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Spin crossover and iron-rich silicate melt in the
Earth’s deep mantle
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A melt has greater volume than a silicate solid of the same com-
position. But this difference diminishes at high pressure, and the
possibility that a melt sufficiently enriched in the heavy element
iron might then become more dense than solids at the pressures in
the interior of the Earth (and other terrestrial bodies) has long been
a source of considerable speculation1,2. The occurrence of such
dense silicate melts in the Earth’s lowermost mantle would carry
important consequences for its physical and chemical evolution
and could provide a unifying model for explaining a variety of
observed features in the core–mantle boundary region3. Recent
theoretical calculations4 combined with estimates of iron parti-
tioning between (Mg,Fe)SiO3 perovskite and melt at shallower
mantle conditions5–7 suggest that melt is more dense than solids
at pressures in the Earth’s deepest mantle, consistent with analysis
of shockwave experiments8. Here we extend measurements of iron
partitioning over the entire mantle pressure range, and find a
precipitous change at pressures greater than 76GPa, resulting
in strong iron enrichment in melts. Additional X-ray emission
spectroscopy measurements on (Mg0.95Fe0.05)SiO3 glass indicate
a spin collapse around 70GPa, suggesting that the observed change
in iron partitioning could be explained by a spin crossover of iron
(from high-spin to low-spin) in silicate melt. These results imply
that (Mg,Fe)SiO3 liquid becomes more dense than coexisting solid
at 1,800 km depth in the lower mantle. Soon after the Earth’s
formation, the heat dissipated by accretion and internal differenti-
ation could have produced a dense melt layer up to 1,000 km in

thickness underneath the solid mantle. We also infer that
(Mg,Fe)SiO3 perovskite is on the liquidus at deep mantle condi-
tions, and predict that fractional crystallization of dense magma
would have evolved towards an iron-rich and silicon-poor com-
position, consistent with seismic inferences of structures in the
core–mantle boundary region.
Our melting experiments were performed on samples with bulk

composition (Mg0.89Fe0.11)2SiO4 at pressures from 20 to 159GPa in a
laser-heated diamond-anvil cell (DAC; Supplementary Table 1). The
heating duration was short in order to avoid anomalous thermal dif-
fusion (Supplementary Information), but this prevented us from mea-
suring the melting temperature. Nevertheless, the upper and lower
bounds of the temperature in our experiment are given by the liquidus
temperature ofMg2SiO4 and the solidus temperature of natural perido-
tite, respectively (seeMethods and Supplementary Fig. 1). Samples were
recovered from the DAC and examined with a high-resolution field-
emission-type electron probe micro-analyser (FE-EPMA). Recovered
specimens exhibited a concentric texture that reflected the tempera-
ture distribution during heating (Fig. 1), which is similar to that
observed in conventional multi-anvil experiments5–7. We consistently
found a pocket at the hottest part of the sample that possessed non-
stoichiometric composition, which we interpret as quenched partial
melt. The (Mg1Fe)/Simolar ratio of this quenchedmelt increased with
pressure, from1.50 at 36GPa to 2.56 at 159GPa (Supplementary Fig. 2).
Themelt pocket was surrounded by a single-phase solid layer (ferroper-
iclase or perovskite, depending on pressure), which we interpret to be
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Figure 1 | Backscattered electron images and X-ray maps for Si, Mg and Fe
for samples recovered from high-pressure melting experiments. a, At
32GPa, when ferropericlase (Fp) is the liquidus phase; b, at 76GPa, when
perovskite (Pv) is the crystalline phase in contact with the quenched melt
pocket; and c, at 159GPa in the stability field of post-perovskite (PPv).
Quenched melt was found at the centre of the sample, where the temperature

was highest.Metallic ironwas observed at the edge of the laser-heated area in all
samples, where a strong temperature gradient existed28. It was also found in the
melt pocket, but only above 36GPa where the liquidus phase was perovskite or
post-perovskite. Arrows in a represent the directions of the laser beams for
heating. See Supplementary Information for the valence state of iron in the
partial melt.
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the phase that crystallizes first as temperature decreases (the liquidus
phase)5,7.
In this study, the liquidus phase was ferropericlase from 20 to

