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Deep penetration of molten iron into the mantle
caused by a morphological instability

Kazuhiko Otsuka! & Shun-ichiro Karato

The core-mantle boundary of Earth is a region where iron-rich
liquids interact with oxides and silicates in the mantle'. Iron en-
richment may occur at the bottom of the mantle, leading to low
seismic-wave velocities and high electrical conductivity*>, but
plausible physical processes of iron enrichment have not been sug-
gested. Diffusion-controlled iron enrichment is inefficient because
it is too slow®, although the diffusion can be fast enough along
grain boundaries for some elements’. More fundamentally, experi-
mental studies and geophysical observations show that the core is
under-saturated with oxygen, implying that the mantle next to the
core should be depleted in FeO. Here we show that (Mg,Fe)O in
contact with iron-rich liquids leads to a morphological instability,
causing blobs of iron-rich liquid to penetrate the oxide. This mor-
phological instability is generated by the chemical potential gra-
dient between two materials when they are not in bulk chemical
equilibrium, and should be a common process in Earth’s interior.
Iron-rich melt could be transported 50 to 100 kilometres away
from the core-mantle boundary by this mechanism, providing
an explanation for the iron-rich regions in the mantle.

Like the lithosphere near Earth’s surface, the core-mantle boundary
region (CMB) of Earth (and other planets) is a region where major
physical and chemical actions occur'. Some seismological observations
suggest the presence of chemical heterogeneity>**. Also, anomalously
high conductance in some regions of the D'’ layer is inferred from the
observed length-of-day variation®'’. The regional variations in elec-
trical conductivity observed by geomagnetic jerks (sudden changes in
Earth’s magnetic field) correspond to regions of anomalous seismic
properties®''. Tron enrichment in some regions of the D'’ layer is a
plausible explanation of these observations.

However, explaining the iron enrichment is difficult for several reasons.
In addition to the difficulties with diffusion-controlled models (because
diffusion is so slow), the capillary mechanism of infiltration applies only to
a penetration of about 100 m into the mantle or less, owing to the influence
of gravity". Iron-rich core materials may infiltrate into the mantle along
the pressure gradient caused by the dynamic topography at the CMB".
However, the degree of melt penetration by this mechanism is controlled
by the amplitude of dynamic topography, which is in turn controlled by
the viscosity of the D'’ layer. If we use the viscosity of about 10'® Pa's for
the D'’ layer", the extent of iron penetration for this mechanism is less
than a metre, too small to cause any appreciable effects.

Here we report the experimental observations of penetration of
iron-rich metallic liquid blobs into the single crystals of (Mg,Fe)O
through the morphological instability. The penetration depth of
iron-rich blobs observed in these experiments far exceeds the penetra-
tion depth attributable to a simple diffusion-controlled model or the
other mechanisms discussed above (the capillary mechanism and
dynamic topography). Hence, this morphological-instability process
is more likely to explain the iron enrichment inferred in some regions
of the CMB. We describe our experimental observations, interpret the
observations in terms of a physical model, and discuss the possible
implications of the deep penetration of molten iron-rich blobs for the
properties and dynamics of the D'’ layer.

We conducted high-pressure and high-temperature experiments
using a multi-anvil apparatus in which iron-rich liquid and single
crystals of (Mg,Fe)O are in direct contact (see Supplementary Inform-
ation for details). After annealing, we found that each interface
between an (Mg,Fe)O crystal and the molten iron was serrated and
the liquid metal had penetrated into the (Mg,Fe)O single crystal to
form a layer containing many metal-rich blobs (we call this the metal-
rich layer, or MRL) (Fig. 1a). The serrated morphology of the metallic
liquid and the (Mg,Fe)O interface is characteristic of the morpho-
logical instability. Notably, the morphological instability was not
observed at the wall of pure MgO single crystals, indicating that the
FeO in (Mg,Fe)O plays an essential part in this.

The chemical composition of matrix (Mg,Fe)O changes gradually
over the region of liquid penetration (MRL) such that FeO content
increases with the distance from the interface (see Fig. 1b). This means
that the chemical equilibrium is established only near the interface,
and the bulk of the crystals is out of equilibrium.

The characteristic wavelength of the interface morphology mea-
sured along the interface is approximately 1-10 um (Fig. 2). The
least-squares fit with A=k,L™ (where /4 is the instability wave-
length, L is the thickness of the MRL and k,,, and m are constants)
gives m=0.5*02 for Fe-(Mgj4sFeqs5)O and 0.3 = 0.3 for Fe-
(Mgo.75Feg.25)O.

The thickness of the MRL increases with annealing time, whereas
their migration velocity decreases with time (Supplementary Infor-
mation). The least-squares fit with L=k,t" (where ¢ is duration of
experiments and k, and n are constants) gives n = 0.5 £ 0.2. Such a
relationship is consistent with a model of MRL growth (see below).
Consequently, we may define an effective diffusion coefficient corres-
ponding to the extent of melt migration. The effective diffusivity Dyg;.
was calculated using the equation Dy, = L*/t. Importantly, transcry-
stalline melt migration is a much more efficient mechanism of chemi-
cal transport than the conventional Fe-Mg interdiffusion'® under most
of the conditions investigated.

