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Deep formation of Earth’s earliest 
continental crust consistent with subduction
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About four billion years ago, Earth’s outer layer is thought to have been 
composed mostly of a 25- to 50-km-thick basaltic crust that differentiated 
to form the oldest stable continental crust. However, the tectonic processes 
responsible for the formation of this continental material remain controversial. 
Suggested explanations include convergent plate boundary processes akin 
to subduction operating today and a variety of relatively shallow (<50 km) 
non-plate-tectonic intracrustal mechanisms. Here we perform high-pressure–
temperature melting experiments on an oceanic plateau analogue for the 
early basaltic crust and show that magmas with the composition of the early 
continental crust cannot form at pressures <1.4 GPa (~50 km depth). This 
suggests that Eoarchaean continental magmas are formed in deep (>50 km) 
subduction-like environments. Our results support previous Eoarchaean field 
evidence and analyses of igneous rocks that date to 4.0–3.6 billion years ago, 
which are consistent with subduction-like processes and suggest a primitive 
type of plate tectonics operated as long as 4 billion years ago on early Earth.

Plate tectonics on modern Earth creates a perpetual cycle of magma-
tism, erosion, deposition and mountain building that generates new 
continental crust. Evidence from zircons suggests that felsic material 
existed >4.0 billion years ago (Ga)1, but it is only from the Eoarchaean 
era (4.0–3.6 Ga) that the oldest continental crust has been preserved2,3. 
Nevertheless, although we understand how plate tectonics forms con-
tinental crust on present-day Earth, there is still debate concerning the 
tectonic processes that formed continental crust 4.0–3.6 Ga. Volcan-
ism associated with early Earth tectonics would have released gases to 
modify the early atmosphere4, and if these gases were reducing (CO and 
CH4), they could potentially provide a source for the prebiotic mole-
cules that led to the origin of life on Earth5. Consequently, identification 
of these early Earth processes is critical to our understanding of how 
our planet began its evolutionary path towards our modern habitable 
world. Furthermore, while relatively thick basaltic crust predominates 
on Mars and Venus, silicic rocks (analogous to continental crust?) are 
also found there6,7, albeit in much smaller volume. Determining how 
continental crust initially developed on Earth may help us understand 
the early tectonic processes operating on other rocky planetary bodies 
in the Solar System and beyond.

Many researchers consider that, before the formation of silicic 
continental crust, the crust of the Eoarchaean Earth was 25–50 km thick 
and dominantly mafic in composition8–10. The preserved continental 
crust from ~4.0 Ga is composed mostly of Eoarchaean tonalites and 
trondhjemites (ETT) that are thought to have formed by partial melting 
of metamorphosed basaltic (metabasic) rocks11,12 followed by mag-
matic differentiation processes13,14. Granodiorites (G) are commonly 
included as a TTG suite, but they, and associated potassic granites, 
are generally ≤3.65 Gyr old and are interpreted as being derived from 
melting older ETT15. Therefore, to identify the mechanisms responsible 
for the formation of the earliest preserved continental crust, we focus 
on the formation of ETT-like magma. One frequently expressed view is 
that modern-style plate tectonic-like processes did not occur on early 
Earth10,16,17 and the thick basaltic crust was not formed at mid-ocean 
ridges and did not sink in primitive subduction zones. However, if this 
is true, then the initial basaltic crust must somehow have undergone 
partial melting to form the oldest preserved continental material in 
alternative tectonic settings. Geodynamic and thermodynamic model-
ling suggest that partial melting of the base of the initial basaltic crust, 
via heating from the mantle, and/or partial melting within the crust due 
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pressures prevailing in a basaltic intracrustal environment and are 
more likely to stabilize residual garnet and rutile. Failure to stabilize 
garnet and rutile at 1.2–1.4 GPa would imply that ETT magmas could 
not have been generated from metamorphosed oceanic plateau-like 
material in situ within the early Archaean mafic crust.