36GPa and was subsequently replaced by perovskite at higher pres-
sures (both were in contact with the melt pool at 36GPa) (Fig. 1).
Considering the difference in Mg/Si ratio of the samples7, this is con-
sistent with observations5 of material with peridotite composition
where the liquidus phase changes from ferropericlase to perovskite
above 31GPa. Although phase identification was not made, post-
perovskite should have been formed in our experiments performed
at 143 and 159GPa. The change in liquidus phase from ferropericlase
to perovskite at 36GPa indicates that the eutectic melt composition
becomes more Mg-rich at higher pressures. This is in agreement with
the increase in (Mg1Fe)/Si molar ratio of partial melt with increasing
pressure (Supplementary Fig. 2), although the partial melt composi-
tion also depends on the degree of melting.
TheFe-Mgdistributioncoefficientbetweenperovskite/post-perovskite

and melt, KD5 ([FePv]/[MgPv])/([Femelt]/[Mgmelt]), was determined
in the pressure range from 36 to 159GPa (Fig. 2a), where perovskite/
post-perovskite was the liquidus phase. Although the quenched melt

pocket contained multiple valence states of iron (Fig. 1b, c), we con-
sider that all Fe was present as Fe21 at high temperature (see Sup-
plementary Information). The obtainedKD values were approximately
constant (at 0.22–0.29) below 73GPa. These values are somewhat lower
than previous determinations (,0.4) in Al-bearing peridotite bulk
compositions5–7 but are in good agreement with KD5 0.3046 0.035
at 25GPa in Al-free peridotite material6. The high KD in Al-bearing
systems should be due to the high Fe31 content of perovskite (see, for
example, ref. 9).On theotherhand, the value ofKD suddenlydropped to
0.076 0.02 at 76GPa (Fig. 2a). It then remained almost constant at
0.06–0.08 up to 159GPa.
In order to explore the cause of strong Fe-enrichment in partial melt

at pressures above 76GPa, we collected the X-ray emission spectra of
(Mg0.95Fe0.05)SiO3 glass at 300K at increasing pressure, from 8 to
85GPa (Fig. 3). At low pressures, the Fe Kb9 satellite peak was clearly
observed at 7,045 eV, showing the presence of high-spin Fe21 in the
glass sample. The satellite peak diminished somewhat at 59GPa, and
vanished at 77GPa. This indicates a spin collapse in ferrous iron.
Insofar as the glass is a good analogue for the liquid state, such a high-
spin to low-spin crossover of iron may also occur in melt at a similar
pressure range, thus providing an explanation for themeasured jump in
Fe-enrichment in partial melt (see, for example, refs 10, 11). Indeed, the
pressure range of the spin crossover observed in our glass matches the
pressurewhereKD changed dramatically (Fig. 2a).Ourmelts had higher
Mg/Si ratios and FeO contents than (Mg0.95Fe0.05)SiO3 glass; however,
the calculated mean Mg–O and Si–O coordination numbers for
Mg2SiO4 liquid12 are very similar to those for MgSiO3 liquid13 at lower
mantle pressures. Therefore, the spin crossover pressure, which depends
on Mg/Fe–O coordination, would not shift significantly following a
change in Mg/Si ratio in melt from 1 to 2. Theory14,15 suggests that the
Fe content does not change the pressure range of the spin crossover
when the Fe concentration is small (less than ,20%), because Fe–Fe
interactions are negligible. Multi-anvil experiments16 have shown a very
sharp change in Fe partitioning between perovskite and ferropericlase at
the commencement of the spin crossover, which is compatible with the
present observations.
A strong change in iron partitioning suggests that partial melt

