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Understanding the ultralow velocity zones (ULVZs) places con-
straints on the chemical composition and thermal structure of deep
Earth and provides critical information on the dynamics of large-
scale mantle convection, but their origin has remained enigmatic
for decades. Recent studies suggest that metallic iron and carbon
are produced in subducted slabs when they sink beyond a depth of
250 km. Here we show that the eutectic melting curve of the
iron−carbon system crosses the current geotherm near Earth’s
core−mantle boundary, suggesting that dense metallic melt may form
in the lowermost mantle. If concentrated into isolated patches,
such melt could produce the seismically observed density and veloc-
ity features of ULVZs. Depending on the wetting behavior of the
metallic melt, the resultant ULVZs may be short-lived domains that
are replenished or regenerated through subduction, or long-lasting
regions containing both metallic and silicate melts. Slab-derived
metallic melt may produce another type of ULVZ that escapes core
sequestration by reacting with the mantle to form iron-rich post-
bridgmanite or ferropericlase. The hypotheses connect peculiar
features near Earth’s core−mantle boundary to subduction of the
oceanic lithosphere through the deep carbon cycle.

core mantle boundary | iron−carbon melt | subduction | deep carbon
cycle | diffuse scattering

Ultralow velocity zones (ULVZs) occur as isolated patches
near the core−mantle boundary (CMB) and are generally

associated with the large low shear velocity provinces (LLSVPs)
(1, 2). The nonubiquitous distribution of ULVZs gives evidence
for thermal and/or chemical heterogeneities at the base of the
mantle (3, 4). The density excess of ULVZs likely arises from iron
enrichment (5–7), whereas the velocity anomalies may indicate
partial melting (3, 4, 8, 9) or iron enrichment (5–7). Elucidating
the origin of ULVZs is therefore important for understanding the
thermal and chemical state of the CMB, which, in turn, holds a key
to unraveling the evolution history and dynamics of deep Earth.
Given uncertainties in the melting behavior of mantle rocks

(10), elastic properties of relevant phases (11, 12), and iron parti-
tioning between them (13, 14), the origin of ULVZs remains
enigmatic. Partial melt of silicate composition has been widely
considered as the origin of ULVZs because the presence of partial
melt reduces shear wave velocity (Vs) effectively, and partial melt
was found to be denser than coexisting solids at deep mantle con-
ditions (e.g., refs. 4, 13, 15, and 16). Models involving silicate partial
melt face several challenges. First, the solidus temperatures of sili-
cate compositions happen to fall into the ±500 K uncertainty
margin of the CMB temperature. Consequently, nonubiquitous
partial melting of a silicate composition critically depends on
thermal structure of the lowermost mantle, and the presence of
chemically distinct components is often invoked to explain the oc-
currence of patchy melts near the CMB. Given the controversy over
the mantle solidus (3, 8–10) and CMB temperatures (17), these
models are still under debate and remain to be tested. Second,
Nomura et al. (13) found that silicate liquid is, at most, 8% denser
than the coexisting solids, and therefore only fully molten pockets
can marginally match the density excess of ULVZs, which would
then give rise to a vanishing Vs that is too low to match the seismic

observations. Similarly, Thomas et al. (18) concluded that residual
liquids produced in a whole-mantle magma ocean are not dense
enough to remain at the CMB on geological timescales. Further-
more, Thomas and Asimow (19) showed that dense silicate melt
must be removed from its equilibrium solid matrix to combine with
a denser solid to match the density excess of ULVZs.
Iron-rich solid phases such as wüstite, postbridgmanite, or iron

silicide have been proposed as alternative origins of ULVZs (e.g.,
refs. 5–7, 10, and 20). Candidate sources for iron enrichment in-
clude the core or core sediments, residual liquids from a putative
basal magma ocean, or subducted banded iron formation. It re-
mains unknown or controversial if iron-rich solids with required
composition and properties can be produced near the CMB. For
instance, Knittle and Jeanloz (20) attributed ULVZs to FeSi and
FeO as core−mantle reaction products although a subsequent study
did not produce FeSi from reaction between bridgmanite and
molten iron (21). Some of these models showed that simultaneous
match of density (ρ), compressional wave velocity (Vp), and Vs can
be achieved for certain compositions at 300 K (7), but recent the-
oretical studies concluded that, at high temperatures, iron-rich
wüstite or bridgmanite could not reproduce both Vp and Vs (11, 12).
Seismic tomography revealed that subducted slabs sometimes