Water is required to stabilize residual amphibole, but in the 
absence of subduction it may be difficult to transport water to great 
depths. However, the basaltic crust may not have been stagnant, and 
geodynamic modelling suggests that processes such as crustal resur-
facing and overturn17–19 could have buried water into the lower crust 
in the Eoarchaean. Recently33, Fe3+/ΣFe values from Archaean volcanic 
rocks in Pilbara were used to suggest a water content of 1.9 wt% for TTG 
source rocks. From 1.2 to 1.4 GPa, dehydration melting due to amphi-
bole breakdown should occur at ≥900 °C (refs. 40,41) at the geothermal 
gradients expected in the Eoarchaean16. Although unlikely, it could also 
be argued that ETT magmas are derived from underplated relatively 
anhydrous basic rocks that form part of the base of the basaltic crust42. 
To test the two endmember scenarios, we ran anhydrous and hydrous 
(~2 wt% water) experiments at 1.2–1.4 GPa. The hydrous experiments 
were designed to maximize the likelihood of stabilizing residual amphi-
bole in the simulated lower crust by assuming a relatively low early 
Earth geothermal gradient (~20–25 °C km−1). Through this strategy, 
we sought to maximize the likelihood of stabilizing residual garnet, 
rutile and amphibole and generating ETT-like melts.

All the anhydrous experiments produced partial melt in equilib-
rium with clinopyroxene, orthopyroxene and plagioclase-bearing resi-
dues. The experimental partial melts have the composition of tholeiitic 
basalts with 49.53–52.46 wt% SiO2, 1.01–2.15 wt% TiO2, 9.53–13.20 wt% 
FeO, 4.00–7.21 wt% MgO and Na2O + K2O contents of 2.06–2.96 wt%. 
These partial melts do not have the major-element composition of 
ETT, and their mafic compositions are predictable from simple phase 
petrology in the forsterite–silica system, which prohibits the formation 
of silicic partial melts from anhydrous olivine–normative compositions 
by partial melting or fractional crystallization at depths >0.5 GPa. The 
lack of residual amphibole, garnet and rutile have a strong influence 
on the trace-element composition of the anhydrous partial melts. 
Unlike ETT, the anhydrous partial melts have flat N-MORB-normalized 
patterns, relatively high HREE concentrations, no negative Nb or Ti 
anomalies and relatively low large-ion lithophile element (LILE; Ba, 
K, Sr) and light (L) REE abundances (La–Nd) (Fig. 1a). By contrast, the 
hydrous experiments generate tonalitic partial melts (Fig. 1b) with 
60.17–72.70 wt% SiO2, 0.14–0.51 wt% TiO2, 14.60–21.07 wt% Al2O3, 1.67–
3.98 wt% FeO, 1.17–3.43 wt% MgO, high Na2O up to 5.24 wt% and rela-
tively low K2O of 0.21–1.10 wt% (average K2O/Na2O < 0.6). The hydrous 
melts are in equilibrium with residues of amphibole, clinopyroxene, 
orthopyroxene, plagioclase and titanomagnetite, and as with the anhy-
drous experiments, garnet and rutile are absent. Residual amphibole 
and titanomagnetite result in partial melts with lower FeO contents 
and negative Ti anomalies as seen in ETT (Fig. 1a). However, once more, 
the residual mineralogy imparts N-MORB-normalized trace-element 
patterns on the resultant melts that differ from ETT, particularly the 
absence of negative Nb anomalies (Fig. 1a).