A morphological instability similar to the one observed in this study
has been documented in many systems where two materials sharing
one component (FeO in our case) are in contact but chemical equili-
brium is attained only near the interface'®. The concentration gradient
of the common component provides the driving force for this insta-
bility. The characteristic wavelength at which the instability grows

fastest is given by':
A=2m,/3I'C5,/G (1)

where I'=7€Q/RT is the capillarity length, ng is the equilibrium FeO
concentration in solid (Mg,Fe)O and G is the gradient of the FeO
concentration (wherey is the liquid-solid interfacial energy, €2 is liquid
molar volume and R is the gas constant). Also, the timescale on which
the instability grows is given by t~/*/4n>D, where D is the Fe-Mg
interdiffusion coefficient'.

The elongated fingers formed at the interface are eventually pinched
off (as a result of the surface tension) to produce isolated melt inclusions
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Figure 1 | Distribution of Mg and Fe in the annealed couples of molten Fe
and solid (Mg,Fe)O. a, Mapping of Mg concentration (left panels) and Fe
concentration (right panels) in molten Fe and solid (Mg 45Fe( 55)O annealed at
2,123 K for 60's (bottom panels, run number K1234), and in molten Fe and
solid (Mg 45Fep 55)O annealed at 2,123 K for 300 s (top panels, run number
K1237). In left panels, red corresponds to high Mg concentration and green
corresponds to low Mg concentration. In right panels, red corresponds to high
Fe concentration and blue corresponds to low Fe concentration. b, Typical iron
contents—FeO/(FeO + MgO) in molar ratios—in (Mg,Fe)O over the region of
transcrystalline migration of iron-rich liquid inclusions as a function of
distance from the melt and solid interface.

(blobs) in the (Mg,Fe)O matrix. The isolated blobs will consume FeO
from (Mg,Fe)O at the leading edge, while excess FeO will be precipitated
at the another edge. In this way, blobs migrate while they re-establish
the gradient of FeO that was initially defined by the degree of disequi-
librium and the diffusion coefficients of the relevant species. The ana-
lysis summarized in the Supplementary Information shows that the
gradient in FeO concentration is approximately given by:

dc_Ac C, —C
& L L
where Cis the concentration of FeO, x is the distance measured from the

interface, C3_ is the FeO concentration in (Mg,Fe)O far from the inter-
face, and Cesq is the FeO concentration in (Mg,Fe)O that will be in equi-

G=

librium with the molten iron. Consequently, the growth of the MRL
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Figure 2 | Instability wavelength A plotted against thickness of chemical
boundary layer L. Squares, Fe-(Mg 45Fe) 55)O in MgO capsule; diamonds, Fe-
(Mg 75Feq.25)O in MgO capsule; and circle, MoO,-(Mgy 75Feg 25)O in Pt/Mo
double capsule. Symbol colour indicates experimental temperature, for
example from 1,973 K (dark blue) to 2,473 K (red). Arrows pointing right
indicate that only the minimum values of the thickness of the chemical
boundary layer are constrained. The stability limit of the interface is given here
by A = L. In the unstable regime, the relation between instability wavelength
and the thickness of the chemical boundary layer was estimated using
J.=2m+/3LI [¢( = Ams), where Ay is the length of the Mullins-Sekerka
instability at temperature 2,273 K and pressure 12.5 GPa with the range of y/¢
values from 0.01 to 100. Error bars (both horizontal and vertical) indicate one
standard deviation.

follows dL/dt=AAC/L, where A is a constant that depends on the
mechanism of melt blob migration. Therefore the growth of the MRL is
described by:

L=+AACt=+/Dyrit (2)

where Dyr, (=AAC) is the effective diffusion coefficient.

Our experimental observations also show that Dypy; is strongly
dependent on temperature, and therefore we use the relation
Dyrr =AoAC exp (— E*/RT) to analyse the data (Fig. 3). We found
that the activation energy E* is significantly smaller than that for the
interdiffusion coefficient'>'”'* in (Mg,Fe)O, suggesting that processes
other than diffusion control the rate of liquid blob migration. One
possibility is control by dissolution-precipitation.

The outer core is predominantly composed of iron-rich molten
metal with minor amounts of light elements, including oxygen and
silicon'”. The inferred amount of minor light elements such as oxygen
in the outer core is significantly smaller than their solubility in the
outer core at the present-day CMB in equilibrium with the normal
mantle composition®. The degree of supersaturation for (Mg,Fe)O at
the base of the mantle is estimated to be ¢ = 10. Using a plausible value
(of the order of 1Jm™?) of the interfacial energy, the morphological
instability probably occurs at the CMB with a characteristic wave-
length of a few centimetres.

To apply our results to the CMB, we need to evaluate the influence
of temperature and pressure on the kinetics of MRL growth, because
our experiments were conducted at a pressure significantly lower than
the CMB pressure®' (around 135 GPa) and at lower temperatures than
the temperature at the CMB** (~3,000-4,000 K). We use homologous
temperature scaling: Dyrp(T,P) =Dyri(T/ Tin(P)), where Ty (P) is
the pressure-dependent melting temperature. For a reasonable value

cs, s,

Gy
ness of the MRL is about 50 km after a billion years, and 100 km after
4 billion years. We conclude that melt penetration by the morphological

of supersaturation, ¢ [ = = 10, we estimate that the thick-
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instability in (Mg,Fe)O is capable of transporting iron-rich core com-
ponents over tens of kilometres at the base of the lower mantle, affecting
the physical and chemical properties of this region.

