isolated patterns—are related to the fact that molten silicon has a
viscosity of 0.003cm?s™ ', which is one-third that of water
(0.01 cm?s ™! ref. 10). This low viscosity enables the molten silicon
to flow rapidly into all crevasses, filling them completely and
conforming to the mould. Furthermore, silicon, like water, has a
liquid phase density (2.52gcm ™ °) greater than its solid phase
(2.32gcm_3; ref. 11). The transformation from liquid to solid
causes the silicon volume to expand about 3% in each direction.
However, during LADI the mould was at a lower temperature than
that of molten silicon, so the shrinking of silicon caused by the
temperature drop can offset the expansion of silicon from liquid
phase to the solid.

LADI can be applied to other materials. We have deposited, by
chemical vapour deposition (CVD), a 230 nm polysilicon layer on
top of a 200 nm thick silicon dioxide layer grown on a silicon
substrate. Nanostructures have been patterned in the polysilicon
layer by LADI (for example, Fig. 4b). The results are the same as that
of crystalline silicon, except that the polysilicon has a slightly lower
melting energy than crystalline silicon’. This indicates that LADI
may become a good tool to directly pattern nanoscale gates for
metal-oxide-semiconductor field-effect transistors (MOSFETSs).

The velocity, acceleration, force, pressure, and Reynolds number
involved in LADI of silicon can be estimated to provide further
information about the process. In our experiments the imprint
depth was 110nm and the imprint time was around 250 ns. For
simplicity, we assume that the mould travelled a distance of 100 nm
in 200 ns; however, this distance may be slightly overestimated
owing to elastic distortion of the mould under pressure and the
upward flow of liquid silicon. This leads to an average imprint
velocity of about 0.5ms™' and an average acceleration of
5% 10°ms “—nearly a million times the gravitational acceleration.
Because the mould has a weight of about 5.6 mg, the total force
needed for the acceleration is about 28 N. For the given mould area
(2.25 mm?), the total pressure on the mould needed for the imprint
is 1.7 X 10°Pa or about 17atm. If we assume the liquid Si flow
during LADI is one-dimensional and into a 140 nm opening at a
speed of 0.5 m s~ ', then the Reynolds number is 0.23, which is quite
small, indicating a laminar flow.

Finally, LADI can be extended to large areas, other materials, and
other processes. The LADI area could be as large as a whole wafer
(41inch or 8 inch diameter), or a one-inch-square die (that die can be
used to cover an entire wafer by step and repeat), provided that a
uniform laser beam over a large area is available. Conventional
nanoimprint has demonstrated excellent uniformity over a 4-inch
wafer in a single step>’. LADI also could be used for other materials
beyond crystalline silicon and polysilicon, such as Ge, III-V com-
pound semiconductors and dielectrics (a different laser wavelength
would be needed). LADI could help to crystallize polysilicon
further. LADI might be well suited for three-dimensional patterning
(for example, forming a lens on a Si or glass surface), which is
challenging to achieve by conventional lithography and etching.
LADI could offer a unique method to fill tiny holes in a dielectric
(for example, silicon dioxide) with silicon, and a unique means of
flattening the surface of a semiconductor deposited on a dielectric.
Both are difficult issues in integrated circuit fabrication. Many
applications of LADI are yet to be explored. 0
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It is thought that the first continental crust formed by melting of
either eclogite or amphibolite, either at subduction zones' or on
the underside of thick oceanic crust>. However, the observed
compositions of early crustal rocks and experimental studies
have been unable to distinguish between these possibilities®.
Here we show a clear contrast in trace-element ratios of melts
derived from amphibolites and those from eclogites. Partial
melting of low-magnesium amphibolite can explain the low
niobium/tantalum and high zirconium/samarium ratios in
melts, as required for the early continental crust, whereas the
melting of eclogite cannot. This indicates that the earliest con-
tinental crust formed by melting of amphibolites in subduction-
zone environments and not by the melting of eclogite or mag-
nesium-rich amphibolites in the lower part of thick oceanic crust.
Moreover, the low niobium/tantalum ratio seen in subduction-
zone igneous rocks of all ages is evidence that the melting of
rutile-eclogite has never been a volumetrically important
process.

The early continental crust is characterized by the tonalite—
trondhjemite—granodiorite gneisses (TTG) of Archaean terrains’.
Their compositions have been explained as the products of mag-
matic processes, namely melting of basaltic source rocks in the form
of either eclogite or amphibolite"*>. However, it is debated whether
the melting process occurred principally in subduction zones' or on
the underside of oceanic crust® that may have been much thicker in
the Archaean owing to higher geothermal gradients.