On a Sr/Y–Y plot (Fig. 1c), all experimental anhydrous and hydrous 
partial melts plot away from ETT. The lack of negative Nb anomalies is 
seen on the La/Nbmn (N-MORB-normalized)–Gd/Timn diagram (Fig. 1d), 
and the flat REE patterns of the hydrous melts, which strongly contrast 
with published ETT, are highlighted in the La/Nbmn–Gd/Ybmn plot (Fig. 1e).  
It is likely that ETT magma compositions were modified by fractional 
crystallization processes during ascent13,14. We model fractional crys-
tallization trends on our experimental partial melts by calculating 
amphibole, clinopyroxene and plagioclase crystallization vectors 
for average anhydrous and hydrous melts in Fig. 1c–e. In the Sr/Y–Y 
diagram, amphibole crystallization can drive our experimental partial 
melts to ETT-like compositions (Fig. 1c), but the same amphibole crys-
tallization drives our partial melt compositions farther away from ETT 

to intracrustal resurfacing, overturn and burial are viable options for 
forming the oldest continental crust17–19.

ETT mostly have >65 wt% SiO2, >15 wt% Al2O3, MgO contents 
from ~0.2 to 2.6 wt% and Na2O commonly >3 wt%. They have strongly 
fractionated rare-earth elements (REEs) (expressed as high (La/
Yb)cn, where cn indicates normalization to chondrite), high Sr/Y 
and low heavy (H) REE concentrations15,20. They also have pro-
nounced negative Nb–Ta–Ti anomalies on normal mid-ocean-ridge 
basalt (N-MORB)-normalized multi-element diagrams. These ETT 
trace-element contents reflect (1) residual mineral phases during 
partial melting of the metabasic source that retain Sr in residual plagio-
clase, the HREEs in residual garnet and Nb–Ta–Ti in residual amphibole 
and/or rutile21; (2) compositional variability of the metabasic source 
region22; and (3) subsequent differentiation processes in ascending 
ETT magmas13,14. For (1), garnet is considered to be stable deeper than 
~30 km (>1 GPa) and plagioclase at depths to ~60 km (~1.8 GPa)23–25. Yet 
in petrological experiments and thermodynamic models, garnet can 
be stabilized at pressures <1 GPa while plagioclase can remain at pres-
sures of up to 2.7 GPa (refs. 17,26,27) depending on the composition 
of the starting material. Therefore, determining the stability ranges 
of residual plagioclase and garnet in >3.6-Gyr-old thick basaltic crust 
source rocks is paramount because these phases control the Sr and 
HREE contents of ETT magmas. Investigating the stability range of 
amphibole, which contains water, is critical as it controls dehydra-
tion melting reactions, and it may be responsible for the negative 
Nb–Ta–Ti anomalies in ETT rocks21,23. Rutile has been reported from 
0.7 to 1.60 GPa (~25–55 km)8,28,29, and determining its stability range in 
basaltic crustal source rocks is also essential because, like amphibole, 
it could explain the negative Nb–Ta–Ti anomalies in ETT.

For (2), many studies suggest that the early basaltic crust was 
compositionally similar to primitive basalts in Mesozoic oceanic pla-
teau crust23,30–33. Metabasic source rocks for younger Archaean TTG 
may be more evolved than primitive oceanic plateau compositions17,34, 
and upper crustal sections preserved in Eoarchaean terranes contain 
basalts with island-arc-like compositions35,36. However, in the earliest 
Eoarchaean, estimated ambient (non-plume) mantle potential tem-
peratures were 1,500–1,650 °C and would produce 25–35% partial melt 
on decompression, generating a 25- to 50-km-thick crust composed of 
basalt similar in composition to primitive Mesozoic oceanic plateau 
basalts with Mg# > 0.6 (atomic Mg/(Mg + Fe2+))32. Consequently, if the 
oldest preserved continents are derived from in situ intracrustal partial 
melting of basaltic crust, oceanic plateau-like basaltic source rocks 
should undergo fusion at depths <50 km to form ETT magmas in equi-
librium with an amphibole-, plagioclase-, garnet- and rutile-bearing 
residue. In this Article, we report the results of high-pressure–tem-
perature experiments carried out on primitive ocean-plateau basalt 
to test this hypothesis.

