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Melting is a first-order phase transformation that has dras-
tic consequences for various geophysically observable 
material properties, such as seismic-wave velocities and 

electrical conductivity (EC). As geological materials are chemi-
cally complex, they generally melt partially over a wide range of 
temperatures between their solidus and liquidus. In the early stages 
of the Earth’s formation, extensive melting occurred down to great 
mantle depths, with the formation of a magma ocean, through the 
combination of radiogenic heating, impact-induced heating dur-
ing accretionary events and gravitational energy release during 
core–mantle separation1. Partial melting can still occur today in the 
mantle, but at limited degrees of partial melting (F) and in specific 
regions. It occurs close to the Earth’s surface when hot mantle mate-
rials undergo decompression, as at mid-ocean ridges. Also, seismic, 
magnetotelluric and electrical anomalies suggest the presence of 
melts at mantle depths between 80 and 200 km (ref. 2), just atop the 
410 km mantle discontinuity3 and above the core–mantle bound-
ary4. In these regions, thermochemical heterogeneities alone cannot 
explain the magnitude of anomalies.

Careful experiments are needed to address properly the evolution 
of the mantle solidus with pressure. Ideally, one should determine 
the onset of melting in the presence of the right amount of volatiles, 
such as CO2 and H2O, which unfortunately remains uncertain5 and 
could vary from one geological setting to another. Generally, the dry 
solidus is used as a reference to which is added the role of volatiles6. 
The dry-solidus profile currently accepted for the upper mantle is 
derived from a few studies performed on KLB-1 peridotite7–9, garnet 
peridotite10, Allende meteorite11 and the CMAS (CaO, MgO, Al2O3 
and SiO2) composition12. All these studies report melting tempera-
tures significantly higher than the present-day temperature profile13 
(Supplementary Fig. 1). All previous studies used the so-called 
'quench method' based on the analyses of recovered samples. This 

method is not well adapted to detect the onset of melting, which 
can correspond to F values smaller than 1 wt% in natural samples14.

In this study, we determined the mantle solidus temperature 
using two independent in situ techniques, EC and X-ray diffraction, 
at pressures and temperatures up to 28 GPa and 2,300 K, in a multi-
anvil apparatus.

Determination of the mantle solidus
Using EC, we first observed dehydration of the cell assembly, fol-
lowed by crystallization of the glass starting material at a tempera-
ture below 1,573 K (Supplementary Fig. 5a). A complete sample 
dehydration and crystallization is evidenced by a perfect reproduc-
ibility of the sample conductivity when performing various cycles of 
cooling and heating. Full crystallization in this temperature range is 
also evidenced by analyses of the microstructure of quenched sam-
ples. On further heating, we observed a sudden increase of the slope 
in the EC profile, above a threshold temperature of 1,815–1,865 K 
(Fig. 1, Supplementary Fig. 5b and Supplementary Table 2). This 
can be interpreted as that just above the solidus temperature, F is 
very low in the sample and the melt wets only some specific grain 
surfaces, and not others, because the surface energy depends on 
its crystallographic orientation. With increasing temperature, the 
melt interconnection between the two electrodes improves. The 
melt progressively becomes the dominant conductive phase, with 
an ionic conduction mechanism15. Previous studies on partial melt-
ing report precisely the same behaviour in the evolution of sample 
conductivity with temperature16–18.

Using X-ray diffraction, we first monitored the sample crystal-
lization at temperatures from 1,200 K to 1,600 K (Supplementary 
Fig. 6), until the diffraction pattern remained independent of time. 
At this point, the set of diffractions peaks corresponded well with 
the expected mineralogy (Supplementary Fig. 7). We observed  
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olivine and its high-pressure polymorphs, and majoritic garnet and 
pyroxenes were also visible for pressures below ~14 GPa. At sub-
solidus conditions, the relative peak intensities were very compat-
ible with those theoretically expected based on atomic topologies, 
which hence revealed an equilibrated microstructure. No signifi-
cant changes were observed on further heating until the sample 
behaviour changed abruptly: all the diffraction peaks from the 
sample suddenly underwent major changes of their intensities with 
time. Large intensity variations could be seen in real time on dif-
fraction profiles recorded by the Ge detector (Supplementary Fig. 
8). Such instability denotes a fast grain rotation in the X-ray beam. 
We estimate that a grain rotation of less than 1° is enough to stop 
the diffraction signal of a grain previously oriented in ideal Bragg 
conditions. Decreasing the sample temperature by 10–20 K stopped 
entirely the rapid variation in peak intensities. Thus, this sudden 
change above a critical temperature is not compatible with a con-
tinuous increase with temperature of grain-growth rate. Instead, the 
observed fast grain rotation can be related to the presence of a thin 
film of melt at the grain boundary. The melt induces a discontinu-
ous increase in the rate of atomic diffusion, which possibly favours 
growth of some surfaces of the grains at the expense of others. A 
similar technique was used previously to determine the solidus of 
basalt in a laser-heated diamond anvil cell19.