becomes more dense at depths below 1,800 km. We calculated the
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Figure 2 | Change in Fe-Mg distribution coefficient and calculated density
profiles. a,KD5 (FePv/MgPv)/(Femelt/Mgmelt) between perovskite (blue circles)
or post-perovskite (red squares) and melt; the values drop sharply at pressures
above 76GPa, probably due to the effect of the spin crossover of iron in silicate
melt (see Fig. 3). Previous experimental datum obtained at 25GPa using a
multi-anvil apparatus is shown by a grey circle6. Error barswere estimated from
uncertainties (1s) in both solid and liquid compositions. b, Density of the
(Mg,Fe)SiO3 liquid coexisting with (Mg0.92Fe0.08)SiO3 perovskite calculated for
4,000K using the newly obtained Fe-Mg partitioning data. Data for
(Mg0.86Fe0.14) O ferropericlase29, Ca-perovskite30 and PREM19 are also shown
for comparison. Liq, liquid; Fp, ferro-periclase; CaPv, calcium silicate
perovskite; MgPv, magnesium silicate perovskite.
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Figure 3 | Evolution of X-ray emission spectra of (Mg0.95Fe0.05)SiO3 glass
with increasing pressure. Measurements were conducted at 300K. All spectra
are normalized to transmitted intensity, and shifted so that the weighted
average of main (Kb) plus satellite (Kb9) emission lines is set to 7,058 eV. The
satellite peak decreased slightly at 59GPa and completely disappeared at
77GPa, indicating the spin crossover of iron.
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density of (Mg,Fe)SiO3 liquid in equilibrium with (Mg0.92Fe0.08)SiO3
perovskite—a typical composition for pyrolitic lower mantle16,17—at
4,000K as a function of pressure (Fig. 2b). For simplicity, we used
KD5 0.25 below 75GPa andKD5 0.07 at higher pressures. Themolar
volume of MgSiO3 liquid was obtained by recent first principles cal-
culations4, and the effect of iron is assumed to be the same for liquid
and solid (perovskite)4,18. Whereas (Mg,Fe)SiO3 melt is buoyant com-
pared to any of the typical lower-mantle minerals below 75GPa, it
suddenly becomesmore dense at higher pressures. The difference from
the preliminary reference Earth model (PREM)19 reaches 8% at the
base of the mantle. Partial melts obtained in the present experiments
had a higher Mg/Si ratio than MgSiO3 (Supplementary Fig. 2).
According to previous shock-wave compression experiments8, such
high-(Mg1Fe)/Simelt is likely to be denser than the (Mg,Fe)SiO3melt
considered above, suggesting that the density crossover between melt
and solidmay occur even at depths shallower than 1,800 km.Although
details of the formation of melts at the base of the mantle are not yet
clear, the present results provide a constraint on the plausible thickness
of any stable melt layer of around 1,000 km (Fig. 4).
Labrosse et al.3 have presented a model in which dense melts pro-

duced soon after Earth’s formation comprised a potentially large ‘basal
magma ocean’ (BMO), which underwent slow crystallization over
billions of years, at a rate governed by relatively sluggish solid state
convection in the overlying solid mantle. The present experimental
results provide a newphysical rationale for the gravitational stability of
a BMO up to ,1,000 km thick underneath the solid mantle, and the
maximum plausible thickness inferred above is broadly consistent
with the BMO hypothesis. For example, a BMO of,1,000 km thick-
ness would comprise about one-quarter of the mantle’s mass; frac-
tional crystallization and sequestering of incompatible heat
producing elements (for example, U, Th) in the residual liquid as
the layer cools would therefore account for the ‘missing’ chondritic
complement of these species expected to be sequestered in a reservoir
inside the mantle20. The present results also allow us to make further
predictions about the nature of the BMO and its chemical evolution
through time.
As noted above, our results demonstrate that (Mg,Fe)SiO3 perovskite

is the first phase to crystallize frommeltswith awide range of (Mg1Fe)/
Si ratios; this is true even for Si-poormelt with (Mg1Fe)/Si< 2.5 at the
conditions of the core–mantle boundary (Supplementary Fig. 2). This
strongly suggests that an episode of perovskite crystallizationmightwell
characterize the majority of the freezing history of a BMO, with other
phases such as (Mg,Fe)O magnesiowüstite only crystallizing relatively
late. In addition, perovskite crystals forming in the BMO would have
been relatively depleted in iron and floated to the top of magmas at
depths greater than 1,800 km (Fig. 4), because of the smallKD value for
Fe/Mg partitioning. As a consequence, we can predict that the residual
magmawould evolve towards a FeO-rich/SiO2-poor composition (that
is, near the composition of wüstite), becoming more dense with time
and probably also retaining a variety of incompatible volatile species.
Evolution through fractional crystallization as described above

would also have affected the composition of cumulates that formed
from the BMO. In particular, cumulates should become more Fe-rich
with time, and presumably more dense, as they crystallize from an
increasingly Fe-richmagma. These dense cumulates themselves might
eventually become stable against complete entrainment by mantle
convection currents, and pile up at the base of the mantle to form
thermo-chemical piles (Fig. 4). The accumulation of dense solid
material, which is around 2–3% denser than averagemantle andwhich
comprises,2%of the totalmantle volume, can explain the presence of
two large, low-shear-wave velocity provinces (LLSVPs) at the base of
the mantle beneath the Pacific and Africa21; and the expected Fe-
enriched composition of the dense material is consistent with the
magnitude of these anomalies22.
Larger degrees of crystallization in a BMO could also have left

