opx:Gt:ilmenite. Hb, Hornblende;
Cpx, Clinopyroxene; Opx, Orthopyroxene; Pg, Plagioclase; Rut, Rutile;
Gt, Garnet. The arrow trending to the top right labeled 50%HbFx shows
the path of 50% fractionation of an hornblende-dominated assemblage
(Fig. 7) from the EFT tonalite parent. The dotted line labelled ‘MIX’ at
the bottom of the figure shows results of mixing residues of 40% crustal
anatexis (curve ‘E’) with the ultra-depleted mantle residue (UDM). The
numbers represent the % of crustal restite in the mixture.
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2001; Zack et al., 2003), which has generally led to the con-
clusion that they are relics of subducted oceanic crust (e.g.,
Helmstaedt and Doig, 1975; Neal et al., 1990; Jacob and
Foley, 1999; Barth et al., 2001, 2002a,b,c). However, these
seafloor metamorphic signatures could have been acquired
in oceanic plateau environments and do not require the
existence of subduction. Model restites and melts generated
by batch melting of average FT metabasalt (see above,
Fig. 8) are shown in Fig. 9. The model results imply that
rocks with low Nb/Ta and Low Zr/Sm similar to most
SCLM eclogites can indeed be generated as restites from
anatexis of typical Archaean metabasalts (Fig. 9).

The ultimate fate of the negative crustal restite diapirs
depends on their size, density, homogeneity and mineralo-
gy; on the viscosity distribution of the mantle into which
they penetrate; as well as on how differently-sized negative
diapirs interact with each other and with the upwelling
mantle. The largest of the negative diapirs are inferred to
have moved rapidly (5–10 km/Ma: Vlaar et al., 1994; van
Thienen et al., 2004b) and might have escaped from the
SCLM (e.g., Rudnick et al., 2000; van Thienen et al.,
2004b) to be recycled into deeper parts of the mantle,
becoming components in the sources of younger ocean is-
land or plateau basalt magmas (Hofmann and White,
1982; Christensen and Hofmann, 1994; Tatsumi, 2000;
Albarède and van der Hilst, 2002; Kogiso et al., 2003). Par-
tial delamination of restitic layers that retain some coher-
ence might produce sloping mantle reflectors (e.g.,
Calvert and Ludden, 1999) that could be misidentified as
fossil subduction zones (Fig. 10D, Hamilton, 1998, p.
18). In the next sections, I explore the possibility that del-
aminated restites might mix with the upper mantle, and
the consequences thereof.

4.2. Factors influencing mixing of delaminated crustal restite

and mantle

Theoretical arguments imply that a high viscosity con-
trast hinders mixing (e.g., Marshall and Sparks, 1984; Man-
ga, 1996; du Vignaux and Fleitout, 2001; Dzwinel andYuen,
2001). In the plateau melting model, generation of eclogitic
crustal restite represents the culmination of a major pulse
of mantle-derived magmatism, with essentially synchronous
development of a depleted mantle root and a migmatized
crust (Fig. 10).Given inefficient extraction ofmelt from crust
and mantle restites, then it seems plausible that both restites
might retain a small melt fraction (c. 1–5%) at essentially the
same time (cf. Saleeby et al., 2003). Since the viscosity of
mixed media is dominated by the melt fraction (Ji et al.,
2004), then there should be little viscosity contrast between
mushy crustal restite, and mushy mantle restite, and mixing
might be very efficient in consequence.

Mixing would also be favoured by the episodic and
potentially catastrophic (van Thienen et al., 2004b) nature
of delamination events, since differently sized diapirs, with
different viscosities, that move at different rates, might im-
pinge in an irregular, chaotic way and disrupt one another.
In addition, if the delaminated root contains domains of
high density (banded iron formation, massive sulphide),
or low density (marble, metasediment, low-Fe amphibolite,
tonalite, zones with abundant trapped melt), then differen-
tial movement of these domains would also stir the mixture
(Ferrachat and Ricard, 1998; Jellinek et al., 1999; Farne-



