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Melting of Peridotite to
140 Gigapascals
G. Fiquet,1* A. L. Auzende,1 J. Siebert,1 A. Corgne,2,3 H. Bureau,1 H. Ozawa,1,4 G. Garbarino5

Interrogating physical processes that occur within the lowermost mantle is a key to understanding
Earth’s evolution and present-day inner composition. Among such processes, partial melting has
been proposed to explain mantle regions with ultralow seismic velocities near the core-mantle
boundary, but experimental validation at the appropriate temperature and pressure regimes
remains challenging. Using laser-heated diamond anvil cells, we constructed the solidus curve of
a natural fertile peridotite between 36 and 140 gigapascals. Melting at core-mantle boundary
pressures occurs at 4180 T 150 kelvin, which is a value that matches estimated mantle geotherms.
Molten regions may therefore exist at the base of the present-day mantle. Melting phase relations
and element partitioning data also show that these liquids could host many incompatible
elements at the base of the mantle.

Geophysical and geochemical observa-
tions favor the presence of chemical
heterogeneities in the lowermost mantle.

These are thought to be either primitive mantle
residues (1), dense subducted slab components
(2), products of chemical interactions between
the core and mantle (3, 4), or dense melts perhaps
as old as the Earth itself (5). The core-mantle
boundary is a complex region that has been the
focus of numerous geophysical studies. Seismo-
logic studies suggest the presence of two large
low-shear velocity provinces (LLSVPs) under the
African continent and in the pacific basin (6, 7).
The consensus view is that these slow regions
(which are possibly up to 1000 km thick) exhibit
an anomalously low shear velocity and increased
bulk modulus but are not usually thought to be
partiallymolten (8). Additionally, extensively doc-
umented ultralow-velocity zones (ULVZs) cor-
respond to localized features at the core mantle
boundary (CMB), with strong reductions in
seismic velocities (in the range of 10 to 30%)
for both P and S waves (9, 10); the interpretation

is that these zones may be partially molten (5).
Recent high-resolution waveform studies also
find evidence that the ULVZ material is denser
than the surrounding mantle (11). These partially
molten regions have not been detected to be lat-
erally continuous and have a thickness ranging
from a few kilometers up to about 50 km.

It is attractive to link these observations with
an episode of extensive melting that probably
affected the primitive Earth, leading to the for-
mation of a deep magma ocean. If the evolution
of a terrestrial magma ocean resulted in the
formation of a layer of melt at the base of the
mantle early in Earth history, its survival depends
on whether it was (and maybe still is) gravita-
tionally and chemically stable (12). If this is the
case, such a layer would be an ideal candidate for
an unsampled geochemical reservoir hosting a
variety of incompatible species, notably the plan-
et’s missing budget of heat-producing elements
(13). The presence of high-pressure melts would
also have consequences for chemical reactions
between the mantle and core, the dynamics of
the lowermost mantle, and the heat flow across
the CMB.

To constrain the existence of melt at the base
of the mantle, we performedmelting experiments
on a fertile peridotite composition over a range of
lower-mantle pressures between 36 and 140 GPa
using a laser-heated diamond-anvil cell (DAC)
coupled with in situ synchrotron measurements
(14). Our study thus extends the pressure range of
previous measurements (15, 16) of the solidus
and liquidus temperatures of a mantle-like com-
position to depths exceeding those of the CMB at
2900 km. The starting material used for the high-

pressure high-temperaturemelting experiments is
a natural KLB-1 peridotite (14). To ensure chem-
ical homogeneity at the smallest scale and Fe as
mostly Fe2+, a glass was prepared by using an
aerodynamic levitation device coupled with CO2

laser heating under slightly reducing conditions
of oxygen fugacity (17). At high temperature,
pressures were measured from cell parameters of
the magnesium perovskite (Mg,Fe)SiO3 by using
a thermal equation of state recently reported for
the same KLB-1 peridotitic starting material as
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Fig. 1. Diffraction patterns collected at 61 GPa
after normalized reference background subtrac-
tion: subsolidus at 2715 K (bottom) and above
solidus at 3750 K (top). The diffuse scattering liquid
contribution is outlined by the shaded area as a
guide; it does not correspond to a physical structural
model of the liquid. HKL indexes are given for
remaining diffraction peaks that can be assigned
to magnesium silicate perovskite, observed above
the solidus temperature at this pressure (top). Stars
denote diffraction peaks of Ca-perovskite and fer-
ropericlase affected by partial melting at these
conditions (bottom).

17 SEPTEMBER 2010 VOL 329 SCIENCE www.sciencemag.org1516

REPORTS

 o
n 

S
ep

te
m

be
r 

19
, 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org


used in our study (18). We used in situ x-ray dif-
fraction as primary criterion for melting (19) and
to determine the order in which crystalline phases
melt (Fig. 1).