Some experimental charges were quenched at temperatures 
just below or just above the onset of melting to probe the textural 
evolution using a scanning electron microscope (SEM). Under 
subsolidus conditions, the starting material appears well recrystal-
lized into grains of several microns with polygonal shape (Fig. 2). 
A good textural equilibrium is evidenced by sharp grain-boundary 
angles, often close to 120°, and linear grain boundaries in between 
junctions20. Based on chemical maps, the mineralogical content at 
5 GPa, for example, is an intimate mixture of olivine, clinopyroxene, 
orthopyroxene and garnet. No remaining traces of the glass starting 
material were observed. Above the solidus, we could observe some 
melt after an extensive search using the SEM. The melt occurs in the 
shape of very thin films along grain boundaries and nanometre-size 
pockets at triple junctions, as typically observed in partially mol-
ten systems21,22. Due to the short duration of the experiments, the 
microstructure may not correspond to full equilibrium. However, 

one can estimate the degree of partial melting to less than 1%, based 
on the fraction of sample surface covered by the melt (the most-
shiny regions). The melt composition could not be determined 
accurately because of chemical interferences with the composition 
of surrounding minerals.

Based on the new mantle solidus and using T0 =  1,373 K at room 
pressure23, we calculated an equation of melting using the Simon 
and Glatzel (SG)24 equation [Tm(P) =  T0(P/a +  1)1/c]. In this equation, 
a and c are adjustable parameters and P is pressure (Supplementary 
Table 3). A similar SG equation can model the dry liquidus reported 
in previous studies performed on KLB-1 peridotite8,25. The change in 
chemical composition, for example, between KLB peridotite and the 
chondritic-type mantle used in this study could induce significant 
differences in the solidus and liquidus temperatures23. However, the 
data set on the melting properties of the mantle-relevant composi-
tions at mantle depths higher than 100–150 km remains insufficient 
to discuss these potential differences, which are therefore included 
in the uncertainties.

Comparison with previous melting studies
Although our data set is consistent with previous studies below 
3–4 GPa (our study is not more precise than previous works at low 
pressures), it shows a mantle solidus lower than those previously 
reported for higher pressures (Fig. 3). The difference is, on average, 
250 K for mantle depths greater than 200 km. The only study in close 
agreement with ours is that performed on an Allende-meteorite 
type composition, which included sulfur in the starting material11. 
The reason for the discrepancy with other studies can be manifold:

 (1) Some previous studies used compositions that were too 
simplistic to represent properly the mantle state, for example, 
the CMAS composition used in Litasov and Ohtani12. For such 
a composition, the onset of melting may only occur when 
the pseudo-eutectic temperature is reached. In our study, the 
starting material contains Fe, Ti, Cr and Na in addition to the 

2,500

2

1

0

–1

–2

–3

2,000 1,700 1,400

Temperature (K)

Heating
cycle 4

Lo
g 

σ 
(S

 m
–1

)

1/T (103 K–1)

1,250 1,100 1,000

0.4 0.5 0.6 0.7 0.8 0.9 1

Increased
degree of melt
interconnection

Isolated
melt pockets

Melt inter-
connection

Fig. 1 | eC results. The sample EC was measured at increasing 
temperatures for a nominal pressure of 5 GPa after various pre-heating 
cycles. The clear change in slope at 1,700 K indicates a change in the 
conductivity mechanism at the onset of sample melting. A further increase 
of temperature induces a better interconnection of the melt between the 
electrodes, before ionic conduction in the interconnected melt becomes 
largely dominant (additional details are reported in Supplementary Fig. 5).
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Fig. 2 | Images of recovered samples. a,b, Using the field-emission 
gun electron microscope, microphotographs were acquired on samples 
recovered after heating just above (a) and just below (b) the solidus 
temperature. In both cases, the pressure was 5 GPa. For a temperature 
above the solidus, very thin films and nanometre-size pockets of melt are 
clearly visible (pink arrows). c, The polygonal shape of grains is typical 
of good textural equilibrium. d, The sample mineralogy was refined 
from chemical map. Ol, olivine; Cpx, clinopyroxene; Gt, garnet; Opx, 
orthopyroxene.
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CMAS basis. It was shown that such compositional changes 
can yield a difference of solidus temperature of a couple  
100 K (refs 7,23).