Fig. 10. (A) Cartoon illustrating the catalytic delamination-driven tectonomagmatic model discussed in the text. A large mantle plume releases melt (M1)
that constructs a thick volcanic crust. Underplating magma causes melting at the base of the crust to form a 1st generation of tonalitic melt (T1) with
complementary eclogitic to pyroxenitic restites (E1). (B) As M1-magmatism wanes, the underplated melt layer cools and crystallizes. Buoyant tonalitic
melt (T1) rises into the volcanic carapace, initiating a 1st cycle of partial crustal convective overturn. Dense restites and cumulates (E1) delaminate into the
mantle. Large bodies of E1 travel fast and escape into the deep mantle, and may guide ascent of mantle diapirs. Smaller delaminated bodies mix into the
shallow upper mantle and trigger the formation of a 2nd generation of mantle melt (M2). The M2 label here represents melt-enriched domains. (C) The 1st
generation crustal restites are largely destroyed as M2 melts are generated, collect and ascend. New melt from a 2nd mantle diapir also contribute to M2.
Eruptions of M2 fill troughs in the surface. Mantle melt (M2) that underplates the crust generates a 2nd generation of tonalite melt (T2) by melting relicts
of lava (v) and of the underplated M1 magma, yielding a 2nd generation of restites and cumulates (E2). Older tonalites (T1) are extensively remobilized at
this time, and also contribute to T2. The voluminous T2 tonalites are buoyant and trigger a 2nd cycle of partial crustal convective overturn. (D) As M2-
magmatism wanes, the underplated layer cools and crystallizes. The restites and cumulates (E2) delaminate into the mantle, triggering the formation of a
3rd generation of mantle melts (M3), and destroying the 2nd generation restites. Melting of underplated M2 melt and relict lavas generate a 3rd generation
of tonalitic to granodioritic melt (T3), also yielding a 3rd generation of restites and cumulates (E3). Older tonalitic rocks (T1 and T2) are extensively
remobilized and represent the dominant part of T3. The voluminous T3 tonalites/granodiorites are buoyant and trigger a 3rd cycle of partial convective
overturn in the crust. Tonalitic bodies that protrude above sea level (sl) are eroded to form sandstones (sst) and conglomerates (cf. Bleeker, 2002).
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tani et al., 2002) and contribute to the disruption of the
negative diapirs, much as the rotation of phenocrysts
hybridizes mingled melts (e.g., Kouchi and Sunagawa,
1985). Lateral and vertical variations in the viscosity struc-
ture of the mantle and negative crustal restite diapirs might
also result in complex mixing scenarios (cf. Kumagai,
2002). The evidence from exposed slab/mantle contacts
suggests extensive mechanical and chemical interaction
caused by shear heterogeneities (e.g., Bebout and Barton,
2002); while field evidence from syn-kinematic intrusions
in lower ophiolitic crust (Bédard et al., 2000), and from la-
vas and feeder dykes (Perugini et al., 2003), both suggest
that hybridization of partially molten bodies subject to
shear deformation is fast and easy.

5. Consequences of mixing crustal and mantle restites

5.1. A catalytic delamination-driven model

Mantle melt productivity (especially during fractional
melting) decreases markedly when the easily fusible, high-
Ca–Al phases (e.g. garnet and clinopyroxene) are exhaust-
ed (e.g., Bowen, 1928; Presnall et al., 1979; Dick et al.,
1984; Maaløe, 1985; Wasylenki et al., 2003). Thus, as a
large Archaean plume rises, decompression-driven melting
should tail off when clinopyroxene and/or garnet are
exhausted. What then will be the consequence of physically
mixing crustally derived garnet and clinopyroxene into this
harzburgitic residue (Vlaar et al., 1994; Ireland et al., 1994;
Yaxley and Green, 1998; Nielsen et al., 2002; Simon et al.,
2003; Gao et al., 2004)? Since clinopyroxene and garnet
typically contribute 30–70% of the melt component during
basaltic melt genesis (e.g., Johnson and Dick, 1992; Niu,
1997; Walter, 1998; Bizimis et al., 2000), then each km3

of delaminated pyroxenite or eclogite that is blended into
a depleted harzburgite generates a refertilized lherzolitic
mantle which could potentially yield 1–3 km3 of new melt.
Because heat is needed for the phase change (latent heat of
melting), it seems likely that a catastrophic and widespread
mixing event involving delamination of a thick crustal res-
tite layer might lead only to thermal death. On the other
hand, if negative diapirs are widely spaced, and are mixed



Fig. 11. (A) Liquidus phase diagram adapted from Liu and Presnall
(1990). Fo, forsterite; En, enstatite; Sp, spinel; Sa, sapphirine; An,
anorthite; Qz, high quartz. Heavy curves are phase boundaries, light lines
are isotherms labelled in �C. S2 and S3 = hypothetical mantle harzburgite
restite and refertilized lherzolite, respectively. L2 and L3 = liquids in
equilibrium with S2 and S3, respectively. Lr = liquid at the En = Sa

reaction point. In (B), a section is shown along mixing line ‘Mix.’
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into a larger volume of mantle, then thermal diffusion
might be able to keep pace and generate a large volume
of new basaltic melt. Lower crustal delamination would in-
duce a compensatory mantle upwelling and so yield addi-
tional increments of mafic melt by decompression (Vlaar
et al., 1994; van Thienen et al., 2004a,b).

Admixture of a pyroxenitic/eclogitic component has
been investigated theoretically and experimentally, and
has been shown to result in increased melt productivity
(Yaxley and Green, 1998; Pickering-Witter and Johnston,
2000; Yaxley, 2000; Hirschmann et al., 2003; Kogiso
et al., 2003). Melt production is concentrated at the inter-
face between the fertile xenolith and the host mantle, and
orthopyroxenite-enriched reaction rims may form (Yaxley
and Green, 1998). The composition of the melt is strongly
dependent on the bulk composition of the admixed pyrox-
enitic component (Kogiso et al., 2004). Addition of fertile
‘basalt’ to mantle peridotite yields low-Mg# melts (Yaxley,
2000). Since an eclogitic/pyroxenitic restite from metaba-
site anatexis would typically have an Mg# higher than that
of its original basalt, then addition of high-Mg# crustal
restite to depleted mantle might be expected to yield high-
er-Mg# melts. Such high-Mg#, 2nd-stage melts would be
rather buoyant as a result, and tend to rise and either erupt,
or underplate the nascent tonalitic crust. Underplating of
felsic rocks by mafic melt is an efficient way to induce anat-
exis both of the felsic lithologies (e.g., Wyllie et al., 1976;
Huppert and Sparks, 1988; Fountain, 1989; Petford and
Gallagher, 2001; Koyaguchi and Kaneko, 1999; Annen
and Sparks, 2002), and possibly of previously unmelted
or newly underplated basalt (Rollinson and Windley,
1980; Rudnick and Taylor, 1986; Annen and Sparks,
2002), and so would generate new increments of tonalitic
melt + pyroxenitic to eclogitic restite. This 2nd generation
restite, if thick enough, would also be mechanically unsta-
ble and should delaminate into the mantle (Fig. 10), where
it might trigger renewed melting, and so on. . . (cf. Herzberg
et al., 1983; Vlaar et al., 1994; Van Kranendonk et al.,
2004). Viewed another way, CaO and Al2O3 occur in easily
fusible phases (clinopyroxene and garnet) in the mantle,
and so are incompatible, yielding buoyant melt. Converse-
ly, these elements are compatible in the crust, stabilizing
dense liquidus or restite phases (clinopyroxene, garnet,
hornblende, epidote, titanite. . .) that tend to founder back
into the mantle. This contrast suggests the possibility that
the Ca–Al component (eclogite/pyroxenite) represents a
catalyst for coupled differentiation of the crust and mantle
in the Archaean.