At 36 GPa, melting begins at 2800 K, with
Mg- andCa-perovskite (CaSiO3)melting first. The
produced melt is far more laser-absorbent; a
sharp increase in temperature accompanies melt-
ing. This leads almost instantly to conditions
above the liquidus, preventing an accurate char-
acterization of a detailedmelting sequence. Trans-

mission electronmicroscopy (TEM) examination
of a focused ion beam section made across the
laser-heated spot on the recovered sample (fig. S3)
and the large temperature increase at meltingmay
indicate that Mg-perovskite melts early in the
sequence (fig. S4). At this pressure, the liquidus
temperature is ~3850 K, as determined during
cooling from a fully molten state by a large tem-
perature drop when the first phase crystallizes. At
61 GPa, melting of ferropericlase (Mg,Fe)O in-
dicates the solidus temperature is ~3050K, closely

followed bymelting of Ca-perovskite with increas-
ing temperature. Mg-perovskite is the last stable
phase below the liquidus, which is ~4200 K. The
observation of the recovered sample (Fig. 2) reveals
the presence of connected veins of ferropericlase
in amatrix made ofMg-perovskite. Ca-perovskite
grains are found along these veins as well as within
the Mg-perovskite matrix, suggesting that Ca-
perovskite was partly mobilized by melting. Ferro-
periclase veins also collected small (<100 nm)
globules of metallic iron, which is consistent with
the disproportionation of ferrous iron in the sta-
bility field of Mg-perovskite (20). At pressures
above 61 GPa, it is more difficult to distinguish
whether ferropericlase or Ca-perovskite melts
first. It is clear, however, that Mg-perovskite is
the last solid phase below the liquidus. We ob-
served a smooth increase of melting temperatures
with increasing pressures. At 112 GPa, the sol-
idus is located at 3910 K. At CMB pressure and
temperature conditions (136 GPa and tempera-
tures above 4000 K) and above, the melting se-
quence remains the same: Ca-perovskite and
ferropericlasemelt first, followed byMg-perovskite.
Mg-perovskite is thus the liquidus phase between
60 GPa (perhaps less) and pressure conditions at
the CMB (fig. S5).

Above 61 GPa, the observed liquidus phase
deviates fromprevious observationsmade at 24GPa
in multi-anvil experiments, in which ferropericlase
was shown to be the liquidus phase, followed by
Mg-perovskite 50 K below the liquidus (located at
2600 K) and Ca-perovskite 150 K lower, near the
solidus (21). However, our observations are in
qualitative agreement with other multi-anvil ex-
periments (15), which suggest that Mg-perovskite
should replace ferropericlase as the liquidus phase
at pressures above 30 GPa, whereas our measure-
ments suggest that this should happen at pressures
above 36 GPa.

Solidus and liquidus points determined in this
study compare well with literature data (Fig. 3).
Data from previous DACwork in the 40 to 60GPa
range (16) are reported as an average solidus
curve derived from the last subsolidus measure-
ments and the appearance of first melt described
in this study. Our measurements are in agreement
with this work, although a completely different
melting criterion was used in the latter study. Ex-
trapolation of our solidus curve to lower pres-
sures is also consistent with a large-volume press
measurement of the solidus for KLB-1 peridotite
(22). Furthermore, our data are also in good agree-
ment with the mantle solidus inferred at CMB
conditions from a single shock experiment on
(Mg0.9,Fe0.1)2SiO4 (23) and from recent first prin-
ciples molecular dynamics simulations (24). In the
latter study, the predicted melting temperature of
MgSiO3 perovskite at 136 GPa is 5400 T 600 K,
and the authors estimate a mantle solidus temper-
ature of 4100 K.

The solidus curve is about 1400 K above an
average mantle adiabat (25) at mid-mantle pres-
sures, but the difference shrinks rapidly above
120 GPa as we approach the CMB (Fig. 3). At

Fig. 2. Analytical TEM
examination of a sample re-
covered after partial melt-
ing at 61 GPa: (left) bright
fieldmicrographand (right)
chemical maps. Some un-
transformed glassy mate-
rial (Gl.) can be observed
near the surface (panel 1),
with chemical analysis yield-
ing the average chemical
composition of the starting
material, thus showing the
absenceof reactionbetween
sampleanddiamondduring
experimentation. A rim of
ferropericlase (Fp) crystals
appearing in red (iron-rich) exists at the edge of the laser-heated area. These crystals connect by veins to
large patches of ferropericlase dispersed in the central area dominated by magnesium silicate perovskite
(Mg-pv) in green (silicon-rich). Calcium silicate perovskite (Ca-pv) grains appear in blue (calcium-rich); most
of them are located along ferropericlase-rich veins or at the edge of ferropericlase patches (panel 2). Some
metallic iron precipitates exist in the iron-enriched ferropericlase regions (bright red spots). Melts probably
formed after melting of ferropericlase and Ca-perovskite, which tend to percolate away from the heated
area (probably as a result of thermal pressure) then crystallize on the edge in contact with the cold
untransformed glassy material to form a rim surrounding the heated area.