The upward migration of iron-rich liquid has implications for seve-
ral aspects of core-mantle interactions. The penetration of iron-rich
blobs to tens of kilometres from the CMB can easily explain large
velocity reductions and the high electrical conductance of some re-
gions in the D'’ layer. However, the amplitude of velocity anomalies
(~2-3%) and the depth extent of the large low-velocity province'?
(~200-300km) may not be consistent with the iron penetration
model: the amplitude of velocity reduction is too small and the thick-
ness is too large. Iron penetration may affect physical properties in
more localized regions such as a thin layer at the bottom of the large
low-velocity province where the concentration of (Mg,Fe)O is large
and in small regions with unusually low velocities (see Fig. 4).

Finally, the liquid iron penetrating into the mantle may account for
the isotope signatures of the core materials observed in some of the
ocean islands. However, processes that could produce such a sig-
nature in volcanic rocks erupted at the surface are not well understood.
The average density of an iron-rich region is too large for large-scale
entrainment to occur by mantle convection®. Some small-scale pro-
cesses, such as flow-induced material segregation®, would be needed
to carry core-affected materials to the surface by a plume. Alterna-
tively, some of the heterogeneities in the D'’ region could be attributed
to the remnant of the magma ocean and the pile-up of subducted
materials”.

Some issues remain uncertain and hence require further study. First,
in this work we studied coupled iron-rich melt and (Mg,Fe)O. At
Earth’s CMB, not only (Mg,Fe)O but silicate perovskite or silicate
post-perovskite also occur. The penetration depth and the volume
fraction of metallic blobs in perovskite (and post-perovskite) will be
different in these minerals because of the difference in diffusion coef-
ficient of Fe and the properties that control the blob migration (that is,
dissolution—precipitation kinetics). Because iron diffusion in perovs-
kite is much slower than in (Mg,Fe)O (ref. 17), either the density of
blobs is lower or the MRL is thinner in perovskite than in (Mg,Fe)O.
Consequently, the extent to which iron enrichment occurs at the CMB
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Figure 3 | Effective diffusivity Dyg;, corresponding to the migration of
iron-rich liquid blobs compared with the Fe-Mg interdiffusion coefficient
in (Mg,Fe)O. Red squares, Fe-(Mgy 45Fe 55)O in MgO capsule; blue
diamonds, Fe—(Mgj 75Feg 25)O in MgO capsule; and green circle, MoO,-
(Mgo.75Fep25)O in Pt/Mo double capsule. Solid lines indicate the Arrhenius
equation Dyry, = (CS, — Cesq)Ao exp|— (EmgXmg + EreXre) /RT] where E is
activation energy, and X is the mole fraction, fitted to the data (colours as for
data points). Dashed black lines indicate the Fe-Mg interdiffusion coefficients'®
for (Mg 45Feq 55)O (top line) and (Mg 75Fe;25)O (bottom line). Vertical error
bars indicate one standard deviation. Horizontal error bars indicate the
uncertainties in temperature caused by the temperature gradient or by the
thermocouple failure (in the latter case, temperature was estimated using the
power—temperature calibration).
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is probably controlled by the volume fraction of (Mg,Fe)O. When the
volume fraction of (Mg,Fe)O exceeds the percolation threshold (about
20%)*°, then substantial penetration of molten iron will occur.
Consequently, regional variation in the volume fraction of (Mg,Fe)O
will control the extent to which iron enrichment occurs at the CMB.

Further studies are needed to investigate the kinetics of metallic
liquid penetration in perovskite (and post-perovskite). The CMB in
other planets, such as Mercury, is made of olivine and other low-
pressure minerals. A dense layer is inferred to exist in the deep mantle
of Mercury® that might be caused by the penetration of iron-rich
materials into the mantle. Similar studies of olivine and other low-
pressure minerals are also important.

Second, the influence of grain boundaries on liquid blob penetration
is unknown. Although iron-rich melt does not completely wet the grain
boundaries of silicate minerals in most cases™, complete wetting may
occur in (Mg,Fe)O. Gravity will affect the nature of metal penetration if
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Figure 4 | Influence of liquid iron blobs on geophysically observable
properties. a, Estimated shear-wave velocity of the silicate/oxide mantle
containing the liquid iron. The solid lines are calculated using the oblate
spheroid model with aspect ratio o.. The shaded region is the range of observed
velocities in unusually low-velocity zones. The plausible volume fraction of
molten iron is ~0.2-0.3 (see Fig. 1a), and with these values, a reduction of
seismic wave velocity of ~10-20% is easily explained with an aspect ratio of
0.2-0.5 (see Fig. 1a). b, Electrical conductivity of the silicate/oxide mantle
containing the liquid iron. ¢ is the volume fraction of iron-rich melt
corresponding to the percolation threshold (representative value is about 0.2).
O min a0d Oax are the minimum and maximum conductivities corresponding
to an assumed layer thickness L that explain the geophysical observations.
Inferred ranges of electrical conductivity of a conductive layer at the base of the
mantle depend on the thickness of the metal-rich layer, L. The light- and dark-
shaded regions represent conductive layers of thickness 25 km and 2.5 km
thick, respectively. Again, geophysically inferred conductivity can be explained
by the presence of molten iron with a volume fraction of 0.2-0.3.
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the iron-rich melt completely wets the grain boundaries. Further stud-
ies of the penetration of metallic liquid blobs into polycrystalline and
multi-phase materials will help us to understand core-mantle chemical
interactions. Finally, the degree of chemical disequilibrium at the CMB
probably reflects the chemical history of the CMB and could be he-
terogeneous, which would cause the observed lateral heterogeneity in
the penetration of molten iron into the mantle.