penetrated the transition zone to reach the CMB (22). Carbonates
in the crustal portion of the slab may melt at the mantle wedge or
in the transition zone and return to shallow depths (23, 24). On
the other hand, the slabs that sank beyond the depth of 250 km are
expected to contain metallic iron as a result of stabilization of
ferric iron in pyroxene, garnet, or bridgmanite (25–27), plus ele-
mental carbon or carbide through the reduction of carbonates by
the metallic iron (28). To assess whether an iron−carbon mixture
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carried by slabs to the lowermost mantle would contribute to the
origin of ULVZs, we investigated the melting behavior of the Fe−C
system under the pressures of the lower mantle.

Results and Discussion
X-ray diffraction (XRD) images of mixtures of iron and Fe3C were
collected at pressures between 25 GPa and 138 GPa and temper-
atures up to 3,520 K (Methods and Fig. S1). Upon heating, the
Debye−Scherrer rings from Fe3C and hexagonal close-packed
«-Fe powders became sharper and then lost continuity and fur-
ther evolved to single-crystal spots due to grain growth (Fig. S2).
Approaching the eutectic melting temperatures, large single-
crystal spots of a given set of lattice planes disappeared and reap-
peared at different positions in successive XRD images, reflecting
fast grain rotation (3, 17). At higher temperatures, an elevated
baseline in the integrated XRD spectrum indicated the appear-
ance of a diffuse scattering signal (Fig. 1). At the same time, the
volume of solid iron started to plateau with respect to temper-
ature (Figs. S3 and S4), as seen in the melting experiments on
pure iron and attributed to preferential absorption of heat by a
thin layer of liquid with respect to the overlying solid (17). The
simultaneous occurrences of the diffuse scattering signal and
volume plateau provide robust evidence for the onset of melting.
In the pulsed heating experiments, the intensity of the diffuse
scattering signal increased upon further heating, as expected.
This is not the case with the continuous heating experiments,
probably because melt migrated out of the hot spot. At higher
temperatures, the intensities of the observed single-crystal spots
of both Fe and Fe3C became smaller (Fig. S2). In two pulsed heating
experiments, the reflections of Fe3C eventually disappeared,
leaving solid Fe to coexist with the liquid as the liquidus phase.
In other pulsed heating and all of the continuously heating ex-
periments, the reflections of crystalline Fe and Fe3C, possibly from
solid phases located in the long tails of the X-ray beam away from
the laser-heated spot, persisted to the highest attained tempera-
ture. The persistence of crystalline diffraction peaks beyond the
melting point was also observed in the experiments on iron melt-
ing (17).
At each pressure, the eutectic melting temperature of the Fe−C

system was bracketed by the highest temperature at which the
sample contained only solid iron and iron carbide and the lowest

temperature at which diffuse scattering signal was observed (Table
S1 and Fig. S5). Experiments using the continuous or pulsed heating
methods gave consistent results on the melting temperatures. The
eutectic melting curve of the Fe−C system constructed from mul-
tiple measurements agrees with the existing data to 25 GPa from
multianvil studies, where melting was detected by analyzing the
recovered run products (29), and with calculated results to 70 GPa
(29). The melting temperatures determined in a diamond-anvil
cell (DAC) study on the basis of plateaus in the temperature as a
function of laser power (30) match the upper bounds of this study
(Fig. S5). Fitting the eutectic melting temperatures (T) to the
Simon−Glatzel equation yields (T/T0)