Experimentally testing an intracrustal origin for 
the earliest continental magmas
We investigated the partial melting of Eoarchaean basaltic crust 
through a series of high-pressure–temperature experiments using 
primitive (Mg# > 60) oceanic plateau basalts as starting materials. The 
samples selected represent the most primitive basaltic magma that 
formed the southwestern Pacific Ontong Java Plateau (OJP; samples 
1187-8 and 1187-10; ref. 37). The OJP contains primitive lavas that have a 
high Mg# and were derived from mantle with a potential temperature 
of 1,500–1,600 °C (refs. 38,39). The OJP starting compositions that we 
use in our experiments are therefore an analogue for an early Earth 
basaltic crust composition. In a series of experiments, we subjected 
the samples to pressures and temperatures applicable to the deepest 
crustal levels of the Eoarchaean crustal lid—1.2–1.4 GPa (~40–50 km) 
assuming an early Earth crustal geothermal gradient of 20–30 °C km−1 
(refs. 10,16); a higher gradient would result in melting at shallower lev-
els. Pressures of 1.2–1.4 GPa were chosen because they are the highest 
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concentrations in the La/Nbmn–Gd/Timn and La/Nbmn–Gd/Ybmn diagrams 
(Fig. 1d,e). Furthermore, clinopyroxene and plagioclase crystallization 
cannot generate ETT-like compositions from our experimental partial 
melts in any of the diagrams (Fig. 1c–e).

Significance for initial Eoarchaean continental 
formation
We show that ETT-like magmas cannot be generated by partial melt-
ing of anhydrous or hydrous primitive oceanic plateau-like metabasic 
rocks at the base of the early Eoarchaean mafic crust because garnet 
and rutile are not stabilized at less than ~45–50 km depth (≤1.4 GPa). 
Garnet was stabilized in previous hydrous experiments using similar 
primitive metabasic starting material at higher pressures (≥1.6 GPa: 
>50 km)23 (Fig. 2a). However, garnet stability is closely linked to the 
Mg# of the starting composition, and in general, the higher the ratio 
the deeper the garnet stability field. Assuming that all Fe is presented as 
FeO, the Mg#s of our starting compositions are 0.64–0.65, which is rela-
tively high compared with other experimental24,43 and thermodynamic 
studies8,17. Furthermore, the OJP experimental material has Fe3+/ΣFe of 
~0.2, which will further increase the Mg# in our starting compositions. 
Clinopyroxene in our residues has relatively high Al2O3 (7.3–10.8 wt%), 
which also restricts garnet growth to higher pressures. Consequently, 
garnet stability in our experiments is expected to be at higher pressures 
than was found in previous studies as our starting composition is more 
comparable to the primitive Eoarchaean mafic crust.

The instability of garnet at 1.4 GPa was confirmed by running a 
‘reverse’ experiment. Previous experiments using OJP starting com-
positions at 2.0 GPa and 900–950 °C grew large modal volumes of 
garnet. An example of such an experiment (OJPgw10) is shown in 
Fig. 2b. In our experiments, we replicated a 2.0 GPa experiment with 
sample OJP4gw4, composed of glass made by fusing 1187-10. The 
glass was run for 24 h at 2.0 GPa, 950 °C with 2.2 wt% water added. 
After 24 h, the experiment was quenched, the capsule was recovered 
and the same capsule was run again for 48 h at 1.4 GPa and 1,000 °C. 
The results of OJP4gw4 after quenching the second experiment are 
shown in Fig. 2c. It can be clearly seen that the large garnets that 
grew at 2.0 GPa are unstable at 1.4 GPa and have broken down into 
an assemblage of plagioclase, orthopyroxene and titanomagnetite. 
This provides conclusive evidence that garnet is not stabilized until 
~1.6 GPa (>50–55 km).