METHODS SUMMARY

All experiments were performed using the Kawai-type multi-anvil press. The
(Mg,Fe)O single crystals with a range of FeO content were synthesized at 1,873 K
for around 300 h at 0.1 MPa using a high-temperature controlled-oxygen-fugacity
furnace. Single crystals of (Mg,Fe)O were annealed together with molten iron at
high pressures and temperatures for a range of time (2 to 3,600s). After each
experiment, the sample was quenched by shutting off the furnace at a given pressure
and the distribution of elements (Fe and Mg) in recovered samples was determined
using a field-emission-gun electron probe microanalyser (JXA-8530F).

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Starting materials consisted of single crystals of (Mg,Fe)O and reagent-grade Fe
metal or MoO, powder. (Mg,Fe)O crystals were synthesized by annealing MgO
crystals embedded in the mixtures of MgO and Fe,O; haematite powder in a gas-
mixing furnace at temperature of 1,873 K and at an oxygen fugacity of 1Pa for
approximately 300 h as described in ref. 31. The chemical analysis of two sets of
recovered samples by a field-emission-gun electron probe micro-analyser (JXA-
8530F) showed that the molar Mg/(Mg + Fe) ratio ranged between 0.45 and 0.50
and between 0.75 and 0.80 for each crystal and varied less than 1% over the sample
size used for high-pressure, high-temperature experiments. We refer to those
compositions as (Mg 45Fe 55)O and (Mg ;5Feq 25)O, respectively. Those crystals
were drilled into cylindrical shapes with thicknesses from 0.5 to 0.8 mm and
diameters of 1.1 mm with the cylindrical axis oriented close to the [100] crystal-
lographic direction.

High-pressure and high-temperature experiments were performed using a
1,000-ton Kawai-type multi-anvil apparatus. Tungsten carbide cubes with the
truncation edge length of 8 mm or 11 mm were used as second-stage anvils. The
octahedral edge-length of the Cr,0;-doped MgO pressure medium was either
14 mm or 18 mm for the 14/8 and 18/11 assemblies, respectively. The pressure-
load relationship for these cell assemblies were calibrated as described in ref. 32.
The cross-section of the cell assembly is shown in Supplementary Fig. 1. For the
14/8 assembly, one single crystal of synthetic ferropericlase was packed with Fe
powder in a sample capsule made of single crystals of MgO with inner diameter
1.7 mm and outer diameter 2.6 mm. The sample capsule was directly inserted to a
stepped LaCrOs furnace. For an 18/11 assembly, one (Mg,Fe)O crystal was packed
with MoO, powder in an outer Pt and inner Mo double capsule with inner
diameter 1.6 mm and outer diameter 2.0 mm. The double capsule was insulated
from a stepped graphite furnace by a MgO cylinder. For both assemblies, the
cylindrical axis of the sample capsule was vertically aligned with gravity to avoid
gravitational rearrangement during annealing. Temperature was monitored with a
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WosRes-W4Reys thermocouple with a thermocouple junction placed in contact
with one end of the sample capsule without correcting for the effect of pressure on
electromotive force. The ceramic parts of the cell assemblies were fired at approxi-
mately 1,000 K overnight before assemblage and kept in a vacuum oven at approxi-
mately 400 K.

In each experiment, the starting material was brought up to pressure by raising
the load at room temperature. Subsequently, temperature was raised by applying
currentacross the furnace at two different heating rates: first at a rate of 50 K min ™"
up to 1,873 K, close to the eutectic temperature in the Fe-FeO system®***, and later
at a much higher rate, usually 100-200 Kmin ™" (or even higher), up to the target
temperature to minimize possible chemical reactions between (Mg,Fe)O and
metallic iron during heating. For a 14/8 cell assembly, the resistance of the
LaCrO; furnace occasionally dropped during heating at around 1,823-1,873K
owing to the leakage of molten Fe from the MgO capsule, which caused very rapid
temperature ramp-up at rates of 400-1,000 Kmin~ ' in the voltage-controlled
heating system. Experimental durations were typically of the order of seconds to
hours depending on the speed of melt migration. The samples were then quenched
isobarically by shutting off the heating power and subsequently decompressed at
room temperature. Experimental conditions are typically pressure 12.5 GPa and
temperature 1,973-2,373 K.

