between the appropriate GCM climates and accounting for the logarithmic radiative effect
of CO,. Unlike the shorter 40-kyr simulations (first step), ice albedo and topographic
feedbacks are not calculated explicitly, but the latter are captured by the lapse-rate
correction in the mass-balance calculations.
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The Archaean oceanic crust was probably thicker than present-
day oceanic crust owing to higher heat flow and thus higher
degrees of melting at mid-ocean ridges'. These conditions would
also have led to a different bulk composition of oceanic crust in
the early Archaean, that would probably have consisted of
magnesium-rich picrite (with variably differentiated portions
made up of basalt, gabbro, ultramafic cumulates and picrite). Itis
unclear whether these differences would have influenced crustal
subduction and recycling processes, as experiments that have
investigated the metamorphic reactions that take place during
subduction have to date considered only modern mid-ocean-
ridge basalts>’. Here we present data from high-pressure experi-
ments that show that metamorphism of ultramafic cumulates
and picrites produces pyroxenites, which we infer would have
delaminated and melted to produce basaltic rocks, rather than
continental crust as has previously been thought. Instead, the
formation of continental crust requires subduction and melting
of garnet-amphibolite’—formed only in the upper regions of
oceanic crust—which is thought to have first occurred on a large

a Oceanic crust section

Basalt
Hydrothermally\altered |

Delamination:
Melts of pyroxenites
are basalt/nephelinite

Ultramafic
cumulates

b  Oceanic crust section

basal
4 ko GGGl atered ]|

?: bbros\a
troctolité

Ultramafic cumulates

Subduction:
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amphibolite are TTG
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Figure 1 Model for the constitution and fate of oceanic crust. a, Hadean/early Archaean;
delamination of ultramafic cumulates occurs. b, Late Archaean; subduction of the whole
ocean crust occurs. Oceanic crust sections are estimated on the basis of eclogite xenolith
petrology and chemistry'>~'#, and thermodynamic modelling of the fractionation of
picrites'®. Parental picrites fractionate at the crust—mantle boundary to produce about
30% ultramafic cumulates, predominantly olivine and clinopyroxene. Grey lines indicate
that more picritic melts are thought to have approached the surface in the Archaean'®®.
Melts may be produced by three main processes: in the Hadean and early Archaean, the
metamorphosed ultramafic cumulates (now pyroxenites—see Fig. 2c) delaminate and
melt to produce basaltic to nephelinitic melts which are greatly different from early
continental crust (process 1). The lower crust may melt as eclogite' (process 2), but only
after removal of the lower ultramafic cumulate layer. The production of melts from garnet-
amphibolites (process 3) is needed to produce continental-crust-like TTG suite*; this must
have been rare (although not absent) in the early Archaean before the subduction of the
hydrothermally altered uppermost basaltic crustal layer, but became important once the
whole crust could be subducted®.
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scale during subduction in the late Archaean’. We deduce from
this that shallow subduction and recycling of oceanic crust took
place in the early Archaean, and that this would have resulted in
strong depletion of only a thin layer of the uppermost mantle.
The misfit between geochemical depletion models and geophysi-
cal models for mantle convection (which include deep subduc-
tion) might therefore be explained by continuous deepening of
this depleted layer through geological time>°.

No unequivocal samples of Archaean oceanic crust are preserved
at Earth’s surface, so that processes surrounding the subduction and
recycling of Archaean oceanic crust remain obscure. Indirect clues
come from the preserved early continental crust, which broadly
corresponds to tonalite-trondhjemite—granodiorite gneisses
(TTG)’. These gneisses formed by partial melting of either eclogitic
or amphibolitic oceanic crust®'°. However, recent trace-element
partitioning results show that the paired low Nb/Ta ratio and high
Zr/Sm ratio of TTG must have formed by melting of garnet-
amphibolite, and not eclogite*. The occurrence and melting of
eclogite and/or garnet-amphibolite in the oceanic crust is therefore
of central importance to assessing Archaean processes. Here, we
consider where and when melting of garnet-amphibolite could have
occurred in the Archaean oceanic setting.

The interpretation of greenstone belts as oceanic crust is not
uncommon, but controversial', and if oceanic, they may be formed
by the accretion of marginal basins and not represent crust of the
open ocean''. We prefer to consider eclogite xenoliths carried to the
surface by kimberlites, as these may provide the only direct samples
of crust formed in Archaean ocean basins. Many of these eclogites
may be of late Archaean age, judging by the age determinations
currently available (3.0-2.5 Gyr; refs 12—14). Those representing
former volcanic rocks are picrites with more MgO than modern
mid-ocean-ridge basalts (MORB; 5-8%) but considerably less MgO
than komatiites. We interpret this to mean that the bulk oceanic
crust was not komatiitic at any time after the Hadean era.