patches of dense residual mush in thin layers above the core–mantle

boundary, which would explain the presence and seismic velocities of
ultralow-velocity zones (ULVZs)23. Such material would be main-
tained at or near the solidus over geological timescales because the
residual liquid would sequester incompatible species that in turn
depress the melting temperature. Alternatively, late crystallization of
wüstite-rich cumulates from the Fe-rich/Si-poor melt could have left
behind a dense solid layer with seismic properties that may also be
consistent with seismic inferences for ULVZ, even in the absence of
melt24. The BMO model, together with the evolution of composition
that we predict from our experiments, is compatible with both pos-
sibilities. Another possibility that might help to explain whyULVZs in
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Figure 4 | Evolution and crystallization of dense melts in the deep mantle.
a, During Earth’s early history, any melts that form below,1,800 km depth
sink and accumulate at the base of the mantle, while any crystals that form
owing to cooling of this dense magma will rise upward into the solid mantle.
b, Fe-poor perovskite crystallization leaves a residual liquid enriched in FeO
anddepleted in SiO2, and crystals forming from this evolved liquidmay become
dense enough to form thermo-chemical piles at the base of the solid mantle.
c, The final stage of crystallization involves a composition close to wüstite,
leaving behind a very dense thin layer that is consistent with the seismic
properties inferred inside ULVZs. White arrows indicate schematic flow
patterns in the convecting solid mantle.
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different regions do not always exhibit the same seismic signatures25 is
that inside some ULVZs the interstitial melt has drained out, leaving a
largely melt-free solid rock strongly enriched in wüstite. In other
ULVZs, owing to different dynamical conditions in the surrounding
mantle, continual stirring of the mushy residue by viscous coupling to
flows in the overlying mantle might have prevented compaction of the
rock and removal ofmelt26. The primary difference wewould expect to
observe between a melt-free, wüstite-rich ULVZ and a persistently
mushy ULVZ would be the strength of the reduction in shear wave
velocity, with a greater reduction inside mushy ULVZs27.

METHODS SUMMARY
We loaded a platelet of (Mg0.89Fe0.11)2SiO4 olivine starting material into the DAC
together with argon pressure medium. After compression, the sample was heated
by laser to induce melting. Subsequently it was recovered from the DAC and
polished parallel to the compression axis. We obtained chemical compositions
of the quenched liquid pool and the neighbouring solid phase (liquidus phase)
from FE-EPMA analyses of these sections. In addition, several samples were
further processed to a thin film and examined under a transmission electron
microscope (TEM). The Fe31/(Fe211Fe31) ratio of the quenched melt pocket
was determined by electron energy-loss near-edge structure (ELNES) measure-
ments. We also carried out the X-ray emission spectroscopy (XES) study of
(Mg0.95Fe0.05)SiO3 glass in the DAC at high pressure and room temperature.
The high-resolution spectra of the Fe Kb line were collected through the cubic
boron nitride1 beryllium composite gasket, and indicate the change in the spin
state of iron with increasing pressure.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Melting experiments at high pressure. High-pressure and high-temperature
conditions were generated using laser-heated diamond-anvil cell (DAC) tech-
niques. (Mg0.89Fe0.11)2SiO4 olivine from KLB-1 natural peridotite was used as a
starting material31. The powdered sample was pressed into a disk with a typical
thickness of 15–25mm and was placed into a hole drilled at the centre of the
rhenium gasket, which was pre-indented to a thickness of 25–40mm. No addi-
tional metal absorber was used. Liquid argon was loaded cryogenically as a pres-
sure medium. The sample was compressed with bevelled 120-mm and 150-mm, or
flat 300-mm, culet diamond anvils, depending on a target pressure. Heating was
performedwith a fibre laser or a doughnut-modeNd:YLF laser using a double-side
heating technique thatminimizes axial temperature gradients within the sample32.
The laser spot size was about 20–30mm on the sample.
The sample was heated for less than 1 s in order to avoid chemical segregation