31. Otsuka, K, McCammon, C. & Karato, S. Tetrahedral occupancy of ferric iron in
(Mg,Fe)O: implications for point defects in the Earth’s lower mantle. Phys. Earth
Planet. Inter. 180, 179-188 (2010).
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Supplementary Information

S1. Experimental methods and observations

High-pressure annealing experiments were conducted using the Kawai-type multi-
anvil apparatus. The cell assembly is shown in Fig. S1. The details of experimental
procedure are given in Methods. All the data are summarized in Table S1. After the
experiments, the retrieved samples were mounted in epoxy resin and polished for textural
analysis using a scanning electron microscope (XL30 ESEM-FEG). Typical back-
scattered electron images of run products are shown in Fig. S2. Quenched iron-rich
metal surrounding the (Mg,Fe)O crystal consists of aggregates of small oxide-rich blobs
and dendrites (e.g., 1-10 um in diameter) in the iron-rich matrix. Those blobs and
dendrites were interpreted to have exsolved during the temperature quench from the Fe-
rich metallic liquid dissolving oxygen homogeneously. Similar phenomenon was noted in
the previous work and the constituents of blobs and matrix were identified as wiistite and
a-iron’. There is a nearly blob-free zone, approximately 30-100 pm wide, adjacent to the
liquid/solid interface where exolved oxide precipitated at the interface. The bulk
compositions of iron-oxide liquid were estimated by integrating the compositions of the
metal matrix and the oxide blobs based on their volume fractions. The estimated oxygen
concentration ranges from 0.8 to 1.6 wt% (Table S1).

The instability wavelength (average distance of instability fingers) was measured
by counting the number of instability fingers along a line approximately 10 um away
from the liquid/solid interface in order to avoid the influence of oxide exsolution during

the quench. The volume fraction of iron-rich liquid inclusions in the (Mg,Fe)O matrix



was determined by analyzing the back-scattered electron images using Photoshop™. The
average values of wave-length of instability and liquid fraction are reported in Table S1.

The penetration depth of blobs increases with the annealing time while their migration

velocity decreases with time (Fig. S3). The least squares fit with L =kt" [where ¢ is
duration of experiments and k and n are constants] gives n ranging from 0.6+0.2 for Fe-
(Mgo.asFeoss)O at 2123 K and 0.4 for Fe-(Mgp.75sFep25)O at 2073 K.

The composition of each run product was analyzed by an electron probe micro-
analyzer (JXA-8530F). The following elements were analyzed by WDS (wave-length
dispersive spectroscopy) with the standards in the brackets: Fe (Fe,O; for oxide and Fe
metal for metal), Mg (MgO), Mo (Mo metal). The analytical condition was typically an
acceleration voltage of 15 kV and a beam current of 15 nA with a focused electron beam
with the measurement time of 20 seconds at the peak wavelength and 10 s at the both
sides of the background. Chemical compositions of matrix (Mg,Fe)O over the region of
melt migration were measured along the lines perpendicular to the liquid/solid interface
in steps of about 1-2 um. Note that the iron-rich liquid inclusions have exsolution rim
enriched in iron oxide. Measurements were avoided near iron-rich liquid inclusions
(approximately ~2 pm away from inclusions). Measurements that are obviously
influenced by oxide exsolution were discarded. Observed profiles were shown in Fig. le.
Typically the composition of (Mg,Fe)O changes monotonously over the region
containing liquid inclusions. The slope of concentration gradient apparently increases
gradually with the distance from the melt/solid interface increases. Time-studies show
that the concentration gradient decreases with annealing time over the region of trans-

crystalline migration of liquid inclusions. The degree of super-saturation € was estimated



C.-Cp, 5 .
——— where Cg, is F €O concentration of (Mg,Fe)O at the

using the equation €= C
Eq

interface with Fe-rich liquid and C3 is the FeO concentration in (Mg,Fe)O far away from
the liquid interface (initial FeO concentration). ng and C> are listed in Table S1.

Estimated ¢ was found to be almost independent of experimental conditions, giving the

average value of 0.6+0.2.

S2. A model of penetration of liquid metal blobs into the oxide

Consider a pair of material that has a common component (solute atoms
(molecules)). At the interface, the concentration of the common component must be at
the equilibrium value. However, if the time-scale of a phenomenon we consider is shorter
than the diffusion time-scale corresponding to the size of the system, the concentration of
the common component away from the interface is out of equilibrium. Consequently, the
diffusional flow of solute atoms occurs from one side to another, and the interface

migrates with a velocity, V, given by®

V=—rLl G =<L—(% S1
cs,~ck ¢ ci-ck, ( dx ) (S1)
where D is the diffusion coefficient of the solute, Cf;;]L is the concentration of the solute

(in the solid and liquid respectively), FeO, in (Mg,Fe)O (molten iron) at the interface,

and G.(= (%—S)) is the concentration gradient of the solute (FeO) that will be calculated



based on the mass conservation consideration when a metal-rich layer (MRL) grows (see
the later part of this section).

Mullins and Sekerka’® showed that, in such a case, the morphological instability
will occur on the moving interface for the perturbation with the larger than a critical

value viz.,
A>A =27 \7L2 (S2)

where A, is the critical wavelength above which the instability occurs, K is the partition

L

. C .
coefficient of the solute between the two phases (K = C—?" ). We consider a case where the
Eq

liquid phase migrates into the solid phase, and I'" is the capillary length determined by
Yy Q

the interfacial energy as I'=“%= (¥ : the interfacial energy between the solid and the

liquid). The wavelength of the fastest growing perturbation is given by A, = \/glc and

therefore the characteristic time for the growth of instability is given by

2 S
T, =l o 3 r_ EL (S3)
MS 4712D -KV DG,

Note that the wavelength of instability can also be written in terms of degree of super-

saturation as

)‘MS =2r % = 277"\/ 3;]3’/TQ (S4)



Ci-Cg : . I .
where we define € = oS 2 as a measure of super-saturation (disequilibrium). Equation

Eq

(S4) is used in Fig. 2 where we compare the experimental observations of the length scale
of instability with the Mullins-Sekerka theory.