TTG gneisses have low Nb/Ta and high Zr/Sm ratios relative to
modern oceanic basalts and mantle rocks. They share these charac-
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teristics with modern adakites (Fig. 1a), which are, on the basis of
experimental petrology and major- and trace-element patterns,
thought to originate by melting of the subducting basalt slab, and
may thus be rare modern analogues of Archaean crust-building
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Figure 1 Nb/Ta ratios versus Zr/Sm ratios of natural rocks, compared to results of
modelled melting of eclogites and amphibolites. a, The early continental crust
represented by trondhjemite—tonalite—granodiorite gneisses (TTG) lie in the lower right
quadrant with low Nb/Ta and high Zr/Sm, as do modern adakites. This trace-element
signature differs from that of primitive mantle (at the intersection of the black lines),
modern mid-ocean-ridge basalts (MORBs), ocean-island basalts (0IB) and island-arc
basalts (IAB), all of which have lower Zr/Sm and/or higher Nb/Ta. The bulk continental
crust also lies to the lower right, and may correspond to a TTG signature later diluted by
crustal growth by other processes. b, Trace-element modelling of partial melting of
eclogite and amphibolite using the new experimental partitioning data'™="® shows that
melts of eclogite bearing rutile (blue plus signs) lie in the upper right quadrant, and
eclogites without rutile (red crosses) have unfractionated Nb/Ta. Rocks in the lower right
quadrant may originate by 1-15% batch melting of amphibolite. Melting models were
based on high-pressure experiments in which mineral modes were measured*?®; three
different amphibolites were modelled, producing similar results: (1) 0.8 GPa (ref. 4) (white
circles) with 40% amphibole (Am), 45% plagioclase (Plg) and 15% orthopyroxene; (2)
1.0 GPa (ref. 5) (light green circles) with 32% Am, 15% Plg, 28% gamet (Ga) and 25%
clinopyroxene (Cpx); (3) 1.6 GPa (ref. 4) (dark green circles) with 17% Am, 15% Plg, 15%
Ga and 52% Cpx. Purple squares are for pure fractional melting at 1.0 GPa, showing that
only very low degree fractional melts could carry this trace-element signature. Partition
coefficients used are for Plg with Anys and Am with Mg# = 45. The starting composition
used for modelling was an average Archaean basalt from Sula Mountain®.
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magmatism®. Subducting basalt would be much more likely to melt
during Archaean times because of the higher geothermal gradient
and probably lower average age of oceanic crust being subducted’.
Any crust produced by this process would, therefore, have been
much more voluminous than adakites are today. The alternative
model of melting of lower levels of thickened oceanic crust has no
direct modern analogue: thick oceanic plateaux do occur and serve
as a model for the Archaean oceanic crust®, but the lower thermal
gradients today prevent them from melting. Nevertheless, there are
differences between these two models for the origin of TTG gneisses:
subducting crust could conceivably melt as amphibolite or eclogite,
but its average composition would generally be that of fractionated
basalt; more than 90% of mid-ocean-ridge basalts (MORBs) have
Mg number (Mg# = 100 Mg/(Mg + Fe)) between 50 and 65. The
underside of thick oceanic crust would have higher Mg# because it
consists of a high proportion of cumulates®. Furthermore, the thick
crust would be formed by high-degree melts with very low water
contents’, and so the lower crust would consist largely of granulite
and eclogite, not amphibolite. Hydrothermal alteration at ridges is
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Figure 2 Trace-element ratios in amphiboles as a function of Mg# (= 100 Mg/

(Mg + Fe)). a, D /D14 ratios are calculated using the equation given in the text together
with the Mg# and Ti contents from microprobe analyses of natural and experimental
amphiboles. Plotted as a function of Mg#, we can see that only amphiboles with Mg#
below about 70 can fractionate Nb from Ta significantly, producing the required low Nb/Ta
in coexisting melts. Amphiboles with Mg# 80-90, modelled here by amphiboles in
peridotites (natural and experimental), cannot fractionate Nb from Ta. This would apply to
high-Mg# amphibolites that may result from metamorphism of mafic to ultramafic
cumulates in the lower oceanic crust. b, Partition coefficient ratios from our
experiments'="® show that the lower-Mg# amphiboles also fractionate Nb from La (green
circles) and Zr from Sm (blue circles), whereas amphiboles with Mg# > 80 cannot. Melts
derived by melting of amphibolites with low Mg# will therefore have a more significant
trough in the incompatible element pattern at Nb and Ta. The values plotted in b are from
the same experiments used to calibrate the predictive expression for D y,/D 1, applied
ina.
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not likely to reach deeper than the uppermost 3 or 4 km (ref. 10).

