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Abstract Seismic tomography models reveal two large low shear velocity provinces (LLSVPs) that identify
large-scale variations in temperature and composition in the deep mantle. Other characteristics include
elevated density, elevated bulk sound speed, and sharp boundaries. We show that properties of LLSVPs
can be explained by the presence of small quantities (0.3–3%) of suspended, dense Fe-Ni-S liquid. Trapping
of metallic liquid is demonstrated to be likely during the crystallization of a dense basal magma ocean,
and retention of such melts is consistent with currently available experimental constraints. Calculated
seismic velocities and densities of lower mantle material containing low-abundance metallic liquids match
the observed LLSVP properties. Small quantities of metallic liquids trapped at depth provide a natural
explanation for primitive noble gas signatures in plume-related magmas. Our model hence provides a
mechanism for generating large-scale chemical heterogeneities in Earth’s early history and makes clear
predictions for future tests of our hypothesis.

1. Introduction

The origins of the two large low shear velocity provinces (LLSVPs) in the deep mantle beneath Africa and the
central Pacific have been enigmatic and controversial since their discovery in seismic tomographic models
[Su et al., 1994; Li and Romanowicz, 1996]. These features are believed to play a key role in the convective
circulation of the deep mantle [e.g., Davaille, 1999; McNamara and Zhong, 2005; Deschamps et al., 2012].
The colocation of LLSVPs with reconstructed past hotspot locations over the last several hundred million
years may account for the primordial geochemical signatures observed in hotspot lavas [Burke et al., 2008;
Torsvik et al., 2010; Jackson and Carlson, 2011]. Indeed, geodynamic simulations show that large mantle
structures can remain stable at the base of the mantle throughout Earth’s history if they are denser than
the surrounding mantle [Jellinek and Manga, 2002; McNamara and Zhong, 2005].

Observed characteristics of the LLSVPs, which extend from the core-mantle boundary to heights of 400–1000km
and with breadths on the scale of approximately thousands of kilometers, include depressed shear wave
velocity (~3–4% relative to average mantle) [Garnero, 2000], elevated density (~1% relative to average
mantle) [Ishii and Tromp, 1999], possibly elevated bulk sound speed, and sharp boundaries [Ni et al.,
2002]. Three scenarios might produce these seismic signatures: a temperature anomaly ~400–800 K hotter
than surrounding mantle [Davies et al., 2012]; a variation in major element composition, with modest
enrichment in iron and silicon relative to an assumed pyrolitic composition [Deschamps et al., 2012]; or a
combination of thermal and chemical effects. Support for higher temperatures in LLSVPs relative to the
surrounding mantle includes geodetic evidence for dynamic upwelling [McNutt, 1998] and geochemical
evidence for plume volcanism above these regions [Burke et al., 2008; Torsvik et al., 2010]. Long-term
stability of compositional heterogeneities at the base of the mantle implies that their chemical density,
likely due to elevated iron content, exceeds their thermal buoyancy. The sharp boundaries of the LLSVPs
and the anticorrelation between shear and bulk sound seismic velocities point to compositional differences
[Su et al., 1994], but a composition that matches geophysical observations and a corresponding process that
forms large-scale heterogeneities of this composition have not been uniquely identified.
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A few mechanisms have been proposed for generat-
ing large-scale chemical heterogeneities early in
Earth’s history, through the enrichment of Fe, Si,
and/or basaltic material [Christensen and Hofmann,
1994; Labrosse et al., 2007; Lee et al., 2010;
Deschamps et al., 2012]. These models view Fe as
sequestered within solid silicates in an oxidized form.
Here we propose a new model that is focused on
ancient portions of themantle retaining small quanti-
ties of molten, Fe-Ni-S metallic blebs, in a manner
analogous to that proposed in the mantle with low
oxygen fugacity [Frost et al., 2004; Rohrbach et al.,
2007]. Hence, our model differs fundamentally from
prior models in its proposed redox state of iron.

