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density of (Mg,Fe)SiO3 liquid in equilibrium with (Mg0.92Fe0.08)SiO3
perovskite̶a typical composition for pyrolitic lower mantle16,17̶ at
4,000K as a function of pressure (Fig. 2b). For simplicity, we used
KD5 0.25below75GPaandKD5 0.07at higherpressures. Themolar
volume of MgSiO3 liquid was obtained by recent first principles cal-
culations4, and the effect ofi ron is assumed to be the same for liquid
and solid (perovskite)4,18. Whereas (Mg,Fe)SiO3melt is buoyant com-
pared to any of the typical lower-mantle minerals below 75GPa, it
suddenlybecomesmoredenseathigherpressures.Thedifference from
the preliminary reference Earth model (PREM)19reaches 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 tobedenser than the (Mg,Fe)SiO3melt
considered above, suggesting that the density crossover between melt
and solidmayoccur evenatdepths shallower than1,800km.Although
details of the formation of melts at the base of the mantle are not yet
clear, thepresent resultsprovideaconstrainton theplausible thickness
of any stable melt layer of around 1,000km (Fig. 4).
Labrosseet al.3 have presented a model in which dense melts pro-
ducedsoonafter Earth’s formationcomprised apotentially 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 anewphysical rationale for thegravitational stabilityof
a BMO up to, 1,000km thick underneath the solid mantle, and the
maximum plausible thickness inferred above is broadly consistent
with the BMO hypothesis. For example, a BMO of, 1,000km thick-
ness would comprise about one-quarter of the mantle’s mass; frac-
tional crystallization and sequestering ofi ncompatible 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.
Asnotedabove,our resultsdemonstrate that (Mg,Fe)SiO3perovskite
is thefirstphase tocrystallize frommeltswithawiderangeof (Mg1Fe)/
Si ratios; this is true even for Si-poormeltwith (Mg1Fe)/Si< 2.5 at the
conditions of the core‒mantle boundary (Supplementary Fig. 2). This
stronglysuggests thatanepisodeofperovskitecrystallizationmightwell
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 1,800km (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 ofi ncompatible 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 becomemore Fe-rich
with time, and presumably more dense, as they crystallize from an
increasingly Fe-richmagma. These dense cumulates themselvesmight
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 around2‒3%denser thanaveragemantle andwhich
comprises, 2%of the totalmantle volume, canexplain thepresenceof
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 thatmight 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, 1,800km 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 inSiO2, andcrystals forming fromthisevolved liquidmaybecome
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.

LETTERRESEARCH

1 2 M AY 2 0 1 1 | V O L 4 7 3 | N A T U R E | 2 0 1
Macmillan Publishers Limited. All rights reserved©2011

Chemical reaction
 between basal magma and molten  core

Basal Magma

Metallic Core

Solid mantle

- Silicon, Oxygen, Sulfur
- heat genic Potassium

into the Core?

~76GPa magma 

sink line

Ryuichi Nomura
Tokyo Institute of Technology