This lack of residual garnet in our experiments shows that 
conversion of mafic crust to eclogite or formation of garnet-rich  
restites during partial melting is unlikely to occur in the lower parts 
of the early Eoarchaean crust at pressures ≤1.4 GPa. Multiple par-
tial melting events involving tonalites and pyroxenite residues, like 
those generated in this study, would also not generate ETT-like mag-
mas. Partial melting of tonalitic material generates granodiorites 
and potassic granites15, and the pyroxenite residues have an even 
more primitive mafic composition to further inhibit shallow garnet 
growth (mass-balance calculations indicate up to 13.4 wt% MgO). 
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Fig. 1 | Major- and trace-element partial melt data from our experiments. a, 
N-MORB-normalized plot showing ETT15,20,48–50 and trace-element results from 
our experiments. b, Anorthite–albite–orthoclase ternary diagram classifying 
our hydrous partial melts as tonalitic51. c–e, Sr/Y–Y (c), La/Nbmn–Gd/Timn (d) 
and La/Nbmn–Gd/Ybmn (e) diagrams. Fractional crystallization (FC) trends in c–e 

are calculated using the equation from ref. 52 and distribution coefficients in 
ref. 53. Some diagrams do not show plagioclase and clinopyroxene FC vectors 
because the trends are very short. Experimental data >1.6 GPa are partial melts 
in equilibrium with residual garnets that are generated at pressures higher than 
those possible in intracrustal environments22,23.
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Many published models propose garnet growth at ≥30 km to allow 
relatively shallow eclogitization (to garnet-rich amphibolite or gar-
net–clinopyroxenite) of the lower Eoarchaean mafic crust to trigger 
delamination and foundering of mafic crust into the mantle9,19,24,44. 
However, our experiments invalidate geodynamic models for the 
Eoarchaean Earth involving continent-forming mechanisms that are 
driven by eclogitization of the lower crust using primitive oceanic 
plateau-like compositions.

Surviving fragments of Eoarchaean crust also include diverse 
meta-volcanic rocks with Eoarchaean island-arc-like basalt (EIAB) 
compositions (for example, negative Nb anomalies on multi-element 

diagrams)15,35,36. Field studies on Eoarchaean terranes36 and previous 
geochemical investigations20 suggest that ETT could be, at least in 
part, derived from the partial melting of EIAB. Importantly, it has been 
proposed that EIAB, and thus the possible ultimate source for Earth’s 
oldest preserved continents, may be derived from the partial melting 
of a metabasic crustal precursor17 that would be represented by our 
oceanic plateau-like starting composition. Nevertheless, our experi-
ments rule out the formation of EIAB by fusing metabasic rocks at 
~40–50 km because rutile cannot be stabilized under these conditions 
to generate the negative Nb–Ta anomalies in EIAB.

The formation of ETT, and the oldest preserved continental  
crust, requires deeper tectonic environments than the shallow, 
in situ intracrustal settings frequently proposed. If ETT magmas 
were derived from primitive oceanic plateau-like metabasic rocks, 
source regions deeper than ~50 km and relatively low geothermal 
gradients are required to convert primitive basalt to metabasic rocks 
that can undergo partial melting in equilibrium with an amphibole-, 
garnet- and rutile-bearing residue. Of all the processes that have been 
proposed for the formation of ETT, only crustal drips (dripduction) 
and subduction satisfy these criteria. However, the absence of garnet 
in the lower crust would make it much more difficult to initiate the 
gravitational instability required to drive crustal drips and delami-
nation, so that subduction is the only viable mechanism for forming 
the earliest continental crust. If ETT were derived from a metabasic 
source with EIAB compositions, this cannot have been generated 
from a primitive Eoarchaean mafic crustal precursor. Thus, EIAB 
may require partial melting of a mantle source to which a fluid/melt 
component has been added from a deeper source region with residual 
rutile35. In the absence of large volumes of mature continental crust 
in the Eoarchaean, the most plausible mechanism to form EIAB is also 
by primitive subduction-like processes20,35.