3.4 ± 0.3 = P/(12 ± 2) + 1,
where P is pressure in gigapascals and T0 = 1,426 K is the eutectic
melting temperature at ambient pressure (31).
To assess the fate of a slab-derived Fe−C mixture in the

mantle, we compare its eutectic melting curve with a simplified
one-dimensional geotherm that represents the average temper-
ature as a function of depth for a homogeneous model mantle
composition. In reality, the mantle is laterally heterogeneous
with regard to temperature. In geodynamical models, slab re-
gions are much cooler than the surrounding regions, and the
thermal boundary layer beneath slabs is expected to be quite thin
compared with other regions (1). For simplicity, these compli-
cations are ignored here. For most of the lower mantle, the
eutectic melting temperature of the Fe−C binary system is higher
than the present-day mantle geotherm (Fig. 2), implying that an
Fe−C mixture would remain solid, unless the presence of nickel
and sulfur lowers the solidus sufficiently to induce melting. In the
lowermost mantle, the eutectic melting curve intersects with the
geotherm, implying that an iron−carbon mixture would melt in
the deeper part of the D′′ layer. The model geotherm exhibits a

Fig. 1. Integrated XRD patterns of Fe−Fe3C mixture at ∼86 GPa, with Inset
highlighting the evolution of the baseline with increasing temperature.
Between 1,586 K (gray) and 2,554 K (black), the baseline barely changed;
further heating to 2,687 K (red solid) and 2,995 K (red dashed) led to sig-
nificantly elevated baselines resulting from diffuse scattering, whereas the
intensities of the reflections from Fe3C diminished.

Fig. 2. The eutectic melting curve of Fe−C system (red; this study) intersects
the present-day geotherm (thick black curve with gray shaded area indicating
uncertainties; ref. 17) at 130 ± 3 GPa and ∼2,920 ± 150 K (open circle). The
eutectic melting curve is bracketed by the highest temperature where no diffuse
scattering was detected (open squares) and the lowest temperature where dif-
fuse scattering was detected (solid squares). The uncertainties in the crossing
temperature and pressure are comparable to the size of the symbol. At the CMB,
the eutectic melting temperature of Fe−C system is comparable to that of Fe−S
system (32), ∼600 K lower than the solidus temperature of pyrolitic composition
(10), ∼800 K lower than that of MORB (3), and 1,100–1,200 K lower than that of
chondritic (8) and peridotitic compositions (9).
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salient feature: It is superadiabatic within the D′′ layer, increasing
rapidly toward the outer-core temperature at the CMB at the rate
of 50–100 K/GPa. With such a steep gradient, the ±500 K un-
certainty in the estimated temperature at the CMB only slightly
affects where the eutectic curve and geotherm cross and the
iron−carbon mixture begins to melt. The crossing point is at
130 ± 3 GPa and 2,920 ± 150 K, corresponding to 100 ± 50 km
depth above the CMB.
The presence of Fe−C melt in a mantle region is expected to

increase its density and reduce its sound velocities, and therefore
could potentially produce a ULVZ. The amounts of density ex-
cess and velocity reductions depend on a number of factors, in-
cluding the melt fraction, the contrasts in the density and elastic
properties between the interstitial melt and solid skeleton, and the
wetting behavior of the melt with respect to the solid matrix (33).
Applying models for calculating the compressional and shear wave
velocities of liquid−solid composites and using approximate values,
we estimated that replacing 1 vol.% solid silicate by Fe−C melt
produces about 1% density excess (Supporting Information). Be-
cause the Fe−C melt has a similar bulk modulus to the mantle, its
influences on the sound velocities arise predominately from its zero
shear modulus. Our calculations show that the reduction in shear
wave velocity depends strongly on the dihedral angle, at the rate of
∼3% per vol.% melt for a small dihedral angle of 10°, and ∼1% per
vol.% melt for a nonwetting dihedral angle of 80°. The reduction in
the compressional wave velocity is less sensitive to the dihedral
angle and falls into the range of 0.5–1% per vol.% melt. We found
that, for a partially molten region containing solid silicate and Fe−C
melt, 5–16 vol.% Fe−C melt is needed to reproduce the observed
density excess of ULVZs. To simultaneously match the Vs and Vp
of ULVZs, 5–11 vol.% melt is needed for a dihedral angle of 10°,
and 9–16 vol.% melt is needed for a dihedral angle of 80° (Fig. 3).
Previous work suggests that roughly 1 wt.% metallic iron is