5.2. Phase equilibrium and thermodynamic constraints

The detailed mechanisms by which eclogitic restites re-
act with the upper mantle is probably best investigated
experimentally. Nonetheless, some insights may be gained
by consideration of basic phase equilibrium relationships,
and by thermodynamically based models (e.g., Boudreau,
1999; Ghiorso et al., 2002). The former is illustrated with
a 2 GPa forsterite–anorthite–quartz liquidus surface dia-
gram from Liu and Presnall (1990), in the CMAS system
(Fig. 11). During partial melting, extraction of voluminous
eutectoid melt enriched in the anorthite component (CaO
and Al2O3) will leave a depleted restite (S2), where the
amount of melt of composition L2 = a/a + b, by the lever
rule (Fig. 11B). If melting is near-fractional, a large temper-
ature increase will be needed before much more melt can be
extracted from this depleted mantle restite. What then will
be the consequences of mechanically adding eclogitic res-
tites from crustal metabasite anatexis? Garnet and clinopy-
roxene plot off the join, but are located towards the
anorthite pole, and a hypothetical mixing line (heavy
dashed line labelled ‘Mix’) is drawn between mantle and
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crustal restites. A cross-section is drawn along this mixing
line in Fig. 11B. Adding cool eclogite shifts the bulk com-
position to S3, and necessarily leads to an increase in the
proportion of melt (=c/c + d). Another way to visualise
this is to consider the effect of dissolving clinopyroxene
and garnet (enriched in CaO and Al2O3) into a melt satu-
rated in forsterite + enstatite (e.g., L2). Adding such com-
ponents will pull the melt composition off the liquidus
surface (compositional undersaturation) and lead to disso-
lution of forsterite and eventual precipitation of enstatite,
and contribute to the increase in orthopyroxene/olivine
mode seen in Archaean-aged subcontinental lithospheric
mantle. Because heat is consumed during melting, the sys-
tem will cool, but because of the steep slope of the liquidus
surface (Fig. 11B), then assimilation of a relatively cold
eclogite will still lead to significant melting.
Table 2
Partition coefficients used to model mantle melting

Cpx Opx Oliv. Cr-Sp

Cs 0.0014 0.0108 0.0013 0.0001
K 0.0029 0.0108 0.0013 0.0001
Rb 0.0021 0.0108 0.0013 0.0002
Ba 0.0007 0.0146 0.0013 0.0005
Th 0.0062 0.0015 0.0009 0.001
U 0.0047 0.0058 0.0006 0.001
Nb 0.0045 0.0058 0.0008 0.01
Ta 0.0115 0.0465 0.0084 0.01
La 0.0520 0.0012 0.0002 0.0006
Ce 0.0776 0.0020 0.0004 0.0006
Pr 0.110 0.0034 0.0008 0.0006
Pb 0.0164 0.0050 0.0013 0.0006
Sr 0.0916 0.0050 0.0013 0.0006
P 0.0427 0.0411 0.00005 0.0006
Nd 0.148 0.0054 0.0012 0.0006
Sm 0.220 0.0118 0.0026 0.0006
Zr 0.0549 0.0185 0.0065 0.015
Hf 0.153 0.0360 0.0060 0.015
Ti 0.288 0.1405 0.0132 0.125
Eu 1.203 0.0163 0.0051 0.0006
Gd 0.276 0.0215 0.0050 0.0006
Tb 0.296 0.0285 0.0067 0.0011
Dy 0.310 0.0371 0.0089 0.0015
Y 0.315 0.0434 0.0106 0.002
Ho 0.316 0.0468 0.0115 0.0023
Er 0.316 0.0573 0.0143 0.003
Tm 0.311 0.0683 0.0172 0.0038
Yb 0.303 0.0794 0.0203 0.0045
Lu 0.293 0.0903 0.0233 0.0045
Ga 0.272 0.278 0.103 4
Cr 7.3 2.8 0.69 500
Co 0.798 1.122 3.20 4
Ni 0.0388 1.597 6.75 10
Cu 0.263 0.0432 0.05 1
Zn 0.243 1.122 0.968 4
V 3.1 0.194 0.15 10
Sc 7.35 0.559 0.170 0.1