Eoarchaean tectonic imbrication (especially in the Isua supracrus-
tal belt and adjacent areas in Greenland45) and the seismic and electri-
cal anomalies detected below the Archaean Slave Craton, Canada,  
are both thought to be vestigial reflections of convergence above 
ancient subduction zones15,35,36,46. Geochemical mass-balance  
modelling22 suggests that high LILE and LREE contents in ETT are 
best explained by mixing metabasic-derived ETT-like melts with slab- 
derived fluids. Olivine crystals in possible Eoarchaean mantle  
rocks show B-type lattice orientation that is seen only in mantle 
wedge-derived rocks47, and growing evidence for ultra-high-pressure 
metamorphism in Eoarchaean meta-peridotites suggests 
subduction-like processes45. Using our experimental results alongside 
such other evidence, we propose that primitive plate tectonic processes 
in the Eoarchaean led to the generation of ETT, and thus the oldest  
preserved continental crust, in proto-subduction zones. As the con-
tinents stabilized and then began to grow, accompanying volcanism 
released gases into the primitive atmosphere, and weathering and 
erosion of the early landmasses deposited sedimentary material into 
Earth’s oceans to be recycled into the mantle or to form new continental 
crust. Thus, Eoarchaean plate tectonics and continental growth were 
responsible for modifying early Earth’s interior and crustal surface 
and are pivotal to our understanding of how Earth evolved into our 
modern world.
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Methods
High-pressure–temperature experiments
Experimental runs were carried out on a half-inch (1.27 cm) end-loaded 
piston cylinder press at the NERC Recognised Experimental Geoscience 
Laboratories, School of GeoSciences, University of Edinburgh, using 
talc–Pyrex–graphite assemblies. Capsules were centred in assemblies 
using alumina spacers, within 1 mm of the thermocouple junction. 
Experiments were carried out using the hot-piston-out technique in 
which runs were pressurized to 110% of the reported final pressure, 
heated and pressure allowed to bleed off to the desired run pressure. 
Pressure was monitored and maintained during runs within 0.25 kbar 
of the reported pressure. A 15%, correction to nominal pressure was 
applied to compensate for pressure loss due to internal friction, pre-
viously calibrated for the assembly on the basis of the quartz–coesite 
transition, the kyanite–sillimanite transition, the jadeite–albite–quartz 
reaction and the melting point of diopside. Temperature was measured 
with a Pt-Pt13%Rh thermocouple. No correction for the effect of pres-
sure on thermocouple electromotive force was applied. Temperature 
gradients across the sample are small over the temperature range used 
here, on the order of 10 °C, and temperature during runs did not deviate 
more than 5 °C from the reported values. Experiments were quenched 
by shutting off power to the heating circuit, which led to the tempera-
ture falling to below 300 °C after 3–5 s, and to below 100 °C after 8–10 s.

The first sample used as starting material consisted of a finely 
powdered natural glass sample (primitive, depleted and anhydrous 
Kroenke-basalt sample: 1187-8; ref. 37), with up to ~3 vol.% of crystallized 
olivine, from the OJP. However, there was not enough 1187-8 material 
to complete the twelve experiments, so a very similar OJP powdered 
rock sample, 1187-10; ref. 37, was glassed in an atmosphere-controlled 
Deltech vertical tube gas-mixing furnace for subsequent experiments. 
It is preferable to use glass starting compositions in experimental stud-
ies to attain a final equilibrium melt and mineral assemblage. Previous 
methods of using rock powders as starting compositions can result in 
disequilibrium end products if basalt is first converted into a metaba-
sic protolith because the original mineralogy of the basalt does not 
completely break down due to slow reaction kinetics (this is shown in 
our reversal experiment where the garnet has not completely broken 
down). Thus, glass starting materials are essential in demonstrating 
that chemical equilibrium is attained in experiments because we ‘grow’ 
the metabasic assemblage from the glass. Phase assemblages formed 
under chemical equilibrium must, by definition, be independent of 
the mineralogical make-up of starting materials. Any difference in run 
products between studies using different starting materials suggest 
that studies reliant on use of un-equilibrated rock powders must be 
treated with extreme caution. In addition, use of un-equilibrated rock 
powders can result in chemical segregation. The entire sample cannot 
be considered as a single system. Instead, pre-existing mineralogy 
results in varying compositions over regions of the sample. The glass 
starting material in this study gives equilibrium melt and mineral 
residues (Extended Data Fig. 1).