2. Our Model

The slow shear wave speed that defines the LLSVPs
and inferred elevated temperature are consistent
with the presence of a small amount of melt

[Williams and Garnero, 1996] (Figure 1; see supporting information Text S1 for details). A molten phase in a
potentially primordial, undegassed region would store ancient noble gases [Coltice et al., 2011]. The melting
points of themajor silicate and oxide phases of the lower mantle are, however, too high to permit widespread
melting over the large scale of the anomalies (Figure 2 and see supporting information Text S2 for details).
In contrast, a separate minor metallic Fe-Ni-S phase would be molten at LLSVP pressures and temperatures
(Figure 2 and see supporting information Text S2 for details) and would increase the density of the bulk
assemblage (the density of pure Fe alloy is about twice that of ambient silicate mantle). A suspension of
small quantities (<3%) of Fe-Ni-S liquid within LLSVPs could thus explain their depressed shear velocities
and their location at the base of the mantle. Here we present a process for generating partially molten,
Fe-Ni-S liquid-bearing LLSVPs from the differentiation and cooling of the early Earth, and discuss its con-
sistency with geochemical and geophysical constraints.

We propose that the crystallization of a basal
magma ocean [Labrosse et al., 2007] incorpo-
rated inclusions of Fe-Ni-S liquid in a dense
cumulate layer, which became the modern
LLSVPs. Formation of metal through charge
disproportionation of divalent iron repre-
sents a separate, complementary possibility
for producing a metallic phase [Frost et al.,
2004]. The metallic phase contributes to a
compositional density anomaly of a few per-
cent. Mantle convection simulations show
that a dense basal layer with appropriate
viscosity contrasts relative to ambient man-
tle will be advected into mounds with a
pile-like morphology akin to that observed
today [McNamara and Zhong, 2005; Davies
et al., 2012].

3. Consistency With
Geophysical Observations

Figure 1 shows the shear velocity depres-
sion resulting from small amounts of melt,

Figure 1. Effect of melt percentage and geometry on shear
wave velocity reduction of bulk phase assemblage, based
on parameters in the calculation from Williams and Garnero,
[1996] (see supporting information Text S1 for details).

Figure 2. Pressure dependence of melting points of lower mantle
components. MgO: Alfe [2005]; MgSiO3: Stixrude and Karki [2005];
SiO2: Usui and Tsuchiya [2010]; Pyrolite: Fiquet et al. [2010]; Fe: Anzellini
et al. [2013]; Fe-S eutectic: Kamada et al. [2012]; and mantle geotherm:
Stixrude et al. [2009]. Fe-rich peridotite: 400 K lower than pyrolite
according to low-pressure (0–10 GPa) studies on the solidus of
peridotite with Mg# 90 and Mg# 70 and the fayalite-forsterite binary
[Hirschmann, 2000;Wasylenki et al., 2003]. CMB stands for core-mantle
boundary.
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based on the elasticity of two-phase aggregates (see supporting information Text S1 for details). The seismic
velocity decrement associated with LLSVPs of ~2 (±1)% [Li and Romanowicz, 1996; Ishii and Tromp, 1999] can
be generated by 0.3–3% of trapped iron-rich melt, with values at the low end of this range expected if metal-
lic melt tends to wet grain boundaries [Shi et al., 2013]. The presence of 1% pure Fe metal yields a chemical
density contrast of ~1%. The estimated density anomaly decreases with increasing light-element content in
the Fe-Ni-S liquid and temperature difference relative to the surrounding mantle. For a given amount of iron
alloy, and assuming a LLSVP 500 K hotter than its surroundings [Deschamps et al., 2012], the density is further
reduced by ~0.5% due to thermal expansion and the shear velocity is further reduced by δlnVS ~�1.5% (see
supporting information Text S3 for details). The total changes of shear velocity and density of LLSVPs caused
by combined compositional and thermal effects are consistent with current models of seismic observations
[Li and Romanowicz, 1996; Ishii and Tromp, 1999]. Other geophysical probes, such as electrical conductivity
inversions and neutrino tomography, do not currently constrain the viability of our model due to a lack of
spatial resolution in the current observational data set.