 (2) The major melting criterion used in previous studies is the 
observation of molten regions in recovered samples. The for-
mation of melt pockets can be difficult to detect at the lowest  
F values. Previous studies dedicated to this matter have  
established special techniques to detect the onset of melting14,26. 
However, the SEM images published in previous works corre-
spond to an extremely high F, with a large fraction of the sam-
ple fully molten9, 12,25. In contrast, our two in situ techniques 
are very sensitive to detect the onset of melting (Methods). In 
a previous study, the transmission electron microscope was 
used to differentiate grains that were solid at high temperature 
from secondary grains that rapidly recrystallized at the grain 
interfaces on quenching7. Some of the reported experiments 
show the absence of melt at temperatures higher than our new 
solidus temperatures, which we can only try to explain by the 
next point.

 (3) Previous studies used mixtures of oxide powders with typical 
grain sizes on the order of micrometres. The heterogeneous 
grain composition does not favour the occurrence of na-
noscale regions with the chemical composition of the solidus 
melt. Significant atomic diffusion is needed, over a distance 
typical of the grain size, to induce melting at the solidus 
temperature. The mean atomic path is estimated to be less 
than 10 nm per minute in the solid state at 2,000 K (ref. 27). 
Therefore, kinetic effects, which were not taken into account 
in previous studies, can largely inhibit the melting of a mixture 
of oxides at the solidus temperature. In contrast, we used a 
glass with an ideal chemical homogeneity at the atomic scale. 
Chemical interactions are much facilitated, even though the 
glass eventually recrystallized in nanograins above the glass–
liquid transition temperature, as observed in our study.

Only a few studies report the value of F at temperatures between 
the solidus and the liquidus at upper mantle conditions and these 
studies do not agree well with each other (Supplementary Fig. 9). The 
disagreement could come from differences in the chemical composi-
tion between the starting materials (peridotite8, garnet–peridotite10  

or CMAS12) or to a difficult control of P–T conditions during the 
melting experiments. A theoretical study dedicated to the melting 
behaviour at relatively low pressure shows that the melt productiv-
ity can be highly variable with pressure, temperature and chemi-
cal composition28. In particular, the nature and the concentration 
of incompatible elements (Na and K) and a fortiori of volatile ele-
ments (H, C and S) can help to maintain relatively low F values 
over a significant temperature range above the solidus. Therefore, 
although the two in situ techniques used in this study are well suited 
to determine the solidus (because they can detect a small amount 
of melt), the variation of F with temperature between the solidus 
and the liquidus remains uncertain. This matter requires additional 
experimental studies.

Partial melting in the mantle today
We now compare our solidus profile with geotherms reported for 
the first 700 km mantle depths (Supplementary Fig. 1). First, we 
remember that the shallow temperature profile depends on the 
type of geological setting: the younger is the crust, the steeper is 
the thermal gradient close to the Earth’s surface. Nevertheless, all  
the geotherms meet a mean adiabatic temperature gradient at 
mantle depths greater than ~250 km (ref. 13). At the present-day, the 
surface potential temperature (Tp) is reported from ~1,600 K to a 
maximum of 1,750 K (ref. 29). Both oceanic and continental litho-
sphere geotherms30 currently plot at lower temperatures than the 
solidus, in agreement with a mantle state that is essentially solid. In 
that sense, our new measurements confirm that the possible occur-
rence of partial melting in specific regions of the upper mantle, sug-
gested by geophysical measurements3,22, should be dominated by the 
role of volatiles (H2O and CO2). Still, the lower solidus temperature 
makes upper-mantle partial melting easier than previously thought.