D values for mantle melting based on parameterizations of Bédard (2005)
for olivine. D values for orthopyroxene and clinopyroxene were calculated
in a similar manner, assuming a temperature of 1300 �C, and MgO in the
melt of 13 wt%, and a clinopyroxene tetrahedral Al content of 0.095.
Chrome-spinel D values from Bédard (1999).
The mechanical introduction of eclogitic crustal restites
into a solidus-temperature depleted mantle restite was also
simulated using the PELE modeling software of Boudreau
(1999, version 6XX), an adaptation of MELTS (Ghiorso
et al., 2002). The models were executed as equilibrium crys-
tallization experiments, since this is the inverse of equilibri-
um melting. As a starting point, I used an experiment (#2)
on a depleted peridotite by Laura Wasylenki et al. (2003).
At P = 1 GPa, T = 1330 �C, for QFM � �2, this experi-
ment contains 10% glass (MgO = 12.8%), 67.1% olivine
and 22.9% orthopyroxene, and is therefore at a tempera-
ture above clinopyroxene-out and spinel-out. The bulk
composition was reconstructed from the modes and miner-
al analyses (#2, Table 3), and was run in PELE as a test of
the thermodynamic model (Fig. 12). The model was run as
an equilibrium crystallization experiment, dry, at constant
pressure, and yielded 13.9% liquid (13.1% MgO), 64.4%
olivine, 0.9% spinel, and 21.2% orthopyroxene. Since disso-
lution of Cr into pyroxene is not considered in PELE, this
is considered a satisfactory reproduction of the original
experimental data. If the system is allowed to crystalllize
at equilibrium, the liquid dwindles to <1% (6.5% MgO)
by 1255 �C, after crystallizing 6% orthopyroxene, 4%
Cr-spinel, 8% clinopyroxene, and resorbing 5% olivine.
Wasylenki et al. (2003) estimated the solidus at somewhere
Table 3
Starting compositions for crystallization–assimilation simulations

2 2R R2R FTER C2Rw

SiO2 45.16 44.79 45.02 46.82 44.88
TiO2 0.04 0.02 0.13 1.11 0.98
Al2O3 2.39 1.25 2.64 14.19 13.91
Fe2O3 0.00 0.00 0.00 0.00 2.73
FeO 8.23 8.30 8.86 13.47 8.92
MgO 41.59 44.09 40.36 9.28 12.89
CaO 2.13 1.13 2.41 13.07 14.81
Na2O 0.06 0.02 0.18 1.56 0.58
K2O 0.01 0.01 0.03 0.19 0.21
Cr2O3 0.39 0.40 0.36 0.05 0.00
H2O 0.00 0.00 0.00 0.00 0.08

Glass 10.0 2.17
Olivine 67.1 72.93
Orthopyroxene 22.9 24.62
Clinopyroxene 80 50.07
Magnetite 3.97
Garnet 19 33.05
Rutile 1 0.98
Albite 4.89
biotite 2.01
Corundum 5.04

2, reconstructed bulk composition of experiment #2 (Wasylenki et al.,
2003) at F = 0.1. 2R, normalized residue of #2, after loss of 8% of the
melt. R2R, refertilized version of 2R (0.1 · FTER + 0.9 · 2R). FTER,
residue from 20% melting of the average Faribault–Thury tholeiite cal-
culated by mass balance. C2Rw, composite wet contaminant. Biotite,
phlogopite: annite 60:40; clinopyroxene, diopsite:hedenbergite 82.6:17.4;
garnet, pyrope:grossular:almandine 55:17:28. Composition of clinopy-
roxene and garnet are similar to composition of minerals in restites from
metabasite anatexis determined by Barth et al. (2002a).



Fig. 12. Results of thermodynamic models showing how the % melt
changes with temperature. Isobaric experiments: 2, equilibrium crystalli-
zation/melting experiment corresponding to the reconstructed bulk
composition of experiment #2 from Wasylenki et al. (2003) at F = 0.1;
2R, normalized residue of #2, after loss of 8% of the melt; R2R,
refertilized version of 2R (0.1 · FTER + 0.9 · 2R), where FTER = resi-
due from 20% melting of the average Faribault–Thury tholeiite (Table 3).
R2Rw and R2Rd are wet (0.1 wt% H2O) and dry experiments, respec-
tively; C2Rw, isenthalpic coupled assimilation/crystallization experiment,
where 10gr of composite wet contaminant C2Rw (Table 3) is added at
each step.
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between 1250 and 1270 �C, in agreement with the PELE
model.

To generate the model mantle restites used in the
next runs, only 2% glass was retained in the mantle mix-
ture, using the same mineral compositions from experi-
ment #2 (i.e., 2% glass, 67.1% olivine, and 22.9%
orthopyroxene). This simulates the retention of a small
amount of equilibrium melt from the restite. Crystalliz-
ing this bulk composition (#2R, Table 3) in PELE, at
the same conditions as above, yields only 8.8% melt
(13.8% MgO) at 1330 �C, which decreases very rapidly
with cooling, with <1% liquid (11% MgO) remaining
by 1310 �C (Fig. 12).