The application of the Mullins-Sekerka theory to our case has a minor detail. In
our case, we consider the interaction of liquid iron with (Mg,Fe)O, oxygen being the
common component. Also, the oxygen content in the liquid phase (molten iron) is smaller
than the equilibrium oxygen content corresponding to the bulk oxygen content of
(Mg,Fe)O. Therefore, oxygen diffuses into the molten iron. However, because of the
charge neutrality requirement, the diffusion of oxygen must be accompanied with the
diffusion of cation. Because Mg solubility is very low in the molten iron, iron ion will be
dissolved into iron together with oxygen. Consequently, due to the bulk disequilibrium
near the boundary, FeO is removed from (Mg,Fe)O to molten iron, leaving FeO depleted
regions in (Mg,Fe)O near the interface. Therefore we can consider FeO rather than
oxygen as a “solute” in our formulation, and the diffusion coefficient that appears in the
above equations should be interpreted as the chemical diffusion coefficient of FeO in
(Mg,Fe)O.

When the perturbation grows, then the surface tension will pinch off and an
isolated blob will be formed. The formation of the Mullins-Sekerka instability is caused
by the gradient of composition of the solute, FeO. As far as the gradient in the
concentration of FeO is present, the blobs will migrate due to the dissolution at the front
and precipitation at the back. The concentration of FeO is, however, modified by the

penetration of iron-rich blobs. The amount of FeO exchange depends also on the volume



fraction of the blobs. Therefore, we need to consider the processes by which the volume
fraction of the blobs is controlled and the processes by which FeO exchange occurs at the
leading edge of the MRL.

Now we should also consider the FeO exchange at the leading edge of the blob-
rich region. The MRL moves into the (Mg,Fe)O by which both iron-rich blobs and
(Mg,Fe)O matrix will move into (Mg,Fe)O with different concentration gradient of FeO.
During its motion, the concentration of FeO in (Mg,Fe)O next to iron-rich blobs is in
chemical equilibrium with iron-rich blobs because the mean distance of iron-rich blobs (a
few um) is, in most cases, smaller than the characteristic length of diffusion.

Consequently, the front of the MRL moves with a velocity of the migration of iron-rich

blobs, v (: AGC), and the concentration profile of FeO in front of the moving MRL is

given by

¥ =C5(0)+ B[ 1-exp(-5x) | (S5)

where the origin of x is at the front of the MRL, and B :Ci—ng—LGc

(C*(0)=Cp, +LG,). This gives

(3) =(cs-ci,-16,)

P (S6)

L
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Because this slope is in general different from G., there is mass exchange at this

front (Fig. S4). We may analyze the mass exchange at this front in two steps. Let us first



consider a process where iron-rich blobs migrate into the metal-free (Mg,Fe)O region by
Ax , where blobs replace (Mg,Fe)O without the exchange of FeO. Then we consider the
exchange of FeO between iron blobs and nearby (Mg,Fe)O to assure chemical
equilbrium. Between these processes, the amount of FeO in the system should be

unchanged. This leads to

S_S
_ Ca=Cry _

D
GC L AL

aE (S7)

This relation means that the driving force is small as the volume fraction of the blobs is

large. And at a certain volume fraction it will vanish, G. =0, and the melt penetration

will stop. This condition is met when the liquid fraction satisfies

A‘(C‘ifcli"q)_
— D
¢c - A'(Cosongq) . (88)
K+ Fa) -1
' ) A-(cﬁ,—cg )
Our experimental observations show —2 —10-100 and for K~0.1 (these values are

similar under more realistic CMB conditions), we obtain ¢.~1. For all our experiments

. : S—c} _
(as well as in real Earth as we discuss later), ¢ <¢, and T 2 >>%1 ?jf 0

Consequently,

S_S
< C=Cly

G. 7

(S9)



The above analysis shows that the gradient in chemical composition in the MRL
is roughly controlled by the degree of super-saturation (dis-equilibrium). Therefore, the

growth kinetics of the MRL follows

S S
C5-C3,

p=dl~ A (S10)

and

L:JA(Ci—Cf;q)t. (S11)

Now let us consider how the volume fraction of iron-rich bobs is determined.

From the geometry shown in Fig. S4, we have
2
0=(2)' 4= 12

where a, b, ¢, d are defined in Fig. S4, and b=aa, c=fa and d=Eb. The parameter
B is controlled by the kinetics of Mullins-Sekerka instability and for simplicity we
assume B =1land =1, leadingto p~¢=14.