Partial melting in the Archaean mantle
Studies of non-arc basalts of Archaean and Proterozoic ages have 
revealed that the mantle Tp was significantly higher, by 50–100 K 
or more, compared with the present-day maximum Tp of ~1,750 K 
(refs 31–33). Komatiitic lavas, which are generated from hotter mantle 
plumes, also point to a significantly hotter mantle temperature in 
the past. The shallow temperature profile was also different during 
the Archaean. The internal heat production was twice to four times 
that of today34, which favours a steeper temperature profile in the 
lithosphere. Other effects instead favour a thicker lithosphere: (1) 
the early Earth initially operated in a regime dominated by a stag-
nant lid, with only episodic subduction of ageing plates35 and (2) 
the transport of heat to the surface could have been dominated by 
intense volcanism, which plays a heat-pipe role36. Altogether, it was 
modelled that the early temperature profile in the shallow mantle 
could have lain in between the steeper oceanic and milder continen-
tal profiles37 (Fig. 4 and Supplementary Fig. 1).

According to our results, an increase in the Tp of the ambient 
mantle above 1,800–1,850 K should generate a partially molten layer 
within the upper mantle (Fig. 4). Comparable slopes between the 
mantle solidus and the adiabatic gradient at depths greater than 
200–250 km make Tp ≈  1,900 K a maximum value before intensive 
melting occurs in the entire upper mantle. It is actually possible that 
the value of Tp =  1,900 K was reached just after crystallization of the 
early magma ocean; a higher Tp would be associated with high F 
values, which implies a low viscosity that favours a rapid mantle 
cooling38. Our discussion does not include the role of volatile ele-
ments (H2O and CO2), because their concentrations in the early 
mantle remain poorly constrained. Their presence is expected to 
decrease the mantle solidus and favour mantle melting, possibly at 
Tp values significantly lower than 1,900 K. A partially molten layer 
could remain stable for long geological ages, because melts can be 
neutrally buoyant at mantle depths within a couple of hundred kilo-
metres above the 410 km mantle discontinuity39,40.
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Mantle changes at the Archaean-to-Proterozoic transition
The Archaean-to-Proterozoic transition is associated with major 
changes in the mantle dynamics with a progressive establish-
ment of modern plate tectonics32,35. An increasing number of arc  
signatures in greenstone belts younger than 3.5 Ga suggests 
that slab subduction became a more-common process after this  
transition. This global change could be correlated to a transi-
tion in the upper-mantle mechanical properties. Indeed, it was 
shown that the coupling strength between tectonic plates and the 
underlying mantle is inversely proportional to the viscosity at the  
lithosphere–asthenosphere interface41–43. A hotter mantle during 
the Archaean would favour the formation of a partially molten  
layer and the mechanical weakening at a mid-upper-mantle 
depth. In addition, shear deformation can produce laminated  
lithologies and aligned melt accumulations, with further  
weakening44. Therefore, the presence of a partially molten layer 
could have favoured the early geodynamic regime dominated by a 
stagnant lid.

With secular mantle cooling, the degree of partial melting in the 
upper mantle eventually decreased. At one point, the state of the 
upper mantle became comparable to the present-day situation, in 
which partial melting still takes place, but at relatively low F val-
ues22. The decrease of F below a certain threshold value should be 
associated with a mechanical hardening, which favours mechanical 
coupling at the lithosphere–asthenosphere interface. This transi-
tion could have induced the change of geodynamic regime at the 
Archaean-to-Proterozoic transition.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-017-0053-9.
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Methods
Preparation of starting material. Our sample consisted of a mixture of 
oxides with the composition of the chondritic mantle after core segregation 
(Supplementary Table 1). We selected this composition because it could represent 
well both the early Earth’s mantle and the deep mantle today. Our composition 
includes the minor elements Ti, Cr and Na, in addition to the major Si, Mg, Al, 
Fe and Ca elements. This is an important difference with some previous works 
based on simplified composition (for example, the CMAS composition12). No trace 
elements were added, as their effect on the solidus is negligible as long as their 
solubility limit in solid phases is not exceeded45.

Under upper-mantle P–T conditions, we expect the sample mineralogy 
dominated, on the one hand, by olivine and its high-pressure polymorphs 
(wadsleyite (Wd) and ringwoodite (Rw)) and, on the other hand, a variable amount 
of pyroxenes and majoritic garnet. In our experiments, these lithologies were 
confirmed by in situ X-ray diffraction (see below). Final-phase fractions may be 
slightly different than those present in the mantle, first because the true mantle 
composition remains relatively open and second because of potential chemical 
heterogeneities. The chemical activities of the major and minor elements should 
not be largely different if the model composition changes between peridotite, 
pyrolite or chondritic-type materials. Therefore, these compositions should present 
similar solidus temperatures.