Admixture of eclogite to #2R was done in two different
ways. First, the composition of the crustal restite was cal-
culated by extracting 20% of the Faribault–Thury Est
parental tonalite composition (as determined from the dis-
tribution of data on variation diagrams), from the inferred
protolith, the average FT tholeiite. This crustal restite
(FTER) was added to #2R in a 1:9 proportion, to generate
a refertilized peridotite #R2R, which was run in PELE un-
der both wet (0.1% H2O) and dry conditions. In the dry
model (#R2Rd), mantle #R2R was allowed to crystallize
starting at 1330 �C. The initial melt content was 15.1%
(Fig. 12), significantly higher than the #2R melt content,
but was not much less magnesian (12.8% MgO). In marked
contrast to the #2R experiment, #R2R still contains 9.8%
melt (11.3% MgO) at 1310 �C, the temperature at which
#2R was almost completely solid. In addition, #R2R con-
tinued to crystallize beyond 1215 �C, where 1.91% melt still
remained (4.3% MgO), after crystallizing 8.2% clinopyrox-
ene, 4.9% orthopyroxene, 3.1% spinel, and resorbing 3%
olivine.

The wet model (#R2Rw) only differs by having
0.1 wt% water, which lowers the mantle solidus tempera-
ture. The PELE simulation also reproduces this effect,
since the initial conditions (1330 �C) yield (Fig. 12) a
slightly higher proportion of melt 18.4% (13% MgO).
By 1310 �C, 15.7% melt (12.1% MgO) remain. The run
was continued to 1170 �C, where 2.9% melt remain
(4.8%MgO) after crystallization of 8.6% clinopyroxene,
6.4% orthopyroxene, 3.9% spinel, and resorption of
3.3% olivine. What these models imply is that a refertil-
ized mantle generated by mixing in an eclogitic restite
can generate abundant melt.

If the latent heat effect is neglected, then addition of a
900 �C contaminant to a 1330 �C host mantle in a 1:9
proportion yields an equilibration temperature of
1287 �C, which gives 4.7% and 12% melt in the R2Rd
and R2Rw experiments. These values are maxima, since
energy (latent heat) will be consumed to effectuate the sol-
id–liquid phase transition. To take advantage of PELE’s
capacity to do thermodynamically constrained coupled
assimilation-crystallization models, I generated a model
‘contaminant’ constituted of simplified minerals (4.89% al-
bite, 2.01% biotite (Phl60, Ann40), 50.07% clinopyroxene
(Di83), 33.05% garnet (Pyr55, Gross17, Alm28), 5.04%
corundum, 0.98% rutile, 3.97% magnetite); and which is
compositionally similar to the calculated FTER (Table
3). The model contaminant simulates an eclogitic restite
generated at c. 900–1100 �C, with the compositions of
clinopyroxene and garnet being similar to those analyzed
by Barth et al. (2002a) at 1.8 GPa and 1000–1040 �C. The
added albite, corundum and magnetite were included to
supply Na2O, Al2O3, and Fe2O3, which are not considered
by the PELE solid contaminant subroutine. Minor biotite
was added to supply K2O and H2O. The model contami-
nant was added in 10 gr/step increments during a crystal-
lization experiment (#C2R: Table 3). Only one simulation
is shown for comparison to the #2 and #2R experiments
in Fig. 12. The contaminant was attributed a temperature
of 900 �C, which is the minimum needed to generate
abundant tonalitic melt; but the assemblage contained
0.08% water. The objective was to see if addition of large
amounts of cold contaminant would cause the system to
freeze out, or whether addition of Al2O3, CaO. FeO,
Na2O, K2O, and water induces enough compositional
understauration to keep the system molten. The model
indicates that at 1310 �C, about 4% melt (MgO 11.6%) re-
mains, while at 1181 �C, 2.56% melt remained (3.7%
MgO).

The extensive depression of the solidus shown in all of
these simulations implies that addition of an eclogitic or
pyroxenitic crustal restite to a near-solidus temperature
restitic harzburgite will generate extensive amounts of
melt, whether or not temperatures are buffered, and
whether or not water is present. While latent heat is an
important factor, its effects are too small to prevent melt-
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ing if the admixed eclogite is a small fraction of the
mixture.

5.3. Paradox redux

Such a catalytic model could perhaps resolve a number
of troubling paradoxes about Archaean magmagenesis,
mantle genesis, and tectonics, as follows:

(1) Because both mantle and crustal restites tend to
have higher Mg# than their respective protoliths,
then the mixed source should yield 2nd stage melts
that have high Mg#, and leave a 2nd stage mantle
restite with high Mg#. This may explain the unusu-
ally high Mg# of many Archaean SCLM xenoliths
(Griffin et al., 2003; Herzberg, 2004). Since much
of the interaction between foundered crustal restite
and mantle restites occurs at shallow levels, then this
could help explain why most SCLM rocks retain
apparent spinel-facies trace element signatures
(Canil, 2004).

(2) Reaction between delaminated clinopyroxene-rich
material and a melt-bearing harzburgitic mantle res-
tite might generate the excess orthopyroxene of some
Archaean SCLM suites (Fig. 11). Field observations
from the lower crust of the Bay of Islands Ophiolite
(Bédard et al., 2000) indicate that clinopyroxene-rich
rocks dissolve incongruently into a melt saturated in
olivine + orthopyroxene, with the production of
orthopyroxenitic reaction rims. Generation of excess
orthopyroxene by reaction between ‘eclogite’ and
mantle also has experimental support (Yaxley and
Green, 1998), and websteritic mantle xenoliths have
been interpreted to result from such interactions
(Aulbach et al., 2002).