To make the 1187-10 glass, a Pt crucible was pre-contaminated with 
1187-10 material at 1,300 °C to saturate the crucible with Fe. The initial 
1187-10 material was removed from the crucible and ~2 g of new powder 
was added. This new powder was fused in the furnace at 1,300 °C for 
25 min in a stream of CO2–H2 gas. In-line Bronkhorst Ltd mass-flow 
controllers were used to accurately control and monitor gas flow. 
Deines (1970) tables were used to determine gas proportions required 
to anneal the sample at an oxygen fugacity close to that of the Ni–NiO 
(NNO) buffer, calibrated at run conditions using a zirconium dioxide 
oxygen sensor. The procedure aimed to limit the time available for Fe 
loss to the capsule and volatile element (for example, K) loss to the 
furnace atmosphere. The synthesized 1187-10 glass was removed from 
the crucible and was crushed and finely powdered. Glass powder was 
imaged on a scanning electron microscope to ensure that the powder 
had fully glassed. Glass fragments were analysed (25 spot analyses) for 

major elements on a Cameca SX100 electron microprobe at the Univer-
sity of Edinburgh. Synthetic 1187-10 glass major-element compositions 
are near identical to the natural glass 1187-8 and the original 1187-10 
powder, and we had no Fe or volatile loss (Extended Data Table 1).

Synthetic 1187-10 glass trace-element compositions were analysed 
in the Brian Price ICP-MS laboratory at the University of Edinburgh on a 
Nu Attom quadrupole inductively coupled plasma mass spectrometer 
(ICP-MS). The trace-element analyses were checked by also analysing 
synthetic glass fragments at the Scottish Universities Environmental 
Research Centre on an Agilent 7500ce ICP-MS. Like the major-element 
analyses, 1187-10 glass trace-element concentrations are near identical 
to the natural glass 1187-8 and the original 1187-10 powder (Extended 
Data Fig. 2).

Approximately 0.035–0.05 g starting material and ~2 wt% 18 MΩm 
deionized water for the hydrous experiments were loaded in welded 
Ag70Pd30 or Au75Pd25 capsules and run for 24 h. These metal alloys pre-
vent appreciable Fe loss from the starting composition to the capsules. 
This was confirmed by analysing the capsule walls after experimenta-
tion and finding no Fe contamination in the metal alloy. The experi-
ments were designed to simulate partial melting of basaltic crustal 
material in a dry to wet lower crustal environment, thus requiring oxy-
gen fugacities (fO2) close to nickel–nickel oxide (NNO) or quartz–fay-
altite–magnetite (QFM) mineralogical equilibrium. QFM is a complex 
reaction, and it is difficult to obtain true equilibrium, whereas NNO is a 
much simpler reaction and is only ~ΔQFM + 0.7. However, experiments 
cannot be buffered using an NNO assemblage due to Ni reaction with 
the Pd-bearing capsule material. Nevertheless, although not explicitly 
buffered, the talc–Pyrex experimental assembly used in this study 
imparts conditions within the sample volume close to the NNO oxy-
gen buffer, consistent with Fe X-ray absorption near-edge structure 
spectroscopy measurements of silicate glass in other quenched run 
products54. Furthermore, the synthetic glass starting materials were 
pre-annealed at fO2 close to the NNO buffer, and only minimal changes 
in fO2 are expected during our partial melting experiments. Many previ-
ous fluid-absent experiments reported in the literature do not approach 
equilibrium, but the use of our natural and synthetic glasses enables us 
to do so. Equilibrium conditions in our experiments are shown by (1) 
all mineral phases being homogeneous and un-zoned (Extended Data  
Fig. 1) and (2) similar phase proportions and compositions being 
derived from previous experiments run for 24 and 48 h at the same pres-
sures and temperatures23. A diagram showing the pressure–tempera-
ture locations of our 12 experiments is shown in Extended Data Fig. 3.