The mixture of oxides was ground in an agate mortar for approximately 1 h to 
ensure a homogeneous powder. Then, glass spheres of ~2.5 mm in diameter were 
prepared using the high-temperature aerodynamic levitation technique associated 
with CO2 laser heating at CNRS46. This containerless method uses a conical 
nozzle that enables the diffusion of a regulated gas flow below the sample, which 
eliminates completely any contact between the sample and the container. In this 
process, the powder is first cold-pressed under a load of 6 tons. Weighted pieces 
of the recovered agglomerate are then melted at a temperature above 2,273 K, 
which gives a spherical shape to the sample. After a couple of minutes, samples 
were quenched to room temperature with a typical cooling rate of 500 K s–1. The 
gas used for the sample levitation was pure Ar, with less than 0.05 ppm of oxygen; 
however, the vessel remained open to air during the synthesis at high temperature. 
This prevents the formation of metallic Fe at very high temperatures when using a 
reduced atmosphere.

For each experiment, an initial sphere of glass 2–3 mm in diameter was 
reshaped in the form of a cylinder and directly inserted into the capsule of the 
high-pressure assembly. Such a starting material provides consistent advantages 
when performing studies of the melting behaviour. First, the amount of moisture 
adsorbed at the sample surface is drastically reduced compared with that adsorbed 
by a powder (Supplementary Fig. 2). Second, the glass presents an ideal chemical 
homogeneity (as confirmed by electron microprobe analyses) compared with the 
intrinsic heterogeneities typical of mixtures of oxide powders.

Determination of the water content in our samples. Infrared spectroscopy 
was performed to determine the H2O content in our samples before and after 
the melting experiment. Infrared spectra were measured in air on double-
polished sections with thicknesses of 600 μ m (for the glass starting material) 
or 900 μ m (for the recovered samples). Spectra were collected between 700 and 
7,000 cm−1 with 2 cm−1 steps and 300 scans for the sample and 100 scans for the 
background. In the starting glass, we measured less than 1 ppm wt H2O, which 
indicates a starting material nominally dry. For samples recovered from high-
pressure–high-temperature conditions, the grain size was significantly smaller 
(Fig. 2) than the infrared beam. We performed several measurements within the 
same sample, which appeared to be consistent with each other. From the broad 
asymmetric band centred at 3,500 cm−1 and the OH peaks related to point defects 
in olivine5 at 3,572, 3,527 and 3,357 cm−1, we calculate a H2O content of ~90 ppm 
(Supplementary Fig. 2). These observations confirm that the H2O contamination 
remained very limited during the melting experiments. The sample H2O content 
on melting is critical because the presence of volatile elements can induce a 
significant decrease in the melting temperature. Still, due to the presence of 
90 ppm water in our samples, we corrected all experimental solidus temperatures 
by + 35 to + 55 K, based on the previously reported cryoscopic relation47 
(Supplementary Table 2).

EC measurements. We measured the EC of our samples up to their melting point 
in a 1,500-ton 6-8 split cylinder Kawai-type multi-anvil apparatus at the Laboratory 
of Magmas and Volcanoes in Clermont-Ferrand. Quasi-hydrostatic pressures of 
5 or 20 GPa were obtained using eight tungsten–carbide cubic anvils with edges 
truncated to 11 or 4 mm, respectively (Supplementary Figs. 3 and 4). We used 
an octahedral pressure medium with an edge length of 18 or 10 mm made of 
semisintered MgO with 5% Cr2O3. The pressure calibration for these assemblages 
has an uncertainty of ~0.5 GPa (ref. 48). The heater was made of a 50 μ m thick Re 
foil folded into a cylindrical shape and inserted in the ZrO2 sleeve, which served as 
a thermal insulator. We applied an alternating current with a frequency of 100 Hz 
to generate temperatures up to more than 2,500 K. A cylindrical sleeve of MgO was 
inserted between the heater and the sample to prevent chemical reactions with the 
Re heater, ensure electrical insulation of the sample and maintain the sample shape 
on melting.