(3) The catalytic model accounts for the missing eclogit-
ic root, since the eclogitic restite would be largely
consumed by partial melting in the shallow mantle.
The eclogitic component would cycle through the
system several times in order to generate the appro-
priate geochemical signatures, so that instead of
extracting 200 km of eclogitic restite as a single
event, 20 km of eclogite may cycle through the sys-
tem 10 times. Extensive shallow destruction/recycling
of delaminated eclogitic cumulates and restites
explains why the eclogitic xenolith suite now makes
up <1% of the SCLM (Jacob, 2004). Only fairly
large eclogite pods would survive such a process,
which explains why eclogitic xenoliths are so abun-
dant in kimberlite pipes which intersect them, yet
are nearly absent from the dominant ‘background’
mantle.

(4) Repeated cycles of delamination, mantle upwelling
and magmatism would reheat previously crystallized
felsic crust, and near-total remelting might occur
when voluminous high-temperature basaltic to kom-
atiitic melts underplate older TTs (e.g., Wyllie et al.,
1976; Huppert and Sparks, 1988; Fountain, 1989;
Koyaguchi and Kaneko, 1999; Zegers and van
Keken, 2001; Annen and Sparks, 2002). This could
explain: (a) the existence of large volumes of high-
temperature (>1000 �C) enderbitic melts (e.g.,
Bédard, 2003); (b) the common presence of inherited
zircon cores in Archaean felsic plutons; and (c) lead
to secular K-enrichment as the highly-incompatible
elements build up in the crustal partial melts.

(5) Mixing of the crustal restites complementary to FT
tonalite genesis into depleted mantle residues gener-
ates sources with sub-chondritic Nb/Ta and near-
chondritic Zr/Sm ratios (dotted line marked ‘MIX’
in Fig. 9), that can yield basalts with such geochemi-
cal signatures, which could then remelt to generate
low Nb/Ta high-Zr/Sm TTGs (cf. Rapp et al., 2003).

(6) Some of the less common Archaean magma types can
be accounted for by variants of the delamination-hy-
bridization scenario outlined above. (a) If undepleted
metabasalt domains are entrained into the mantle
during delamination of a larger eclogitic diapir
(Moresi and Solomatov, 1998; van Thienen et al.,
2004b), then melting of amphibolite (cf. Foley
et al., 2002; van Thienen et al., 2004a), or fertile
eclogite (Ducea and Saleeby, 1998b; Rapp et al.,
2003), could yield tonalitic melts that would react
with the surrounding mantle as it ascends, become
enriched in Mg#, Cr, and Ni, and also lead to SiO2

enrichment and generation of excess orthopyroxene
in the SCLM (Kelemen et al., 1998). (b) Entrained
metasedimentary or metavolcanic rocks might yield
high-LILE melts or fluids when they heat up. Areas
of the mantle and crust metasomatized by such
LILE-enriched fluids could yield sanukitoids and
shoshonites, or trigger shallow melting of surround-
ing, depleted harzburgite, potentially generating
Archaean ‘boninites’ or hydrous komatiites (Kerrich
et al., 1998; Parman et al., 2001; Smithies, 2002;
Grove and Parman, 2004). (c) Involvement of delami-
nated VMS in the catalytic melting process may gen-
erate anomalously S-rich magmas that could lead to
the development of Ni-sulphide ore deposits.

(7) The formation of Archean cratons and SCLM is
roughly coeval (Pearson, 1999; Griffin et al., 2003),
but occurs at different times (between 3.6 and
2.7 Ga) in different cratons (e.g., Goodwin, 1981,
1996; Windley, 1984). The diachroneity of cratoniza-
tion is also explained by the catalytic model, since the
processes by which cratonic crust and SCLM form
could be triggered by any plume-like mantle instabil-
ity of sufficient size. The main requirement is a mag-
matic flux sufficient to form a thick volcanic pile that
can cannibalize its own base to yield gravitationally
unstable pyroxenitic to eclogitic restites. Once begun,
gravitationally driven mass movements (delamina-
tion) would trigger new pulses of mantle melting,
and initiate the catalytic loop described above. In



Fig. 13. Melts derived by 20–25% equilibrium melting of a refertilized
mantle source with a harzburgitic residue. The source was generated by
mixing 90% depleted harzburgite derived by c. 25% melting from a
primitive mantle source (Bédard, 1999), and 10% of an eclogitic residue
(rutile–eclogite from Fig. 8C) derived from 20% melting of the average
Douglas Harbour metabasalt. The D values used in the model are given in
Table 2. A harzburgite residue was assumed. Munro-type komatiite from
(Campbell, 2003).
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such a delamination-driven tectonomagmatic model,
the distribution of plutonic activity at shallow levels
(mid-upper crust) would be controlled by the location
and scale of lower crustal delamination events; and so
upwelling zones need not be finger-like, but could
also take the form of linear belts.

Continental and mantle evolution models are based
largely on mass balance calculations and trace element ra-
tios (e.g., McDonough, 1991; Vervoort and Patchett, 1996;
Sylvester et al., 1997; Rudnick et al., 2000; Green et al.,
2000; Campbell, 2003). Periodic addition to the depleted
mantle reservoir of ‘eclogitic’ to ‘pyroxenitic’ crustal res-
tites should be taken into account in such models.