4. Dynamic Process

Following the moon-forming impact, the mantle was totally molten [Nakajima and Stevenson, 2015]. The segre-
gation of a primordial, dense layer at the base of the mantle may arise from crystallization of a magma
ocean. Crystallization has been suggested to begin at midmantle pressures, where the adiabatic tempera-
ture profile of the cooling magma ocean intersects the liquidus of the bulk silicate Earth [Stixrude et al.,
2009], dividing the magma ocean into upper and deeper oceans (Figure 3a). The upper magma ocean will
freeze within 107 years owing to rapid radiative and convective heat loss to the atmosphere [Hamano et al.,
2013]. The deeper magma ocean cools much more slowly, as heat loss is limited by solid-state convection
in the overlying mantle, with a solidification time of 109 years [Labrosse et al., 2007] (supporting information
Text S4 for details).

During the early stages of deep magma ocean solidification, the precipitation of metal droplets could be
driven by a decrease of sulfur solubility in silicate liquid due to cooling (“Hadean matte”) [O’Neill, 1991] and /or
Fe disporportionation through the reaction [3Fe2+ (magma)↔2Fe3+ (bridgmanite) + Fe0 (metallic melt)] at
oxygen fugacities near iron-wüstite-2 [Frost et al., 2004]. Once Fe precipitates from the silicate liquid, Ni
and light elements (such as S, C, and O) will concentrate in this phase. Assuming sulfur saturation in the sili-
cate liquid (~400μg/g) implies that the (Fe+Ni)/S atomic ratio ranges from 3 to 100. The possible presence of
other lighter alloying components (such as oxygen or carbon) within these is, however, neither mandated nor
precluded (see supporting information Text S5 for details).

Both the crystals and Fe-Ni-S liquids that exsolve during crystallization are denser than the residual melt.
Sinking crystals move to conditions above their melting points and should redissolve into the magma
ocean. For metal droplets to settle to the core, they must be large enough to settle faster than the speeds
of both the solidification front and the velocity fluctuations in the convecting magma ocean. Experimental
observations suggest that exsolved metallic melt droplets initially have radii r0~ 10�6m, giving an expected

Figure 3. Magma ocean solidification. (a) Initiation of mantle crystallization and segregation of rapidly crystallizing upper
magma ocean and slowly crystallizing basal magma ocean. (b) At the density crossover of crystallizing basal magma ocean,
floating crystals trap Fe-Ni-S liquid.
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settling rate of us~10�8m/s. Although us
exceeds the speed at which the solidifica-
tion front moves downward, 10�10m/s, it
is small relative to convective velocities
in the magma ocean, 10�2m/s, and the
magnitude of velocity fluctuations at the
Kolmogorov scale, 10�4m/s (see supporting
information Text S6 for details). Droplets will
coalesce as they sink under the influence of
gravity and as they are brought into contact
by flow in the convecting magma ocean.
Droplets will grow to reach radii large
enough that their settling speed exceeds
the convective velocity over short time
scales, 103 to 106 s (see supporting informa-
tion Text S6 for details). Although both iner-
tial forces and turbulent stress fluctuations
will limit the maximum size of droplets to
about 10�3 to 10�2m, droplets of this size
are still larger than the minimum required
to sink to the core. Thus, at this stage, the
crystallizing lower mantle is nearly free of
metallic Fe-Ni-S liquids (see supporting
information Text S7 for details).