Temperatures were measured using type C thermocouple (WRe5%–WRe26%). 
We added a third WRe5% wire to the opposite side of the cylindrical sample to 
allow measurements of the sample impedance. Two Re discs were placed on 
the top and bottom of the cylindrical sample. The discs served as electrodes for 
EC measurements. As the determination of temperature gradients is essential 
in this work, we modelled thermal gradients in the cell assembly based on a 
finite-element method49 for thermocouple temperatures between 1,473 and 
2,273 K (Supplementary Fig. 3b). As expected, the hottest part is found at the 
centre of the sample (extreme top-left position in Supplementary Fig. 3b). Each 
temperature contour (thin black lines) represents a temperature interval of 50 K 
in Supplementary Fig. 3b. In all the simulations, the temperature difference (Δ 
TSimul) between the sample centre and the thermocouple does not exceed 100 K. 
We therefore apply a temperature correction of Δ TSimul to all our temperature 
measurements (Supplementary Table 2).

The sample EC was determined using the impedance spectroscopy method in 
the frequency range of 106 to 101 Hz (ref. 50) (Supplementary Fig. 4). The insulation 
resistance (detection limit) of the assembly was determined at similar pressure–
temperature conditions prior to the actual experiments. Polycrystalline samples 
are characterized by a combination of resister and constant-phase element (R-C/
CPE) circuits and the resistance can be obtained by fitting the impedance spectra 
to appropriate equivalent circuits. Once the sample resistance has been determined, 
conductivity can be calculated using the sample diameter and length measured 
after each experiment, assuming the sample geometry remains unchanged during 
the experiment. The activation enthalpy (Δ H) of each conduction mechanism can 
be obtained by fitting data to the Arrhenius equation, where σ is the EC (S m–1), 
T is the absolute temperature, σ0 is the pre-exponential factor (S m–1) and k is the 
Boltzmann constant (J K–1):

σ σ= −Δ ∕e H kT
0

( )

For each experiment, we performed a series of heating and cooling cycles, 
similar to those in previous works51 (Supplementary Fig. 5a). In a first heating 
cycle, below 573 K, a low activation enthalpy is likely to result from an extrinsic 
mechanism associated with the presence of free protons (adsorbed moisture, 
mostly around the sample). At the desired pressure, a sample was kept at 573 K for 
more than 12 h. While maintaining 573 K, the electrical resistance of the sample 
was measured along regular intervals and the next heating cycle started once the 
sample resistance reached a steady value, which is often 1–2 orders of magnitude 
higher than the resistance measured at the beginning of the heating cycle. This 
crucial step ensures the removal of the absorbed moisture from the sample and the 
surrounding assembly materials. The absorbed moisture could otherwise interfere 
with measurements at higher temperatures.

The crystallization of our samples was observed between 1,370 and 1,570 K, 
thus at temperatures at least 300 K below the solidus temperature (Supplementary 
Table 2). The temperature was kept constant above the crystallization temperature 
for 2–3 h to allow full crystallization of the initial glass samples. The EC of the 
crystalline samples was measured in several heating and cooling cycles until the 
heating and cooling paths were reproducible.

The crystallized samples show an activation energy of 1.02 eV (Fig. 1, green 
line). This is typical of a conduction mechanism with electron hole hopping 
between Fe2+ and Fe3+ (small polaron conduction)50. At a temperature of ~1,700 K 
for a nominal pressure of 5 GPa, we observe a first-order change of slope in the 
conductivity profile (Fig. 1, blue line). The change of slope can be interpreted as the 
first occurrence of an interconnected partial melt. The experimental uncertainty 
for the determination of the solidus temperature is about ± 25 degree. The errors 
associated with EC measurements were less than 5%, and were mainly associated 
with temperature estimations, data-fitting errors and the estimation of sample 
dimensions. A good reproducibility is observed for EC profiles obtained for our 
different samples (Supplementary Fig. 5b). Our EC results compare well with ECs 
of both solid minerals and melts reported in previous studies.