Figure 1 presents a model for the Archaean oceanic crust based on
evidence from the eclogite suites and on thermodynamic calcu-

lations of the fractionation of picritic melts'®>. Owing to continual
cooling of the Earth, the oceanic crust thinned from in excess of
25km at about 3.5 Gyr ago to less than 20 km at 2.5 Gyr ago. The
best modern analogues for such thick crust are oceanic plateaux'®'?,
but these are not directly comparable as they form by near-
stationary plume activity and not at spreading ridges. Oceanic
plateaux are modelled as comprising ultramafic cumulates and
basalt—gabbro—troctolite fractionates in a thickness ratio of about
1:3 from picritic parental melts'®. Thus, an 18-km-thick crust would
have 12-13km basalt and gabbro above ultramafic cumulates
consisting mostly of olivine and pyroxene" (Fig. 1). However,
recent studies of high-level gabbros in the oceanic crust show that
primitive melts can approach the surface in modern fast-spreading
ridges'®, so that more rapid extension in the Archaean may have led
to more picritic components in the upper parts of the crust than on
oceanic plateaux today. Many eclogite xenoliths are the meta-
morphic products of gabbro protoliths, in agreement with fraction-
ation models showing that basaltic residual melts should be
widespread”.

Furthermore, ridge melts generally have very low water contents,
as do plume-related melts'”, so that the formation of amphibolite on
metamorphism of basaltic fractionates would be limited to the
uppermost hydrothermally altered oceanic crust, probably 3—4 km
depth'. Below this, granulites and eclogites would dominate. An
important time constraint is that TTG melt production requires
melting of the hydrothermally altered uppermost oceanic crust as
garnet-amphibolite®.

The behaviour of modern MORB during subduction meta-
morphism is well studied experimentally>’, whereas no studies on
picrites have been undertaken (to our knowledge). Therefore, we
have conducted high-pressure experiments on a lava from Gorgona
island, Colombia, with 17.5 wt% MgO (Table 1). MORB transforms
with increasing pressure from granulite to garnet-granulite at
1.0-1.2 GPa depending on temperature, and then to eclogite at
1.5-1.7 GPa owing to the elimination of plagioclase. If wet, these
rocks correspond to amphibolite, garnet-amphibolite and eclogite

3.0
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Plagioclase
Eclogite -out
2.5 - Amphibole
Amphibole @ Amphibole @ stability limit @
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Figure 2 Stability of metamorphic products of parts of the Archaean oceanic crust.
Coloured regions represent rocks produced by subduction metamorphism of a, MORB??,
b, gabbro/anorthosite, corresponding to plagioclase-rich plutonic rocks?, and ¢, the
Gorgona composition studied here. Garnet is stable above the ‘garnet-in’ curves, which lie
at similar pressures for MORB and anorthosite, but at higher pressures with increasing
MgO content for Gorgona and Belingwe komatiite (26.5% MgO; S.B., unpublished data).
Garnet-granulite has widely differing stability fields in a and b, but does not occur at all in
¢. Melting points do not change much as a function of the MgQO content of the rock
wherever amphibole is present (phase relations interpolated after refs 29 and 30); melting
occurs where the geotherms (dashed lines showing schematically conditions for early
(geotherm 1) and late (geotherm 2) Archaean) pass out of the (coloured) regions of
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subsolidus rocks. The Gorgona rock () melts along subduction geotherm 1 as
amphibole—pyroxenite (dark green)—neither garnet nor plagioclase are stable—and along
geotherm 2 as a garnet and amphibole-bearing pyroxenite (purple). The metamorphic
equivalents of picrites and ultramafic cumulates are too MgO-rich to contain plagioclase
during subduction. Formation of TTG gneisses requires melting of garnet-amphibolite*,
which occurs for both basalt and gabbro/anorthosite (a, b), but only after cooling to
conditions colder than geotherm 1. This prevents widespread formation of TTG with low
Nb/Ta in the early Archaean; this must await a general thinning of the oceanic crust until
the hydrothermally altered basaltic upper levels can be subducted and transform to
amphibolite. No TTG-like melts can be produced by melting picrites or ultramafic
cumulates under any conditions (c).
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at lower temperatures (Fig. 2a). For plagioclase-rich cumulates, the
fields for garnet- and plagioclase-bearing rocks extend to much
higher pressures, but begin at about the same depth (Fig. 2b). Our
results show that the metamorphic products of picrites or ultra-
mafic cumulates (dark green and grey in Fig. 1) are plagioclase-free,
and that the incoming of garnet lies at higher pressures than for
MORB (1.7 GPa at 1,100 °C; Fig. 2¢). These rocks can never trans-
form to eclogite or garnet-amphibolite under subsolidus con-
ditions, but will transform to rocks bearing orthopyroxene and/or
olivine. Water-bearing equivalents are amphibole—pyroxenite, gar-
net-amphibole—pyroxenite, and garnet-olivine-amphibole—pyroxe-
nite with increasing pressure (Fig. 2¢). Partial melts of none of these
pyroxenites will correspond to TTG or any other continental-crust-
like composition, but will produce melts that are essentially basaltic,
even if wet'®. Also, these rocks may not undergo the sudden increase
in density experienced by basalts during the granulite—eclogite
transformation®.