5.4. Scale and frequency of delamination events

The main unconstrained parameter in this catalytic
model is the scale and frequency of lower crustal delamina-
tion events. Zegers and van Keken (2001) suggested that
the peaks in activity in the Pilbara at 3.47 and 3.45 Ga
may reflect lower crustal delamination events (20 Ma inter-
val). Van Kranendonk et al. (2002) documented an 11–
37 Ma periodicity for the lower Pilbara Supergroup that
they attributed to 8 plume events distributed over c.
300 Ma. Given that cratonization typically requires 200–
300 Ma (e.g., Thurston, 1994; Leclair et al., 2001; cf. Caby,
2003), this suggests that something like 6–10 cycles may be
appropriate for the entire cratonization process. Compari-
son with geochronological data from major plateau basalt
provinces (e.g., Tejada et al., 2002; Prokoph et al., 2004)
suggest a 25–35 Ma frequency for major pulses of melt
delivery from mantle upwellings. It remains unclear
whether the periodicity seen in cratons primarily reflects
the mechanics of how melt segregates and is delivered from
an ascending mantle column, the time-length-scales of ma-
jor mantle mass instabilities (diapirs?), the time-length-
scales of dense crustal restite delamination, or some har-
monic of these rhythms.

5.5. Eclogitic catalysts in other mantle melting

environments?

Recent petrogenetic models for many oceanic and conti-
nental plateau basalts involve a heterogeneous mantle
source, where eclogitic material was picked up from depth
(e.g., the 660 km disconinuity) by an ascending plume/dia-
pir (Cordery et al., 1997; Yasuda et al., 1997; Takahashi
et al., 1998; Yasuda and Fujii, 1998; Kerr et al., 2002; Rév-
illon et al., 2002; Tejada et al., 2002). Is it possible that
some oceanic and continental plateau basalts have devel-
oped eclogitic roots, which delaminated and mixed with
the mantle beneath; so that the extra ‘eclogitic’ component
needed to explain the huge volumes of melt seen in plateau
basalts is derived from above, rather than being entrained
from below? It may even be that the downward flux of
crustal cumulate and restite plays a role in focussing,
amplifying and anchoring the ‘plume’ (e.g., Shaw and Jack-
son, 1973).

The eclogite catalysis effect may not be restricted to
anorogenic scenarios. There is evidence for extensive eclog-
itic delamination beneath the Cordillera (e.g., Ducea and
Saleeby, 1998b; Ducea, 2002; Saleeby et al., 2003), and iso-
topic and trace element signatures of Pliocene-Quaternary
lavas from this area might record mixing of delaminated
eclogite with the mantle (see references in Saleeby et al.,
2003). The high-SiO2 ‘adakitic’ glasses and metasomatic
signatures observed in peridotite xenoliths from arc volca-
nos (Schiano et al., 1995; Kepezhinskas et al., 1996) might
also result from melting delaminated lower crust (Ducea
and Saleeby, 1998a), rather than melting of a subducted
slab. It has also been proposed that delaminated Archaean
eclogite was involved in the genesis of Jurassic high-magne-
sium andesites, dacites and adakites in China (Gao et al.,
2004). I speculate that delamination-driven catalytic pro-
cesses such as those outlined above might be an important,
albeit unrecognized, magmagenetic process in Proterozoic
to modern arcs, oceanic plateaux and oceanic ridges (Bé-
dard, 1988; Arndt and Goldstein, 1989; Anderson, 1994;
Saleeby et al., 2003).

6. A test

Can an objective test be devised for this family of
hypotheses? An obvious 1st-order constraint is that melt-
ing of a mixed source composed of delaminated crustal
restite and depleted harzburgitic mantle should generate
a recognizable Archaean magma type. To this end, an
equilibrium melting model was developed (e.g., Fig. 13)
using a refertilized mantle source generated by mixing
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10% of the model eclogitic crustal restite produced from
the Archaean metabasalt melting models outlined above
(Fig. 8), with 90% of a harzburgitic mantle restite gener-
ated by extensive equilibrium melting of primitive mantle
(Bédard, 1999). It was assumed that the refertilized source
would melt sufficiently to completely exhaust the added
phases, leaving behind a harzburgitic residue. Fig. 13
shows that the model melts generated by equilibrium
melting of this refertilized source bear a strong resem-
blance to typical Munro-Type komatiites. If the results
of this speculative model are correct, then this suggests
that:

(1) Komatiites may not be large-degree melts initiated at
great depths (garnet peridotite stability field) in the
axes of large mantle plumes, but may be derived by
refertilizing depleted shallow mantle with a delami-
nated crustal restite. Thus, the garnet trace element
signatures of komatiites may be the fingerprints of
crustal restite pollution from above, rather than
recording equilibration with a garnet peridotite
assemblage at great depth.

(2) The presence of water (hornblende, mica) in some of
this delaminated material would facilitate komatiite
generation by lowering peridotite solidus tempera-
tures (cf. Parman and Grove, 2004).

(3) The different varieties of Archaean komatiite (Al-de-
pleted, Al-undepleted) may reflect the proportion of
clinopyroxene and garnet in the material added from
above.

(4) The dominant 1-stage mantle melt derived from the
plumes that initiate cratonization may be the com-
mon Archaean tholeiites (cf. Arndt et al., 1997),
rather than komatiites. This implies that these
plumes may not have been as hot as has been
inferred on the basis of the komatiite phase equilib-
rium data.