A density crossover in the magma ocean near the end of its solidification allows metallic melt droplets to
be trapped within floating, crystallizing silicates (see supporting information Text S8 and Text S9 for details)
(Figure 3b). At a critical depth that depends on composition andmelt-silicate partitioning, the residual silicate
melt becomes denser than the crystallizing phases (see supporting information Text S9 for details). With the
crystallization of residual silicate melt, the bridgmanite and ferropericlase crystals are enriched in Fe com-
pared with the bulk silicate Earth, increasing their bulk moduli and providing a possible explanation for
the elevated bulk modulus of LLSVPs (Figure 4). The buoyant crystals may then trap metal droplets formed
at the solidification front at grain boundaries (see supporting information Text S8 for details). Laboratory
experiments suggest that metal may wet bridgmanite at high pressure, allowing metal to drain [Shi et al.,
2013]. Wetting behavior strongly depends on the sample environment [Walte et al., 2011; Ghanbarzadeh
et al., 2015], and the role of nonhydrostatic experimental conditions in generating connectivity in
bridgmanite-metal aggregates remains unclear. Within the pioneering experiments of Shi et al. [2013], a
few percent of the metal remains as isolated droplets, and even wetting fluids are commonly trapped as fluid
inclusions during crystal growth [Shaw and Duncombe, 1991]. Other factors such as low permeability and
surface tension will generate a strong force resisting complete draining of small amount of liquid at solid sili-
cate grain boundaries (see supporting information Text S8 for details) [Belien et al., 2010; Holtzman, 2016].
Experiments also suggest that deformation with silicate liquid present does not promote the drainage of
the metal or sulfide component [Cerantola et al., 2015]. Thus, even if the bulk of the metallic component is
lost, a small volume fraction of a few percent metallic melt may still remain trapped as isolated droplets, likely
with high aspect ratios as in Shi et al. [2013]. Alternatively, if the magma ocean solidifies from the core-mantle
boundary upward, exsolved metal will be trapped with the minerals that crystallize at or near the crystal-
liquid interface: any deep crystal-liquid density crossover [Muñoz Ramo and Stixrude, 2014] will facilitate this
trapping. Sharp boundaries separating metal-rich and metal-poor regions might then be associated with
depth-varying changes in redox state.

5. Consistency With Geochemical Observations

The metallic melt droplets are Fe-Ni-S liquids, which might contain up to 101 to 104 higher concentrations of
platinum group elements (PGEs) and Ni than ambient mantle (see supporting information Text S10 for

Figure 4. Melt composition and density evolution. Variation of the
liquid-solid density contrast (bold red) and liquid composition (blue)
at 136 GPa and 4000 K, assuming a value of the Mg-Fe solid-liquid
partition coefficient K = 0.4 [Andrault et al., 2012]. Also shown are
the density contrasts computed for an alternate value of pressure
(100 GPa) and partition coefficient (K = 0.05) [Nomura et al., 2011]. The
density of liquid and crystalline phases is computed following the
method of Muñoz Ramo and Stixrude [2014] (see supporting informa-
tion Text S9 for details). Metallic melt precipitation drives the density
contrast curves left, reaching the crystal-liquid density crossover at
shallower depth.
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details). Because LLSVPs comprise 10�2 to 10�1 of the whole mantle, and the metallic melt is ~10�2 of the
LLSVPs in our model, these abundances have small effects on the composition of hot spot magmas that
might sample LLSVPs: accordingly, they also do not alter the global volatility trend of these elements within
the bulk Earth (see supporting information Text S10 for details).

Our calculations thus suggest that the Fe-Ni-S liquid is not expected to create resolvable PGEs and Ni anoma-
lies nor W isotope anomalies (see supporting information Text S10 for details). However, Fe-Ni-S liquid or
silicate/oxide crystals in LLSVPs might contain primordial noble gas compositions with significant differences
from ambient mantle. Despite being the most studied noble gas, little is known about helium partitioning
between silicate solids/silicate melt or silicate solids/metallic melt under relevant lower mantle pressures
and temperatures. Both Fe-Ni-S liquid and its adjacent silicate crystals are potential candidates noble gas car-
riers, depending on their noble gas solubility (Figure S2). On the one hand, if helium is preferentially parti-
tioned into Fe-Ni-S liquid, the Fe-Ni-S liquid could potentially store significant primordial noble gases
compared with silicate crystals [Heber et al., 2007; Bouhifd et al., 2013; Huang et al., 2014]. On the other hand,
if noble gases were to have higher silicate solid/liquid partition coefficients at high pressure (e.g., Xe: Sanloup
et al. [2011]), they could be stored in silicate phases rather than Fe-Ni-S liquids. In this scenario, the droplet
occurrence would only have acted as a physical mechanism to isolate the LLSVP from whole mantle convec-
tion (through a density increase) but not as the host of the noble gases (especially Xe). In both cases, the
occurrence of the metallic droplets creates the geological context preservation of the primordial noble gas
signatures in LLSVPs.