produced in the crust portion of subducted slabs as a result of
disproportionation of ferrous ion in pyroxene and garnet beyond
250 km depth (26, 27) and in bridgmanite when the slab enters
the lower mantle (25). The carbon content in the deep mantle
slabs may range from 320 ppm to 620 ppm, according to the

estimated 2.4–4.8 × 1013 g annual input of carbon to the mantle
past the arc (34). Carbonates in the slab may interact with me-
tallic iron to produce elemental carbon or iron carbides (28),
making the Fe−C system a viable candidate for partial melt at
the CMB. Assuming complete reaction, the estimated abundances
of iron and carbon imply that up to 1 wt.% Fe−C melt can be
generated in subducted slabs. Depending on its wetting behavior,
the Fe−C melt may drain under gravitational force to join the core,
or it may be entirely retained in the mantle and could return to
shallower depths through convective transport and refreeze. Alter-
natively, the melt may be concentrated through the shear focusing
mechanism, where deviatoric stress in a viscously deforming par-
tially molten rock leads to melt-enriched shear zones (35). In the
lowermost mantle, subducted slabs are subject to large dynamic,
thermal, and chemical disequilibrium. A slab approaching the CMB
may become deformed by viscous drag from the base of the mantle,
causing it to fold up near regions of mantle upwelling (36). Con-
sequently, the iron−carbon melt produced in the slab may con-
centrate near the edge of LLSVP (1, 37). With the lateral extent
spanning hundreds of kilometers, the volume of folded subducted
slabs at the CMB could be 20 times larger than a typical ULVZ (36)
and therefore would be able to supply sufficient Fe−C melt to
form ULVZs.
The composition of the Fe−C melt is uncertain because the

eutectic composition of the Fe−C binary at the CMB remains
controversial: Wood (38) predicted a very iron-rich eutectic melt,
which was apparently confirmed by Lord et al. (30), but was
inconsistent with more recent results by Fei and Brosh (29). In
this study, the starting composition contains roughly equal frac-
tions of iron and Fe3C, correspondingly to about 3 wt.% carbon.
Neither Fe3C nor Fe7C3 appeared as the liquidus phase, sug-
gesting that the eutectic composition likely contained more than
1 wt.% carbon. The lack of tight constraints on the eutectic
composition does not seem to affect the calculated melt frac-
tions, because the density and sound velocities of Fe−C liquid
containing 0–4.1 wt.% carbon at CMB pressure were found to
vary only slightly, from 10.5 g/cm3 to 10.1 g/cm3 and 7.95 km/s to
8.15 km/s, respectively (39).
The wetting behavior of Fe−C melt in the lower mantle is not

known. If Fe−C melt behaves like Fe−S melt, which has a di-
hedral angle below 20° in the deep mantle (40), then at least
5 vol.% melt is needed to match the seismic features of ULVZs
(type A in Fig. 4). On the other hand, if the Fe−C melt does not
wet the grain boundaries, then as much as 9 vol.% melt is needed
to reproduce the ULVZ properties (type B in Fig. 4). Yoshino
et al. (41) found that, in the nonwetting case with large dihedral
angles, the percolation threshold of Fe−S melt in solid olivine is
5 vol.% and that the presence of silicate partial melt raises the
threshold to 13 ± 2 vol.%. Given that the solidus of pyrolite (10)
lies slightly above the lower bound estimate of temperature at
the CMB (Fig. 2), low-degree melting of silicate is plausible.
Iron-rich deep melt could produce yet another type of ULVZ
through reaction with solid phases (type C in Fig. 4). In the
conductive thermal boundary layer at the interface of the core
and mantle, chemical reaction is controlled by diffusion and was
found to be exceedingly slow in bridgmanite, at the rate of a few
meters per billion years (42). Diffusion may proceed much faster
for ferropericlase, yet chemical exchange between the core and
mantle is still limited to 1–10 km for lattice diffusion and 100 km
for grain boundary diffusion over the entire geological history (43).
After the Fe−C melt is concentrated into isolated patches as in the
previous cases, it may react with the new silicate matrix because of
chemical disequilibrium resulting from changes in composition and/or
temperature associated with its transport from slab to the edge of
LLSVP. For instance, it could recombine with Fe3+ in bridgmanite
or postbridgmanite to produce Fe2+, which would then be prefer-
entially incorporated into postbridgmanite or coexisting ferroper-
iclase phase. This process could serve as an alternative mechanism