The mean distance between two adjacent blobs, d, is controlled by the ratio of
time scales of nucleation of instability and the time scale of blob migration. Namely,

during the time interval when a blob migrates a distance d, a new blob must be formed at

the interface. This leads to the following relation,



zTMS:ﬁ% (813)

where 7, is the characteristic time for the Mullins-Sekerka instability and v is the

migration velocity of a blob (equation (S10)). From equation (S13), we have

cr AC§,
§=4=4 % =55 |T  and hence

T

o=\ . (S14)

This result suggests that the volume fraction of liquid-filled blobs increases with
the thickness of the MRL (because with the increase of the thickness, the driving force
for instability decreases and hence the blob size increases). Eventually, the volume

fraction reaches the percolation threshold (¢, = 0.2 %) at which the volume fraction will

no longer increase because Fe-rich melt will sink due to gravity. Consequently, even if
the volume fraction increases with the layer thickness (i.e., with time), the volume
fraction of the blobs will always remain just below the percolation threshold and is far
less than the critical volume fraction defined by equation (S8), and the relation (S9) will

also hold".

S3. Influence of gravity

"1t should be noted that the relation (S13) is derived under the simplifying assumptions
of B=1 and a =1 that may not be valid. Consequently, relation (S14) may not be valid

if these simplifying assumptions are not satisfied.



Influence of gravity on the Fe-rich melt penetration becomes important when the
characteristic length of iron-rich region (i.e., the blob size) becomes large. For instance,
the shape of a liquid blob in the gravitational field is controlled by the competition

between surface tension and gravity and blob is stable only below a critical size given

ble,ll

- [
R, =5k (S15)

where y is the interfacial energy, g is the acceleration due to gravity and Ap is the

density difference between the blob and the surrounding material. Inserting typical

values, one obtains R.= 1 cm. Because the typical blob size in the lab and in Earth is

less than or comparable to ~1 cm, the influence of gravity on the shape of a blob is
negligible.
Gravity may also contribute to the separation of a blob from the matrix. Using the

ga’Ap
n

Stokes formula for the sinking velocity, vg :% , where a is the blob size, Ap is the

density difference between a sinking blob and the matrix, and 7 is the viscosity of the

matrix. In order for gravitational separation be efficient, the size of blobs need to be

larger than

L
Ap~g~zg (S16)

Q
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where 7, is the geological timescale (~10'° s). For a range of viscosity of the mantle

materials (1= 10'%-10% Pas'*") and L=10 km, the size of the blob needs to be larger

than 10-1000 m for efficient gravitational separation. The initial blob size controlled by
the Mullins-Sekerka instability will be ~1 cm for the geological timescale. Possible
subsequent growth caused by grain-growth is also limited to ~1 cm according to the
experimental and theoretical studies of grain-growth'*">. Therefore we consider that the
influence of gravity is negligible.

Gravity may also affect the characteristic length of the Mullins-Sekerka instability
(i.e., the size of iron-rich blobs). In the Mullins-Sekerka theory, the size of a blob is
controlled by the competition between bulk free energy change (caused by the super-
saturation with the impurity, FeO in our case) and the change in the free energy due to
surface tension (see equation (S4)). Gravity will provide contribution to reduce the
tendency for instability in addition to surface tension. An order of magnitude estimate of
these two effects shows that these two effects will be comparable if the blob size is ~ 1
cm. The blob size estimated without the influence of gravity is ~ 1 cm under the deep
mantle conditions. Consequently, the influence of gravity is to increase the blob size
somewhat but not much, and therefore the gravity would not substantially modify the
major conclusions of our work. However, we note that the energy change due to surface
tension and gravity has different dependence on the size of a perturbation, and therefore
the influence of gravity may modify the details of the nature of the Mullins-Sekerka

instability. This topic will be analyzed in the forthcoming paper.



S4. Influence of molten iron-rich blobs on seismic wave velocities and electrical
conductivity

Seismic wave velocities of the solid and liquid mixtures strongly depend on the
structural factors including liquid volume fraction and the geometry of liquid containing
space'®!”. In our experiments, liquid blobs show nearly ellipsoidal shape, but in a more
realistic case, liquid layer along grain-boundaries must also be included. Because the
relative contributions from these different liquid-containing regions is unknown, we show
the influence of metallic liquids on seismic wave velocities corresponding to various melt
morphologies (aspect ratios) using the theory by O’Connell and Budianski'®. Fig. 4a in
the text shows the results. We employed the values of preliminary reference Earth model
(PREM") as our end-member (liquid-free) velocities. It is seen that if more than 10% of
liquid iron is present, as seen in our experiments, then the reduction of shear wave
velocity by ~10-20 % can be easily attributed to the presence of iron-rich liquid.
However, the exact amount of velocity reduction due to the molten iron-rich blobs
depends strongly on the geometry of liquid iron.

Similarly, electrical conductivity of the composite strongly depends on
connectivity of the conducting phase. As an illustration of the effect of liquid iron
fraction and its geometry on electrical conductivity, we estimated the electrical
conductivity of mixtures of the silicate/oxide mantle and the liquid iron using the general
effective media model". In this model, a parameter called the critical volume fraction
determines the percolation threshold. The critical volume fraction of composites is
approximately 0.16 when conducting hard spheres are placed at random on a regular

lattice or when they are randomly packed with nearly equal sized insulating spheres. In



general, the critical volume fraction varies between 0.01 and 0.6 in various composite
media'’. We employed the values of electrical conductivity of ambient silicate/oxide and
liquid iron as 10° S/m based on the experimental data by Xu et al.*’ (we consider the
influence of high temperature at the D” layer) and 10° S/m?', respectively. Two
observational constrains were given for the electrical conductivities of a conducting layer
in the lower mantle. First, core-mantle magnetic coupling inferred from the Earth’s