Fig. 3. Solidus (black solid circles)
and liquidus (gray solid circles) of
peridotite, along withmelting curve
data from the literature. Shown are
the average estimate of the solidus
for KLB-1 peridotite from previous
multi-anvil work (22); the solid gray
diamond indicates the shock melt-
ing point of olivine (23). Melting
temperatures of the major lower
mantle phases Mg-perovskite (32)
and ferropericlase (33) are indi-
cated by long-dashed lines. Melting
data for a pyrolitic composition
(dot-dashed line) are from (16). Tem-
perature error bars represent temper-
ature fluctuations during heating.
Pressure error bars include the pres-
sure variation in the sample chamber
associated with temperature fluctua-
tions as well as the uncertainty in the
thermal equation of state of themag-
nesium silicate perovskite. Mantle
geotherms are given for reference
[adiabatic (25)] or estimated from
perovskite to post-perovskite tran-
sition (28). Our solidus line, extrapolated to the CMB (solid line), intersects the geotherm at 135 GPa and
4180 K.
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135 GPa, the peridotitic mantle solidus temper-
ature extrapolated from our data set is at 4180 T
150 K. This value is within the range of proposed
temperatures on the core side of the CMB, as cal-
culated from an outer-core adiabat and melting
experiments on iron alloys (26, 27) or as con-
strained by the reverse transition from the CaIrO3-
type to the perovskite phase at the base of the D″
layer (28). Partial melting in the deepest part of
the mantle is therefore highly plausible. This
process could therefore explain the presence of
ULVZs. The close match between the average
geotherm and mantle solidus at the CMB may
also explain why ULVZs are not observed as a
continuous layer in the deep mantle, with thick-
nesses of partially molten regions varying dra-
matically from cold to hot mantle areas.

Our results also provide insights in the way an
early magma ocean could have crystallized. Par-
tial melting of mantle material and related frac-
tional crystallizationwill have important geochemical
implications in terms of trace elements. This ap-
plies for both the inventory of incompatible el-
ements and the isotopic evolution of the Earth.
For instance, the semiquantitative analysis made
on the sample recovered from 61 GPa shows a
clear enrichment of the ferropericlase in iron, and
an ubiquitous iron depletion in Mg-perovskite
(table S1), which is in agreement with observa-
tions made in earlier studies [(26) and references
therein]. Partial melts enriched in Ca-perovskite
and ferropericlase components are thus expected
to be denser than a solid residue of Fe-depleted
Mg-perovskite. These liquids could have seg-
regated downward and remained at least partly
isolated in the lower mantle if mantle convection
was not too vigorous [(29) and references therein].
Because Ca-perovskite is the major host mineral
for many key trace elements, such as U, Th, and
rare earth elements (30), these liquids could frac-
tionate and host at present many incompatible
elements at the core-mantle boundary, thus offer-
ing an explanation for primordial chemical sig-
natures at the base of the mantle.

The estimated thickness of such a partially
molten layer varies between 0 to 35 km from the
intersection of the modern geotherm shown in
Fig. 3 with the solidus of the mantle silicate ma-
terial obtained in our study; however, this thick-
ness could have been as large as 100 km in the
Archean, assuming a secular cooling proceed-
ing at a maximum rate of 100 K per billion years
(31). These features depend on the estimates of
the geotherm in the CMB region, which depends
on the core thermal profile and temperature. The
extension of such partially molten regions would
also vary with lateral variations of the geotherm
in the lowermost mantle, with the thickest por-
tions occurring at the base of upwelling plumes
and a thin layer elsewhere, which is compatible
with seismic observations of ULVZs. Such a par-
tially molten layer can alter several properties of
the lowermost mantle that could, as proposed
earlier (5), control the convection regime of the
lowermost mantle and the heat transfer between

core and mantle and affect the stability of the ther-
mal boundary layer at the CMB.
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A Test of the Snowball Theory
for the Rate of Evolution of
Hybrid Incompatibilities
Daniel R. Matute, Ian A. Butler, David A. Turissini, Jerry A. Coyne

Hybrids between species are often sterile or inviable because the long-diverged genomes of their
parents cause developmental problems when they come together in a single individual. According to
the Dobzhansky-Muller (DM) model, the number of genes involved in these “intrinsic postzygotic
incompatibilities” should increase faster than linearly with the divergence time between species. This
straightforward prediction of the DM model has remained contentious owing to a lack of explicit tests.
Examining two pairs of Drosophila species, we show that the number of genes involved in postzygotic
isolation increases at least as fast as the square of the number of substitutions (an index of divergence
time) between species. This observation verifies a key prediction of the DM model.

Biological speciation involves the evolu-
tion of barriers to gene flow between two
populations (1, 2). One of the most ef-

fective of those barriers, because it is considered
irreversible, is “intrinsic postzygotic isolation,”

the developmentally based inviability or sterility
of species hybrids. Dobzhansky (1) and Muller
(3) proposed a simple two-locus model showing
how this form of isolation can result from the
accumulation of genes that function normally in a
pure-species genome but produce epistatic inter-
actions in hybrids.

The classic version of the Dobzhansky-Muller
(DM)model, a population-genetics theory for the
evolution of reproductive isolation (2), begins with
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cago, 1101 East 57th Street, Chicago, IL 60637, USA.

*To whom correspondence should be addressed. E-mail:
dmatute@uchicago.edu

17 SEPTEMBER 2010 VOL 329 SCIENCE www.sciencemag.org1518

REPORTS

 o
n 

S
ep

te
m

be
r 

19
, 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org