Fig. 3. Density (black), compressional wave velocity (blue), and shear wave
velocity (red) ratios between a partially molten region (ρ, Vs, Vp), consisting
of solid mantle and Fe−C melt at a given volume fraction (vol.%), and the
surrounding mantle (ρ*, Vs*, Vp*) for dihedral angles of 10° and 80°. Double-
arrowed lines denote the ranges of melt fraction that match the ULVZs
features at dihedral angle = 10° and 80°, respectively, which are constrained
by the crossing points (open circles for 10° and closed circles for 80°) be-
tween the velocity curves and the seismically observed values of ULVZs
(shaded areas).
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to generate ULVZs consisting mostly of iron-rich solid phases (6,
7), with or without residual metallic melt. In this scenario, iron
enrichment in solid phases and the presence of melt could both
contribute to the velocity reductions.
The location and shape of a metallic ULVZ depend on how it

forms and evolves over time. For instance, type-A ULVZs require
smaller melt fractions and therefore may form at shallower depths
when the melting curve just crosses the geotherm, whereas type-B
ULVZs require a larger fraction of Fe−C melt and a small degree
of silicate melt, and therefore likely form at greater depths when the
mantle temperature exceeds the eutectic point by a considerable
amount. Alternatively, the depth of formation may be governed by
the dynamic process that concentrates Fe−C melt into small re-
gions. Where and how a ULVZ forms will influence its size and
shape. Given the same initial volume, type-A ULVZs tend to be
shorter and broader because an Fe−C melt that wets the solid
matrix will drain readily to reduce the height and it spreads out
laterally to increase the width. Type-B ULVZs are likely taller and
narrower because nonwetting Fe−C melt does not drain downward
or spread laterally as long as the melt fraction stays below the
percolation threshold. Type-C UVLZs rely on chemical diffusion to
deliver iron to solid phases from Fe−C melt, after it has been ac-
cumulated into small patches through mantle convection dynamics.
These ULVZs are expected to be relatively tall and narrow as well,
because the width is limited by the rate of chemical diffusion,
whereas the height is constrained by slow or negligible draining
of Fe−C melt to allow chemical reaction with the silicate matrix.
Depending on the dynamic process of subduction, including the
descending rate, details of deformation, and extent of chemical

exchange, alloying elements such as sulfur, silicon, or oxygen may
be incorporated into Fe−C melt, and, if so, their presence will
modify the melting point and influence the origin and nature
of ULVZs. Detailed modeling may shed light on the origin and
evolution of metallic ULVZs by considering the melting,
wetting, and chemical behavior of relevant compositions, as
well as viscosity, density contrast with surrounding mantle, and
convective vigor.
Given its chemical affinity, keeping a significant fraction of dense

metallic melt from draining into the core may be problematic. After
accumulating in an upwelling region, the dense metallic melt may
be stirred by the overlying convective mantle through viscous cou-
pling, which keeps it entrained in the solid matrix against draining
into the core (44). In type-A ULVZs, the Fe−C melt wets the solid
matrix and therefore drains readily and will ultimately merge into
the core. In type-B ULVZs, the Fe−C melt may stay trapped in
solid matrix, provided that the melt fraction is below the percolation
threshold. In type-C ULVZs, the Fe−C melt gets incorporated into
crystalline structures through chemical reaction and therefore es-
capes core sequestration.
The platinum group element (PGE) record in komatiites with