X-ray diffraction measurements. In situ X-ray diffraction experiments were 
performed using the 1,200-ton DIA-type multi-anvil apparatus installed at the 
PSICHE beamline of the SOLEIL synchrotron in Gif-sur-Yvette. Pressures up to 
28 GPa (Supplementary Table 2) were generated using a 7/3 multi-anvil assembly 
configuration. We used 14 mm WC cubes as secondary anvils (Supplementary 
Fig. 6). Similar to EC measurements, we used semisintered MgO with a 5% Cr2O3 
octahedron pressure media and a cylindrical ZrO2 sleeve in which a 50 μ m thick 
Re-foil heater was inserted. The cylindrical sample of chondritic glass was inserted 
into an MgO capsule. The Re furnace was oriented horizontally to allow an X-ray 
beam path parallel to the Re tube. To apply electrical power, two Re electrodes 
were placed in contact with the furnace. Temperature was measured using a W/Re 
thermocouple that touched the Re furnace. The thermocouple signal was filtered 
to remove the common electrical mode at 100 Hz. We used alternatively gaskets 
made of pyrophilite or a mixture of boron and epoxy. The sample pressure was 
determined based on the pressure–volume–temperature equation of state of MgO 
of its capsule, with an accuracy of ~0.5 GPa.

At PSICHE, an under-vacuum wiggler produces a white X-ray beam with 
energy range from 20 to more than 80 keV. The X-ray beam is focused vertically 
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between the anvil gap of the multi-anvil apparatus using a horizontal mirror 
located at 18.5 m from the source and 4 m from the sample. The resulting vertical 
full-width at half-maximum of the beam at the sample position is approximately 
20 µ m, which corresponds to almost a one order of magnitude flux gain compared 
with the unfocused beam. The beam is then collimated horizontally to a typical 
width of 50 µ m. Two different modes were used: (1) samples were first aligned in 
the beam using X-ray radiography, for which the press was scanned vertically in 
the X-ray beam and the image was then reconstructed numerically (Supplementary 
Fig. 6c), and (2) diffraction was performed in an energy-dispersive mode using 
a Caesar-type diffractometer52. A best resolution in interplanar distance dhkl is 
achieved when the diffracted X-ray beam is collimated horizontally to ~50 µ m 
by two slit systems located after the sample. A typical diffraction 2θ angle of 8.0° 
is convenient to register the major diffraction lines of our silicate samples. The 
resolution in diffraction angle is about 10−3 degrees.

On heating, the sample temperature was kept at 700 K for several minutes to 
remove the adsorbed moisture in the transmitting media. This procedure also 
mimics the experimental procedure followed for EC measurements. We then 
increased the temperature until sample crystallization was observed, based on a 
clear evolution of X-ray diffraction (Supplementary Table 2). At this point, we wait 
several minutes to finalize the grain growth until no significant change with time 
was observed on the diffraction pattern. At temperatures below the solidus, the 
absence of melt prevents the atomic diffusion required for additional grain growth 
in such a multiphasic system (that is, the Ostwald ripening effect53 (Fig. 3)).

For each phase, relative intensities between different diffraction peaks follow 
quite well those theoretically expected based on the atomic packing in the unit-cell 
lattice (Supplementary Fig. 6). Such an achievement is typical of very small grains 
in a sample free of stresses. Still, the use of the energy-dispersive X-ray diffraction 
technique (compared with the angle-dispersive one) prevents the refinement of 
phase fractions for the coexisting olivine (or its high-pressure polymorphs), garnet 
and pyroxenes phases present in our samples. In addition, the limited energy 
resolution of the Ge detector produces peaks that overlap and the identification of 
minor phases sometimes becomes difficult. In contrast, this method enables the 
acquisition of a decent X-ray-diffraction pattern every few seconds, which offers 
new criteria for the determination of the solidus temperature.

Analysis of recovered samples. Recovered samples were cut in two using a 
diamond-wire saw. A sample half was embedded in epoxy, polished to a mirror-
like surface and coated with a thin layer of carbon using a low-vacuum sputter-
coater machine. Textural and semiquantitative chemical analyses were performed 
using a JEOL JSM-5910 LV SEM equipped with a PGT microanalysis system at 
Laboratory of Magmas and Volcanoes and a Carl Zeiss SIGMA HD VP Field 

Emission SEM with an Oxford AZtec ED X-ray analysis operated at the University 
of Edinburgh. Textural analyses with a field-emission gun SEM were performed at 
a high accelerating voltage (15 kV) and a small working distance (6–10 mm). These 
conditions are ideal to detect small features in samples with a low degree of partial 
melting. For the semiquantitative analysis based on X-ray fluorescence, we instead 
used a working distance of 20 mm. Energy was also lowered to 5 kV to minimize 
the penetration of electrons in samples and, consequently, to optimize the  
spatial resolution.

Data availability. The data that support the findings of this study are available 
from the corresponding author on request.
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