Mechanical entrainment by upwellings, from either the sides or top of the LLSVPs, provides the mechanism
that delivers material containing primordial noble gas signatures from depth to hotspot-related surface
volcanism. Furthermore, it is noteworthy that the reconstructed eruption of lavas that have high 3He/4He
ratios (as well as primordial Ne, Ar, and Xe isotope compositions) [Mukhopadyay, 2012] lie close to, or within,
the inferred boundaries of the African (for which low velocities extend substantially north beneath the
Atlantic to near Icelandic latitudes) or Pacific LLVSPs [Lekic et al., 2012; Rickers et al., 2013].

6. Discussion

Recent compositional models of LLSVPs have proposed that a combination of iron and (Mg,Fe)SiO3-bridgmanite
enrichment (~3% and 18%, respectively) could explain their observed seismic velocity and density character-
istics [Deschamps et al., 2012]. However, how such compositions might be generated in the deep Earth
remains enigmatic (see supporting information Text S11 for details). There is also the possibility that small
amounts of silicate liquidsmight be present within LLSVPs [e.g., Lay et al., 2004]. Such silicate liquids, however,
would be expected to equilibrate with their coexisting solids, and current estimates of iron partitioning in
natural assemblages coupled with inferred volumes of fusion indicate that such liquids would be generally
similar in density to their coexisting solids [e.g., Andrault et al., 2012]. Therefore, producing the apparently
elevated density of LLSVP’s via silicate melting would involve amounts of liquid that are incompatible with
the observed shear wave velocities.

Themetallic melt model, using a single compositional component that can arise through the simple mechan-
ism of trapping and inefficient extraction of iron from portions of the mantle, quantitatively explains known
LLSVP properties: the decrement of shear velocity, a small density increase (in accord with current seismic
constraints), and sharp edges of these features. From a geochemical perspective, the presence of Fe-Ni-S
liquid or adjacent silicate and oxide crystals in LLSVPs also provides a plausible location to store incompatible
noble gases.

Our hypothesis can be tested by a combination of future geophysical observations and laboratory studies
(see supporting information Text S12 for details). Specifically, the model makes a clear prediction for the
relationship between density and seismic anomalies and implies locally increased electrical conductivity.
Laboratory experiments can also provide tests of some of the features built into the evolutionary model
for creating LLSVPs. Constraints that are needed are (1) noble gas partitioning experiments at ~100GPa to
quantify partitioning between silicate crystals, metallic melt, and silicate melt; (2) experiments with silicate
liquids with a range of compositions at lower mantle pressures, temperatures, and oxygen fugacity to quan-
tify Fe-Ni-S liquid amount and composition; (3) an accurate oxygen fugacity depth profile in the magma
ocean to constrain the amount of metal precipitation in the whole mantle; (4) quantifying wetting behavior
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of metallic melt in polyphase assemblages that include ferropericlase and CaSiO3-perovskite at low stress
conditions; and (5) identifying physical mechanism separate Fe-Ni-S liquid from percolation (e.g., silicate crys-
tal annealing) at lower mantle conditions.

7. Concluding Remarks

The genesis of Fe-Ni-S liquid features is a natural consequence of the solidification of an early, deep magma
ocean: dynamic constraints show that trapping and retaining small amounts of Fe-Ni-S liquids are likely to
occur during and following the solidification of a magma ocean. Retention of minor amounts of Fe-Ni-S
liquids in silicates is compatible with current experimental constraints, particularly given uncertainties about
the role of nonhydrostatic stresses. The model further suggests that small quantities of Fe-Ni-S liquids
trapped at depth have limited impact on the siderophile element budget of the planet and predicts that
LLSVP material, if entrained within upwellings, would manifest itself as a high 3He/4He component in mag-
mas. Finally, Fe-Ni-S liquid enrichment in LLSVPs implies that these features are primordial, long-lived, and
chemically reduced and that they are our planet’s only known manifestation of incomplete segregation of
Fe-Ni-S liquids into Earth’s core.
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Erratum

In the originally published version of this article, text was inadvertently omitted from section 4 of the main
article and from text S5 of the supporting information. These omissions have since been corrected, and this
version may be considered the authoritative version of record.
In the second paragraph of section 4, “decrease of solubility” has been corrected to read “decrease of
sulfur solubility.”
In the first paragraph of text S5 in the supporting information, “Fe solubility” has been corrected to read
“sulfur solubility.”
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