Major-element analyses
Experimental charges were encased in epoxy resin, ground down and 
polished for imaging and major- and trace-element analysis. Samples 
were carbon coated and imaged on an FEI XL30 field-emission gun 
environmental scanning electron microscope at the School of Earth 
and Environmental Sciences at Cardiff University, UK, and on a Carl 
Zeiss SIGMA HD VP field-emission scanning electron microscope in 
the School of GeoSciences at the University of Edinburgh. Elemental 
maps were also made at Cardiff to aid mass-balance determinations. 
Major-element and high-concentration trace-element analyses of 
run products were determined at the University of Edinburgh using 
a five-spectrometer Cameca SX100 electron microprobe instrument 
with 15 kV acceleration voltage. Mineral products were measured using 
a fully focused beam and two conditions of 4 nA (major elements) and 
100 nA (minor and trace elements). For glass analyses, a defocused 
beam of 2 nA and 5 μm was used for major elements to avoid Na loss 
and to target the relatively small melt pools, and 80 nA at 5 μm was used 
for minor and trace elements.

Trace-element analyses
Trace-element analyses on the glasses were determined on a second-
ary ion mass spectrometer at the University of Edinburgh. Anhydrous 
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analyses were performed on a Cameca IMS-4f ion microprobe. Analyses 
were made using a 16 O− primary beam of 10.5 keV impact energy. A 
1.5 nA beam was focused to a 5–8 μm spot, and nominal 4.5 keV positive 
secondary ions were measured using a 75 V offset ±20 eV. Corrections 
were made for overlap of the LREEs on the HREEs and HoO on Ta. Con-
centrations were determined using a combination of GSD-1G, BCR2g, 
ML3b and SRM610 glass standards. Hydrous analyses were performed 
on a Cameca 7f-Geo ion microprobe. Analyses were made using a 16 O− 
primary beam of 13 keV impact energy. A 1 nA beam was focused to a 5–8 
micron spot, and nominal 5 keV positive secondary ions were measured 
using a 75 V offset ±20 eV. Corrections were made for overlap of the 
LREEs on the HREEs and HoO on Ta. Concentrations were determined 
using a combination of GSD-1G, BCR2g and ML3b glass standards.

Fractional crystallization modelling
The equation used for our trace-element fractional crystallization 
models is:

Cl = C0F(D−1)

With Cl being the trace-element concentration in the liquid, C0 
is the initial concentration before fractional crystallization, D is the 
partition coefficient of the fractionating mineral in question and F is 
the proportion of melt remaining52. The C0 values represent average 
anhydrous and hydrous experimental melt compositions, and the 
partition coefficients are from ref. 53.

Data availability
All data available in Supplementary Tables 1–4 and in the publicly acces-
sible Figshare portal at https://figshare.com/s/e57bdbd1f09f7f5356ee.
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Extended Data Fig. 1 | Lack of garnet growth at 1.4 GPa. Representative scanning electron microscope image of sample OJPgw34 that was run at 950 °C and 1.2 GPa 
with 1.9 wt.% added water.
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Extended Data Fig. 2 | Trace element compositions. Comparison of starting material trace element compositions.

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-023-01249-5

Extended Data Fig. 3 | Geothermal gradients. Diagrammatic cross section through an ~45-km-thick basaltic crust showing 30, 25 and 20 °C/km early Earth 
geothermal gradients and the pressure-temperature (P-T) conditions of our experimental runs.
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Extended Data Table 1 | Comparison of major element starting material compositions (wt.%)
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