We now contrast the behaviour of trace elements during melting
of amphibolite and eclogite on the basis of recent experimental
trace-element partitioning studies. Current models for the genesis
of TTG, the continental crust and adakites require garnet in the
residue to explain low concentrations of heavy rare-earth elements
(HREE), for which both garnet amphibolite and eclogite melting
provide reasonable solutions™*. The behaviour of the high-field-
strength elements (HFSE) Nb, Ta, Zr and Hf are now sufficiently
well known to assess critical ratios involving these elements. The
amphibole partitioning data are taken from our detailed exper-
imental studies at 1.4 GPa pressure, in which trace-element deter-
minations in mineral-glass pairs in experimental run products by
ion microprobe were combined with crystal structure refinements
for all experimentally synthesized amphiboles, so that the site
preferences and incorporation mechanisms of trace elements are
well-defined''"". This is particularly important for understanding
the partitioning behaviour of the HFSE, as it can be shown that
amphibole decouples Nb and Ta from Zr and Hf. Nb and Ta are
located on the M1 site, charge-balancing dehydrogenation of the
amphiboles (exchange of 0% for OH "), whereas Zr (and Hf) are
not related to dehydrogenation and occur on the M2 site'>". The
partitioning behaviour for the eclogite minerals garnet, clinopyr-
oxene and rutile is taken from experiments on tonalite'*'®, and
those for the other amphibolite minerals plagioclase and orthopyr-
oxene from previous studies'®?’. Almost all partition coefficients
(D) used are obtained using in situ analyses of minerals and glass by
either ion microprobe or laser ablation inductively coupled plasma
mass spectrometry (ICP-MS).

An important result of the amphibole study is that the ionic radii
of Nb and Ta are not identical as almost universally assumed, but
that Ta is about 0.015 A smaller'?. This means that in any mineral
in which these two elements occupy a site smaller than Ta, low
D /D, (<1) will occur in that mineral: this is confirmed for rutile
by experimental measurements where both partition coefficients
have been determined®"**. In contrast, the effective size of the M1
site in amphibole straddles the ionic radii of Nb and Ta, with the
result that Dyp,/Dr, is higher than 1 for low-Mg# amphiboles'>.
Thus, where rutile dominates the Nb-Ta budget, as for rutile-
bearing eclogites, high Nb/Ta is to be expected in melts.

letters to nature

In Fig. 1b, the Nb/Ta and Zr/Sm ratios of melts produced from
amphibolites and eclogites are compared for the extreme cases of
batch and pure fractional melting. Results are shown for eclogites
with and without 0.5% rutile: the latter would be relevant only for
exceptionally depleted basalt compositions, as recent experiments
have shown that rutile saturation should be achieved during partial
melting®. This is consistent with the almost ubiquitous occurrence
of rutile in Archaean eclogite xenoliths®***. For the amphibolites,
measured modal mineralogies from suprasolidus experiments on
melting of basalt at 0.8, 1.0 and 1.6 GPa were used (Fig. 1b)*’.
Amphibole is a residual mineral in all of these. The 0.8-GPa
assemblage is garnet-free and orthopyroxene-bearing, whereas the
higher-pressure assemblages contain garnet and clinopyroxene in
addition to amphibole and plagioclase. The vertical array of symbols
(Fig. 1b) shows that all model melts can explain high Zr/Sm relative
to mantle values, but that only amphibolite models can explain low
Nb/Ta. The ratios for melts of eclogite, especially with rutile, do not
fit that of TTG, the bulk continental crust, adakites or most modern
island-arc basalts. Whereas melting of rutile-bearing eclogite can
explain low HREE concentrations and high Zr/Sm, it fails the
critical Nb/Ta test. Batch melts (1-15%) of all three amphibolites
lie in the lower right quadrant, as do pure fractional melts at degrees
of melting below 10% (all melts to 15% in the case the 0.8-GPa
amphibolite). Batch melting may be the more realistic model given
the relatively high SiO, content of the melts.

During melting of amphibolites, Nb/Ta in the melt is controlled
by the Mg# and titanium concentration of the amphiboles, and can
be predicted from microprobe analyses using the following
expression: In(*™"/-Dyy 7,) = 2.45 — 1.26Mg — 0.84Ti (r* = 0.84;
Amph/Lpy o /Ta is the partition coefficient ratio for Nb and Ta between
amphibole and melt; average difference between calculated and
observed ratios was 7%, maximum 20%; ref. 12). Application of this
equation to a compilation of amphibole compositions from amphi-
bolites and peridotites shows that only amphiboles with Mg# less
than about 70 can cause low Nb/Ta in coexisting melts (Fig. 2a), and
that the fractionation increases with decreasing Mg# of the amphi-
bole. These low-Mg# amphiboles are also able to cause the greatest
fractionation between Nb/La and Zr/Sm (Fig. 2b). In contrast,
amphiboles with Mg# > 80 cannot impart low Nb/Ta to coexisting
melts, nor can they cause low Nb/La. We conclude that the trace-
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Figure 3 Modelling of Sr concentrations in melts of amphibolite and eclogite. The high
calculated Sr concentrations in melts of eclogite, with (blue plus signs) or without rutile
(pink crosses), further supports the conclusion that TTG (shown as an average and as