nutation constrains the minimum conductance of 10° §?*%

. Second, the magnetic
diffusion time should not be less than one year in order not to screen time variations in
the magnetic field (Buffet, personal communication, 2012). Those two constrains give the
lower and upper bound of as 10* S/m (10°> S/m) and 3x10° S/m (3x10” S/m), respectively,
for a 10 km (1 km) thick conductive layer. The results of calculations are shown in Fig.
4b. Again with a plausible volume fraction of metallic blobs (close to the percolation

threshold, ~0.2), it is possible to explain such high conductivity. However, the magnitude

of increase in conductivity depends strongly on the geometry of the iron-rich materials.



Figure S1. Cross-section of a multi-anvil cell assembly
The pressure medium consists of Cr-doped MgO, LaCrOs heater, ZrO, insulating sleeve
and WysRes-W74Reys  thermocouple. The cylindrical axis of the sample capsule was

vertically aligned with gravity.

Figure S2. Back-scattered electron images of run products

(a) Fe-(Mgop.sFeos5)O at 2123 K for 60 seconds (K1234), (b) Fe-(Mgg4sFeos5)O at 2123
K for 3600 seconds (K1230), (c) is the expansion of the rectangular area in (b), (d) Fe-
(Mgo.asFeoss)O at 2373 K for 2 seconds (K1232), (e) Fe-(Mgo7sFeo25)O at 2073 K for
1200 seconds (K1249), (f) Fe-(Mgo75Feo25)O at 2373 K for 90 seconds (K1248). The

rectangular area of (a) indicates the area of elemental mapping shown in Fig. 1.

Figure S3. Time series of penetration depth of melt inclusions
(a) Fe-(Mgo4sFes5)O at 2123 K for 30 seconds (K1256), 60 seconds (K1234) and 300

seconds (K1237) and (b) Fe-(Mgg.75Feo25)O at 2073 K for 300 seconds (K1243) and 1200

seconds (K1249). The least squares fit with L = kt" [where 7 is duration of experiments

and k and n are constants] gives n ranging from 0.6+0.2 for (a) and 0.4 for (b).

Figure S4. A schematic of the structure of melt-rich layer

The iron-rich melt penetrates into the oxide ((Mg,Fe)O) at the interface (the core-mantle
boundary) due to the morphological instability caused by the bulk dis-equilibrium
between iron-rich melt and oxide (mantle). When instability grows to some extent,

surface tension pinches off the liquid region to form isolated blobs. These blobs migrate



through the oxide or silicate ((Mg,Fe)O in this case) because of the presence of the
gradient in FeO concentration caused by the bulk dis-equilibrium. At the front of moving
metal-rich layer (MRL), exchange of FeO occurs. The gradient in FeO concentration, the
driving force for metallic liquid blob migration is determined by the mass balance at this
front. An inset shows a schematic diagram from which the volume fraction of liquid

blobs can be calculated.



Table S1: Experimental conditions and results

Run Cell P T dK/dt t L A F
[GPa] (K] [K/min] [s] [um] [um] [%]
(Mg,sFe5)O-Fe in MgO capsule
K1239 14/8 12.5 1973+50 100 480 197488  4.5+0.6 31=+1
K1256 14/8 12.5 2123450 125 30 81+37 3.8+0.5 2942
K1234 14/8 12.5 2123450 125 60 69426 2.2+0.3 33+3
K1237 14/8 12.5 2123450 250 300 268+100  3.6+0.5 3246
K1230 14/8 12.5 2123450 250 3600 >500 10.4+1.0 3543
K1257 14/8 12.5 2223450  >400 68 168+65  4.2+0.6 2543
K1254 14/8 12.5 2223+£50  >1000 3 120+47  3.8+0.5 2943
K1232 14/8 12.5 23734200  >400 2 45+8 1.2+0.1 50+3

gMgﬁFeﬁ)O—Fe in MgO capsule

K1243 14/8 12.5 2073450 80 300 7+1 n.d. 23+3
K1249 14/8 12.5 2073+50 >400 1200 1245 3.2+0.4 29+6
K1260 14/8 12.5 2223450 500 600 34+£15 3.7+0.5 29+1
K1247 14/8 12.5 2273£200  >400 2 14+£3 1.5+£0.2 25+5
K1248 14/8 12.5 2373450 1200 90 S1«£11 3.2+0.4 2242
K1244 14/8 12.5 2473200  >400 2 3446 3+0.3 3142

(Mg;sFe)5)0-MoQ, in PMo double capsule

K1108 18/11 5 2073450 50 1200 301+£58 23+4 212
K1107 18/11 5 2073+£50 50 3600 >500 32+8 201
K998 14/8 15 2073+50 50 7200 >500 22+4 18+1

Note: dK/dt: temperature ramp-up rate from 1600 °C to a target temperature; L : penetration depth of liquid
instability spacing; F: volume fraction of liquid inclusions in ferropericlase matrix;C,: oxygen concentrati

surruinding ferropericlase; C[qi, reo : FeO contents [FeO/(MgO=FeO)] in ferropericlase at the liquid/solid in
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