different ages suggests that meteoritic veneer was progressively
mixed into Earth’s deep mantle until the early Archean (45). Bil-
lions of years ago, metallic melts may have formed over a wider
range of depths than today and facilitated the mixing of the pos-
tulated “late veneer” into the lower mantle. The PGE record also
suggests that the highly siderophile element (HSE) contents of the
mantle remained constant within ±40% since the late Archean (45).
Assuming that Fe−C melt in type-A ULVZs is fully equilibrated
with the solid matrix and therefore has scavenged all of the HSEs in
its source region, then up to 40% of the mantle could have lost its
HSEs to the core through the draining of Fe−C melt. With an es-
timated 1 wt.% Fe−C in the mantle, loss of Fe−C from 40% of the
mantle corresponds to 0.8% growth in core mass at the expense of
0.4% reduction in mantle mass, which is equivalent to about 10 km
expansion in core radius over Earth’s history.
The idea that an iron-rich melt is responsible for the ULVZs

has been considered previously, but existing models assumed that
the core is the source of iron (e.g., refs. 4, 15, and 46). It has been
shown that the capillary rise height of the outer core liquid is only
20 m (47), which is too thin for ULVZs. A more recent study
suggested that core fluid could reach up to 1 km through a suction
mechanism (48), which is still much thinner than ULVZs. Com-
pared with existing models, the slab metal models are particularly
appealing for a number of reasons. An iron−carbon mixture in the
slab will definitely melt near the CMB as discussed above. With
limited presence of slabs at the CMB, nonubiquitous occurrence of
these types of ULVZs is expected. An Fe−C melt is twice as dense
as the surrounding mantle, hence the slab metal models can readily
explain the density anomaly of ULVZs. Nomura et al. (10) advo-
cated for a CMB temperature near the lower limit of the currently
accepted range (17), which requires a chemically distinct compo-
nent as the origin of ULVZ. McNamara et al. (1) reached the same
conclusion on the basis of geodynamics considerations. The slab
metal models provide a plausible source of such chemical het-
erogeneity. Aside from giving rise to various types of ULVZs, the
presence of metallic melt may provide an explanation for the
enhanced and perhaps laterally varying electrical conductivity in
the lowermost mantle (47, 49, 50). The hypotheses involving
metallic melt can be tested by investigating the wetting behavior
of Fe−C melt under deep mantle conditions, the dynamic be-
havior of Fe−C melt within the D′′ layer, and the chemical re-
activity between Fe−C melt and solid phases near the CMB.

Methods
Experiments were conducted at the Advanced Photon Source (APS), using
laser-heated DACs and synchrotron XRD techniques. The startingmaterial was an
equal portion mixture of iron powder (99.9%; Alfa Aesar) and Fe3C powder,

Fig. 4. Cartoon illustration of three types of ULVZs involving slab-derived
iron−carbon (Fe−C) melt (heights are exaggerated). The upper oval-shaped
balloon shows that, at a depth beyond 250 km in the mantle, metallic iron
(white) is produced by the disproportionation of ferrous iron in pyroxene
and garnet, whereas the dominant carbon species are elemental carbon or
iron carbides (gray). Three rectangular boxes represent (box A) ULVZs con-
taining 5–11 vol. % Fe−C melt (yellow) that wets the solid silicate matrix
(gray), (box B) ULVZs containing 9–16 vol.% nonwetting Fe−C melt (yellow)
coexisting with a small degree of silicate melt (green) in solid silicate matrix
(gray), and (box C) ULVZs containing solid phases (yellow-shaded gray) that
have become iron-rich through reaction with Fe−C melt. The lower round
balloon indicates that dynamic stirring through viscous coupling with the
upwelling mantle may prevent or slow down the draining of dense Fe−C
melt to the core.
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sandwiched between KCl pellets. Laser heating and XRD measurements were
performed at beamline 16-ID-B of the APS, Argonne National Laboratory (ANL).
The onset of melting was detected on the basis of simultaneous occurrences of
diffuse scattering signal and volume plateau of iron. The density and sound
velocities of a partially molten region of the mantle containing Fe−C melt at a
given volume fraction were calculated following the equilibrium geometry
model (33) for a representative nonwetting dihedral angle of 80° and a wetting
dihedral angle of 10°. Details of the experiments and calculations are found in
Supporting Information.
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