Subduction geotherms during the Archaean era are very poorly
known, but will have been disproportionately hotter than modern
ones owing to the dominance of smaller plates that were younger
and hotter on subduction than today". The eclogite xenoliths have
very low Nb/Ta ratios indicating strong source depletion, and are
reminiscent of a ‘subduction zone’ geochemical signature'” fitting a
model with small plates and common ridge—subduction inter-
action'. Schematic geotherms are shown in Fig. 2; geotherm 1
would apply to the early Archaean, whereas geotherm 2 represents
conditions in the latest Archaean. The following tectonic model is
consistent with our experiments and the melting of other rock types
in subduction zones, and with the production rates of TTG and
early continental crust’. In the early Archaean, the crust was too
thick to be subducted as a unit®, and so the lower parts were
delaminated and melted (Figs 1 and 2¢). Melts of these metamor-
phosed ultramafic cumulates, now pyroxenites (Fig. 2¢), are basaltic
to nephelinitic'®, and so the production of voluminous TTG-like
melts was not favoured in Archaean subduction-like settings.

The oceanic crust became steadily thinner until, in the late
Archaean (3.3-3.0 Gyr ago), a threshold was reached after which
the whole crust could be subducted®. At this time, the hydrother-
mally altered uppermost 4km of crust was introduced into the
subduction zone, and basaltic rocks were subject to widespread
melting as garnet-amphibolite (Fig. 2a, b). Now, large volumes of
TTG-like melts with high Zr/Sm and low Nb/Ta (ref. 4) could be
produced for the first time, explaining the increase in volume of
continental crust preserved from the late Archaean’. TTG melts
could be produced during the delamination period of the early
Archaean (Fig. 1) only from eclogitic lower crust from which the
ultramafic cumulates had already been removed (process 2 in Fig. 1),

Table 1 High-pressure experiments on the Gorgona komatiite composition

Experiment Pressure Temperature Duration Phases observed
(GPa) (0 ()

SB-8 1.5 950 168 am + cpx + opx + gt + sp
SB-11 1.8 950 170 am + cpx + opx + gt + sp
SB-23 1.0 1,000 168 am + cpx + opx + sp
SB-26 1.2 1,000 170 am + Cpx + OpX + sp
SB-14 1.4 1,000 168 am + cpx + opx + gt
SB-16 1.6 1,000 169 am + cpx + opx + gt + ol
SB-15 1.8 1,000 168 am + cpx + opx + gt + ol
SB-35 1.2 1,150 144 CcpX + opx + ol 4+ sp + melt
SB-17 1.6 1,150 168 cpx + opx + ol + sp + melt
SB-18 1.8 1,150 168 CPX + opx + gt + ol + melt
SB-21 2.0 1,150 161 cpx + opx + gt + ol + melt
SB-25 25 1,150 168 cpx + gt + ol 4+ melt

Abbreviations for phases: am, amphibole: cpx, clinopyroxene: opx, orthopyroxene; gt, garnet; sp,
spinel; ol, olivine. The starting material for high-pressure experiments was prepared as a glass from
Gorgona komatiite sample GOR-94-1, donated by C. Ginibre. The composition of the glass (wt%) is
SO, 46.3, TIO, 0.66, Al,O3 10.1, FeO 11.57, MgO 17.5, CaO 10.2, Na,O 1.24, K,0 0.03, Cr,0O3
0.10, Mg# 73.0. Experiments were run in a piston-cylinder apparatus with CaF, as pressure
medium. Pt capsules with graphite inner sleeves were used, and experiments were run in water-
undersaturated conditions (0.2-0.3 wt% H50).
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or by melting of amphibolite within the thick crust (process 3 in
Fig.1). Partial melting of eclogite is commonly invoked to produce
TTG', but would have to await delamination of the cumulate pile
and so removal of the thermal protection from mantle tempera-
tures. Furthermore, melting of eclogites in the lower parts of thick
oceanic crust would produce rocks of broadly TTG composition in
terms of major elements®?, but which do not have low Nb/Ta (ref. 4);
these are not thought to be common in the geological record’.