individual rocks) cannot have originated by melting of eclogite. Melts from amphibolite fit
better, whereby the Sr concentration depends on D g, which itself is inversely proportional
to the anorthite content of plagioclase'. The ‘high-An" amphibolites which produce the
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best fit may result from high water contents during melting®’. The starting composition
used for modelling was the same average Archaean basalt asin Fig. 1b with 157 p.p.m. Sr
(ref. 30). Use of a lower Sr concentration such as in modern MORB (113 p.p.m.) would not
change the conclusions appreciably; the bulk partition coefficient for Sr is the controlling
factor. The intersection of the black lines indicates primitive mantle values for reference.
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element characteristics of TTG, including low Nb/Ta and Nb/La and
high Zr/Sm, can be explained by melting of amphibolite in the
subducting slab where amphiboles have relatively low Mg#, but not
by melting of Mg-rich amphibolites or eclogites in the lower parts of
thick oceanic crust. The decoupling of Nb and Ta from Zr and the
fractionation of Nb from Ta in low-Mg# amphiboles is the best
explanation for the production of melts in the lower right quadrant
of Fig. 1; no other mantle phase with this capability has been
reported.

Melting of rutile eclogite cannot be (or have been) volumetrically
important in the production of igneous rocks at convergent
margins, apart, perhaps, from the production of relatively rare
alkaline volcanics with high Nb/Ta**. Many eclogite xenoliths are
thought to represent former oceanic crust that melted during
subduction®***, and many have high Nb/Ta rutiles®. Our results
show that those with high Nb/Ta cannot have formed with rutile
coexisting with melt, but must have melted as rutile-free amphibo-
lites, followed by solid-state transformation of amphibolite to rutile
eclogite on further subduction. This must also apply to the
supposed lost eclogite reservoir with high Nb/Ta that may be located
deep in the mantle®.

Although melting of garnet amphibolite with amphibole Mg# of
40-50 and plagioclase with 40-50% anorthite end member (Any,.
s0) can explain the low HREE, high Zr/Sm and low Nb/Ta of the
early continental crust, minor refinements to the model may be
necessary for some trace elements, notably Sr, U and Th. The
predicted melts from all amphibolite melting models shown in
Fig. 1b have U and Th contents that are higher than TTG and the
bulk continental crust, indicating that Dy and Dy, are too low in
the models by a factor of about 3. This may be due to under-
estimation of the modal proportion of amphibole and/or plagio-
clase (see Fig. 1b), or to incorrect estimation of Dy and D-y, for
plagioclase®®. The problem for the more abundant trace element
strontium is more acute (Fig. 3). D, is inversely proportional to the
anorthite content of plagioclase, as parameterized by Blundy and
Wood". The ‘low-An’ circles in Fig. 3 are for the 1.0- and 1.6-GPa
amphibolites from Fig. 1b with Dg, = 5.25, corresponding to
plagioclase with Angs. Using a lower Ds, of 2, corresponding to a
more Ca-rich plagioclase, excellent agreement results for Sr con-
centrations in average TTG and bulk continental crust in a model
otherwise identical to the low-An model. This correction is not
arbitrary, as it is notoriously difficult to attain equilibrium in
experiments on plagioclase, and it has been shown that the presence
of water results in a considerable increase in the anorthite content of
plagioclase”. The partitioning data used for plagioclase'®' are
based on experiments without water. The calculations for melting
of eclogite in Fig. 3 confirm that the early continental crust is not
related to melting of eclogite.

These results also eliminate the melting of amphibole peridotite*®
as a possible cause of the low Nb/Ta in modern island-arc volcanics
(Fig. 1a), because the high Mg# of amphiboles from mantle wedge
assemblages above the subducting slab prevents fractionation of Nb
from Ta (Fig. 2a). A recent study of fluids released by antigorite
breakdown in deeply subducted mantle shows that they do not
display relative enrichment in large ion lithophile elements com-
pared to HFSE, thus strongly supporting the hypothesis that HFSE
are soluble in natural subduction fluids*. Amphibole may never-
theless cause the low Nb/La and low Nb/Ta signatures of arc
magmas: low-Mg#, low-Ti amphiboles may crystallize from slab-
derived, silica-rich aqueous fluids at high fluid/rock ratios, causing
Nb depletion relative to La and Ta in residual fluids. These move
further and progressively equilibrate with peridotite mantle at lower
fluid/rock ratios, while migrating to the regions where large-scale
melting of the wedge occurs. During melting of amphibole perido-
tite, amphibole is no longer able to fractionate Nb from Ta or La to
an appreciable extent. ]
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