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Geochemical Answer

CI Chondritesa U Mantleb BSE(1)c BSE(2)d L Mantle(1) L Mantle(2)

MgO 16.08 38.73 38.0 31.8 37.8 29.5

SiO2 22.82 44.71 45.0 51.6 45.1 53.9

Mg/Si 1.06 1.30 1.27 0.92 1.26 0.82

aWasson&Kallemeyn 1988; bWorkman&Hart 2005; cMcDonough&Sun 1995; dJavoy et al. 2010 

Crust is not included; upper mantle has 25% mass of BSE

(1) Pyrolite model

(2) Enstatite model



and in KD change Xpv by less than 2% and 0.35%, respectively. In
addition, the 30% variation in the G09 value for fp, which is consistent
with almost all previously reported data and corresponds to the uncer-
tainty in the determination here (Fig. 3b), changes Xpv by only ,2%,
which is small enough still to support our perovskitic lower-mantle
model.

Our results indicate that the conventional peridotitic mantle model
is not compatible with the seismic properties of the lower mantle, even
considering the experimental uncertainties, and strongly suggest that
the lower mantle is dominated by perovskite (.93 vol%) and is there-
fore silica-rich by comparison with the upper mantle. The lower mantle
is chemically distinct, with a near-chondritic Mg/Si ratio (,1.0), which
reasonably explains the ‘missing silicon’ problem. The difference in
chemical composition between the upper and the lower mantle could
be a consequence of fractional crystallization of the magma ocean
extending to the deep lower mantle7 in the early history of Earth. The
primordial chemical stratification could be preserved through the sub-
sequent solid-state convection until the present day. Previous mantle
convection simulations have demonstrated that a flow pattern evolves
from layered- to whole-mantle convection owing to a decrease in the
Rayleigh number with cooling31. For this reason, layered-mantle con-
vection is presumed to be predominant in the early Earth, indicating
that mass transport between the upper and the lower mantle was
limited. The seismic tomography images of subducting slabs or upwel-
ling plumes penetrating the boundary between the upper and the lower
mantle32 may not represent whole-mantle convection but rather an
intermittent or transitional stage between layered- and whole-mantle
convection.

The boundary between the upper and the lower mantle may be of
chemical origin. Recent density measurements under relevant P–T
conditions of the lower mantle10 and computational simulations11 both
also suggest that physical properties of the lower mantle are difficult to
reconcile with the peridotitic mantle model but are more consistent
with the perovskite-rich lower-mantle models. The lack of internal
consistency of the conventionally used pressure scales in the previous
high-pressure experiments also requires reconsideration of the inter-
pretation of the 660-km seismic discontinuity. Detailed reassessment

of the post-spinel phase-transition boundary on the basis of a newly
established pressure scale has indeed demonstrated that the depth of
the 660-km seismic discontinuity does not match the pressure of this
phase transition33, indicating the incompatibility with an isochemical
peridotitic mantle model. The density contrast at the boundary
between the peridotitic and the near-chondritic mantle is found to
be high enough to allow layered-mantle convection31. A dense, stiff,
pv-rich lower mantle would promote separate convection and thus
inhibit chemical homogenization.

METHODS SUMMARY
We determined the sound velocities of lower-mantle minerals by using a newly
developed system at beamline BL10XU of SPring-8 (ref. 2). The shear-wave velo-
city data were collected, with reference to the Brillouin scattering measurements, at
high pressure in a diamond-anvil cell. A carbon dioxide laser was used to heat the
sample, and the sample temperature was determined and monitored by a spectro-
radiometric method in high-temperature experiments. Synchrotron X-ray diffrac-
tion measurements were simultaneously performed to determine the lattice
parameters (volume) of the sample and the pressure standard.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Lower-mantle geotherms and calculated shear- and longitudinal-
wave velocity profiles for whole-mantle and layered-mantle convection
models. a, Representative lower-mantle geotherms for whole-mantle
convection27 and layered-mantle convection28 models. b–d, Calculated shear-

(b, c) and longitudinal-wave (d) velocity profiles of fp (black lines) and pv (blue
lines) for whole-mantle and layered-mantle convection. The velocity profile for
the pyrolitic model is presented as a green line. The best-fit models to the PREM
are shown as red curves, indicating the pv-dominant (.93 vol%) lower mantle.
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Forward Flow Chart
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Self consistency?



S-wave clustering
Lekic et al. 2012
includes 5 models

Seismic Reference Models in BurnMan

- cluster each 3D model into two families, one ‘fast’ and one ‘slow’
- count for each location how many models are ‘slow’



S-wave clustering

P-wave clustering

Lekic et al. 2012

P-MIT08 (Li et al. 2008)
P-LLNL (Simmons, Myers, Johannesson 
and Matzel (2012, Accepted to JGR))

Seismic Reference Models in BurnMan
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Seismic Reference Models in BurnMan

- Variations in P wave velocities 
are very very small
- 3D models are slower than PREM



Seismic Reference Models in BurnMan



GridSearch in BurnMan
- Fits in Vs, Vp and rho searching over mixtures of pure mg-
perovskite and periclase
- Without iron density is too low, so none of them fit



GridSearch in BurnMan
search over Mg, Si, Fe weight %

Misfit in Vs+rho



GridSearch in BurnMan
28% Mg, 22% Si, 7% Fe
69% pervoskite 31% periclase
Mg/Si>1



Stishovitic lower mantle in BurnMan
50% SiO2, 50% ferro-periclase(25% Fe)
Mg/Si<1



• Add in Al, Ca

• Finish the code to make it available to all

• AND find the Mg/Si ratio of the lower 
mantle

Future Plans with BurnMan
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