At any one time, the thickness and make-up of the oceanic crust
and its age at subduction will have varied, so that TTG were
produced, but only in small volumes, in the early Archaean®'. We
conclude that the melting of garnet-amphibolite required for TTG
production® first became dominant in subducting slabs after about
3.2 Gyr ago. This corresponds to the first appearance of eclogite
xenoliths with oceanic-crust signatures'>™'*, and trace-element dis-
tributions demonstrate that many of these eclogites result from
solid-state transformation of partially melted garnet-amphibolite®.

Although eclogite transformation® is largely discredited as the
main driving force for subduction on the modern Earth®, it may
have served to help initiate the modern style of subduction. The
calculated density for the amphibole-bearing Gorgona composition
increases from 3.29 to only 3.36 gcm > across the ‘garnet-in’ curve,
and gradually to 3.53gcm ™ at 1.8 GPa owing to increase of the
modal abundance ratio of garnet to amphibole. Large density
differences (0.5-0.6 gcm ) first occur when basaltic and gabbroic
rocks dominate the subducting part of the crust, initially by
allowing transformation of garnet-amphibolite into eclogite by
partial melting.

Thus, until the latest Archaean the contribution of the down-
going oceanic crust to slab pull was minimal. Also, subducting slabs
were hotter and the subduction angle flatter than today', so deep
subduction may not have existed until eclogite-bearing slabs helped
to pull the near-surface slabs deeper. Calculations show that the
increased importance of chemical buoyancy in young, hot slabs
tends to inhibit deep penetration®. Only after slabs cooled further,

a Archaean

Depleted

Figure 3 Model for progressive deepening of the depleted mantle with time. In contrast to
the modern picture (b) where deep subduction drives the vestiges of plates into the lower
mantle®®?’, the early Archaean oceanic crust (@) may have been produced from a layer
restricted to the uppermost 200 km that consequently became strongly depleted. Only the
ultramafic lower crust was returned to the mantle, and melted once again to produce more
basalt. Only after thinning of the oceanic crust allowed widespread transformation of
basaltic upper crust into eclogite via partial melting at the end of the Archaean may
eclogite have helped to initiate the modern subduction style. Evidence for this is seen in
ultradepleted trace elements in eclogite xenoliths', all of which are between 3.0 and
2.6 Gyr old'", and in fractionated Nd isotopes in the early Archagan®®.
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and the olivine—spinel transition was reached in the underlying
peridotite part of the subducting slab, could the subduction process
develop into one similar to that operating today.

Evidence for this depth restriction of subduction and shallow
return of crustal components to the mantle may be found in the low
Nb/Ta and Zr/Hf ratios of eclogite xenoliths". These are more
depleted than expected for the modern Earth, and are in marked
contrast to the high values presumed to represent eclogite in mixing
models between depleted mantle and recycled eclogites®. This
apparent contradiction is resolved if the eclogite xenoliths were
indeed relatively enriched for the oceanic crust of the time, but the
complementary ultradepleted upper mantle was later eliminated by
remixing.

Taken together, the evidence presented here supports a plate
model in which only the uppermost 200 km of the mantle were
tapped by oceanic volcanism in the early Archaean (Fig. 3a), as has
been proposed to account for the fractionation of Nd isotopes in the
early Archaean>®. This may have interesting consequences for mass-
balance models between crust and mantle: geochemical models have
favoured depletion of about 50% of the whole mantle to produce
the crust®™, but are at odds with recent geophysical models for
subduction into the lower mantle**. Given that seismic tomography
images can picture only the state of the mantle today, the geo-
chemically modelled 50% depletion of the mantle may be a time-
integrated effect of the progressive deepening of the effective depth
of the mantle involved in the development of the crust. This was
restricted to the uppermost 200 km in the early Archaean®®, and
today involves large parts of the lower mantle*” (Fig. 3b). d

Methods

Density calculations were performed by fitting linear interpolations from end-member
minerals to microprobe analyses of experimental minerals, correcting for thermal
expansion and compressibility*’, and combining with modal mineral analyses from the
experiments.
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Submarine hydrothermal venting along mid-ocean ridges is an
important contributor to ridge thermal structure’, and the global
distribution of such vents has implications for heat and mass
fluxes® from the Earth’s crust and mantle and for the biogeogra-
phy of vent-endemic organisms.® Previous studies have predicted
that the incidence of hydrothermal venting would be extremely
low on ultraslow-spreading ridges (ridges with full spreading
rates <2 cmyr~'—which make up 25 per cent of the global ridge
length), and that such vent systems would be hosted in ultramafic
in addition to volcanic rocks*’. Here we present evidence for
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