due to thermal diffusion under relatively large temperature gradient (see
‘Attainment of chemical equilibrium’ section in Supplementary Information).
This heating duration was too short to allow accurate temperature measurement.
Alternatively, we estimated the temperature in our experiment from the reported
liquidus temperature of Mg2SiO4 (refs 8, 33) and the solidus temperature of
natural peridotite34, which give the upper and lower bounds, respectively (Sup-
plementary Fig. 1). Pressure was determined from the Raman peak shift of the
diamond anvil at 300K after laser-heating35. Here we assumed that the pressure
was higher by 20% at melting temperature than at 300K due to a contribution of
thermal pressure, which was estimated from the previous in-situ X-ray diffraction
measurements36. The overall pressure uncertainty may be about610%.
Chemical analyses of recovered samples. After complete pressure release, the
sample was recovered from the DAC and glued on a silicon wafer using polymeric
resin. Subsequently it was polished parallel to the compression axis by an Ar ion
beam using an Ion Slicer (JEOL EM-09100 IS)37. This method minimizes the
damage of the sample surface, allowing us to observe microstructures within the
extremely small sample. The section was examined by FE-EPMA (JEOL JXA-
8500F) using an acceleration voltage of 10 kV and a beam current of 12 nA. We
collected X-ray mappings for Si, Mg and Fe for each sample (Fig. 1 and Sup-
plementary Figs 3 and 4). Chemical compositions of the quenched liquid pool
and the neighbouring solid phase (ferropericlase, perovskite, or post-perovskite,
depending on pressure) were obtained with defocused (5-mm size) and focused
(,2-mm spatial resolution) beams, respectively (Supplementary Table 1).
Synthetic wollastonite (CaSiO3), periclase (MgO), and haematite (Fe2O3) were
used as standards. In runs 21 and 24, however, the analyses of ferropericlase were
contaminated by the melt pocket and were therefore estimated by subtracting the
melt composition from the EPMA analyses until the SiO2 content in ferropericlase
becomes zero.
In addition, the samples in runs 17, 18 and 21 were further processed to a thin

film by using an Ion Slicer and examined under a transmission electron micro-
scope (TEM). For run 18, the Fe31/(Fe211Fe31) ratio of the quenched melt
pocket was determined by electron energy-loss near-edge structure (ELNES) spec-
troscopy measurements (Supplementary Fig. 5). The Fe L2,3-edge ELNES spectra
were collected by using a JEM-2100Mwith an Enfina1000 spectrometer at Nagoya
University. Themeasurements weremade with a dispersion of 0.1 eV per channel,
a typical energy resolution of about 0.8 eV, and an integration time of 25–100 s.
The spectra were recorded using a macroscript for the Gatan Digital Micrograph
(which controls the spectrometer) that corrects for energy drifts during data
accumulation. This avoids the problem of peak broadening that follows prolonged
data accumulation38. The incident beam current was about 0.1 nA, and the fluence
rate was about 50 e Å22 s21. The quantitative determination of the Fe31/

(Fe211Fe31) ratio is based on the white line intensities at the Fe L2,3-edge,
following the method described in ref. 39. The validity of the present analytical
procedures was checked on a couple of silicate glass standards, whose Fe31/
(Fe211Fe31) ratios had been previously determined byMössbauer spectroscopy
measurements to be 0.38 and 0.83 (ref. 40). Our ELNES analyses determined the
Fe31/(Fe211Fe31) ratios for these glass samples to be 0.406 0.02 and
0.796 0.09. A systematic change in Fe31/(Fe211 Fe31) ratios was not foundwith
increasing electron beam irradiation time, up to 100 s.
X-ray emission spectroscopy measurements. High resolution X-ray emission
spectra (XES) of the Fe Kb line were obtained for (Mg0.95Fe0.05)SiO3 glass at the
BL12XUbeamline of SPring-8 (ref. 41). The glass samplewas prepared by quench-
ingmelt from 1,931K in a CO2-H2 gas-mixing furnace. The oxygen fugacity in the
high-temperature furnace was controlled to be slightly above the iron–wüstite
buffer, in which all Fe was present as ferrous iron. The FE-EPMA analyses con-
firmed that the sample was glass without any quench-crystals and had a chemical
composition of (Mg0.95Fe0.05)SiO3 as a consequence of partial loss of iron into the
Pt basket that held the sample in the furnace. X-ray diffractionmeasurements also
showed the starting material to be amorphous.
XESmeasurementsweremade at room temperature in theDACwith increasing

pressure from 8 to 85GPa (Fig. 3). We used a cubic boron nitride (inner) 1
beryllium (outer) composite gasket. The glass powder was loaded into a hole in
the gasket, which was pre-indented to about 80mm in thickness. In order to excite
the sample through diamond,monochromatic X-rays at 11 keVwere chosen as the
incident beam. The incident X-ray beam was focused on and collimated to 15-mm
size at the sample. A 1-m Rowland circle type spectrometer, equipped with 1-m
spherical bent Ge(620) analyser, was used to acquire the emission spectra. These
spectra were collected through the gasket in order to avoid a loss of intensity due to
absorption by the diamond. The spectra covered the energy range from 7,020 to
7,080 eV with a resolution of 0.5 eV.
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