7. Conclusions

The petrography and geochemistry of the TTG suite
rocks from the NE Superior province (e.g., Bédard,
2003; Bédard et al., 2003; this paper Figs. 4–9), imply
that tonalitic parental magmas formed by: (1) melting
of a tholeiitic metabasite source, leaving behind a gar-
net-titanate-bearing pyroxenite/eclogite restite (high La/
Yb, negative Nb–Ta–Ti anomalies); followed by (2) low-
er- to mid-crustal hornblende-dominated fractionation
(e.g., increasing La/Yb, Sr/Y, decreasing HREE and Y)
to generate trondhjemite. An arc environment is not re-
quired to explain the archetypal Archaean TTG geo-
chemical signatures. Inferences from numerical and
geophysical models (Figs. 2 and 3) suggest that Archaean
arcs may not have operated efficiently, and that if they
did, they could not have generated the volume of TTGs
that dominate Archaean cratons. A plateau-melting mod-
el above a large Archaean ‘plume’ is favoured. In this
model (Fig. 10), the base of basaltic plateaux melt due
to ongoing mafic magmatism, yielding TTGs and com-
plementary crustal restites composed of pyroxene + gar-
net + rutile. The high densities of pyroxene and garnet
trigger negative gravitational instabilities. Mixing of
eclogitic crustal restites with the depleted mantle would
refertilize the mantle, allowing further melting (Figs. 11
and 12). Ascent of melt (heat) would trigger more crustal
melting, and generate more eclogitic restite, which would
then delaminate, mix, cause more mantle melting, and so
on. . .. The eclogitic component would thus represent a
catalyst for coupled crust–mantle differentiation in the
Archaean. The catalytic model proposed here mitigates
the mass balance problem inherent in the derivation of
the TTG suite from a metabasite crustal source, since
the huge volumes of unobserved restite required by such
models would be destroyed bit-by-bit at shallow levels in
the mantle. Refertilization of depleted upper mantle
sources by delaminated crustal restites has the potential
to generate melts with trace element signatures similar
to those of typical Munro-Type komatiites (Fig. 13), a
hypothesis that requires further testing. Thus, the model
outlined above appears to account for the coexistence in
a single tectonic environment (large plumes or major
mantle overturns: Davies, 1995), of all major Archaean
magma types. This reconciles the apparent dichotomy be-
tween the dominantly tholeiitic–komatiitic greenstone
belts (plume source) and the TTG plutonic belts, for
which arc affinities have been assumed hitherto. The
model obviates the need for fortuitous slab windows to
allow passage of plume-derived magmas through the sub-
ducting slab and greatly simplifies the geological history
inferred for most Archaean cratons. If correct, the cata-
lytic model outlined in this paper provides the missing
genetic link that could relate the two fundamental build-
ing blocks of Archaean cratons. A complete rejection of
mobilist scenarios is not implied, since progressive rigid-
ification during cratonization implies a gradation towards
more familiar uniformitarian magmatic and tectonic
processes.
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Lac Peters (SNRC 24M). Minist. Ress. Nat. Québec. Rapp. Géol. RG
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Manga, M., 1996. Mixing of hetereogeneities in the mantle: effect of
viscosity differences. Geophys. Res. Lett. 23, 403–406.

Mann, P., Taira, A., 2004. Global tectonic significance of the Solomon
Islands and Ontong Java Plateau convergent zone. Tectonophysics 389,
137–190.

Marshall, L.A., Sparks, R.S.J., 1984. Origin of some mixed-magma and
net-veined ring intrusions. J. Geol. Soc. Lond. 141, 171–182.

Martin, H., 1986. Effect of steeper Archean geothermal gradient on
geochemistry of subduction-zone magmas. Geology 14, 753–756.

Martin, H., 1987. Petrogenesis of Archean trondhjemites, tonalites, and
granodiorites from eastern Finland: major and trace element geo-
chemistry. J. Petrol. 28, 921–953.

Martin, H., 1993. The mechanisms of petrogenesis of the Archean
continental crust—comparison with modern processes. Lithos 30,
373–388.

Martin, H., 1999. Adakitic magmas: modern analogues of Archaean
granitoids. Lithos 46, 411–429.

http://dx.doi.org/10.1029/2002JB001859


A catalytic model for coupled Archaean crust–mantle genesis 1211
Martin, H., Moyen, J.F., 2002. Secular changes in tonalite-trondhjemite-
granodiorite composition as markers of the progressive cooling of
Earth. Geology 30, 319–322.

Martin, H., Smithies, R.H., Rapp, R., Moyen, J.F., Champion, D., 2005.
An overview of adakite, tonalite-trondhjemite-granodiorite (TTG),
and sanukitoid: relationships and some implications for crustal
evolution. Lithos 79, 1–24.

McCall, G.J.H., 2003. A critique of the analogy between Archaean and
Phanerozoic tectonics based on regional mapping of the Mesozoic-
Cenozoic plate convergent zone in the Makran, Iran. Prec. Res. 127,
5–17.

McCulloch, M.T., Wasserburg, G.J., 1978. Sm-Nd and Rb-Sr chronology
of continental crust formation. Science 200, 1003–1011.

McDonough, W.F., 1991. Partial melting of subducted oceanic crust and
isolation of its residual eclogitic lithology. Phil. Trans. R. Soc. Lond.
A335, 407–418.
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