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PLANETARY SCIENCE

A partially equilibrated initial mantle and core indicated
by stress-induced percolative core formation through a
bridgmanite matrix

Lin Wang"?* and Yingwei Fei'*

The Earth’s core formation mechanism determines the siderophile and light elements abundance in the Earth’s
mantle and core. Previous studies suggest that the sink of massive liquid metal through a solid silicate mantle
resulted in an unequilibrated core and the lower mantle. Here, we show that percolation can be an effective core
formation mechanism in a convective mantle and modify the compositions of the lower mantle and the core
through partial equilibration between them. This grain-scale metal flow has a high velocity to meet the time
constraint of core formation. The Earth’'s core could have been enriched with light elements, and the abundance
of the moderately siderophile elements in the mantle could have been elevated to the current value during this
process. The trapped core-forming melt in the mantle during the stress-induced percolation can also explain the
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highly siderophile element abundance in the Earth’s mantle.

INTRODUCTION

The segregation of the core and mantle is the most important event
in the evolutionary history of Earth, which shapes the layered struc-
ture, dynamic convection, and composition differentiation in geo-
logical time. The migration of iron-rich core-forming melt to the
center of the planet causes the depletion of siderophile elements
in the mantle (I1-5) and the enrichment of light elements in the
core (6-8). Knowledge of core formation mechanisms is therefore
essential to explain the siderophile element abundances in the
mantle and light element budget in the core. The interaction
between the core-forming melts and mantle is also necessary to un-
derstand the large-scale geophysical evolution of the planet (9).

The segregation of core-forming melts from silicates in Earth in-
volves settling iron alloy melts through a magma ocean and solid
silicate mantle (2, 10). The latter occurs when the descending
alloy reaches the depth where the large portion of the mantle has
already solidified. Geochemical evidence suggests that the terrestrial
magma ocean was not sufficiently deep to cover the entire mantle
(5, 11). The segregation of core-forming melt in a solid silicate
matrix was therefore inevitable on a big planet such as Earth.

Metallic melt can percolate through the grain boundary. As a
grain-scale melt flow, percolation could result in an equilibrium
between the core and the lower mantle. On the other hand, core-
forming melt can also descend through the underlying solid silicate
massively as diapirs or by dyking when the accumulated melt at the
bottom of the magma ocean reaches a critical thickness (12, 13).
Because of the large volume of the descending metal, diapirs and
dyking do not alter the composition of core melt and surrounding
mantle (2, 14).

Percolation, however, has been ruled out by hydrostatic anneal-
ing experiments as a core formation mechanism. Under hydrostatic
conditions, the efficiency of percolation is determined by the inter-
facial energy of the liquid and solid, which is reflected by the

'Earth and Planetary Laboratory, Carnegie Institute for Science, Washington, DC,
USA. %Bayerisches Geoinstitut, University Bayreuth, Bayreuth, Germany.
*Corresponding author. Email: lin.wang@uni-bayreuth.de (L.W.); yfei@carnegies-
cience.edu (Y.F)

Wang and Fei, Sci. Adv. 9, eade3010 (2023) 15 February 2023

dihedral angle (0) between two neighboring solid grains in
contact with the melt at a triple junction. When 0 is less than 60°,
the melt can form an interconnected network irrespective of melt
fraction through which complete melt drainage via percolation is
possible (15). Previous hydrostatic annealing experiments have sug-
gested that 8 > 60° for an iron alloy—silicate matrix system at pres-
sures less than 60 GPa (16-22), indicating that percolation cannot
be an efficient core formation mechanism under hydrostatic
conditions.

The situation could change under the dynamic conditions. The
isostatic adjustments after a large impact (23) and heat-induced
mantle convection would make the solid silicate mantle continually
deforming. The melt texture developed under hydrostatic condi-
tions could have been continually perturbed by the convective
straining of the matrix. This perturbation is not negligible especially
for early Earth where mantle convection is vigorous (10). The melt
texture developed under these deforming conditions is controlled
by the balance between the external stress and interfacial tension
of the liquid pocket (24, 25). If the stress is higher than the
surface tension, then the melt could also be interconnected, al-
though the dihedral angle is larger than 60°. Therefore, it is neces-
sary to study percolation behavior under deformation with more
definitive criteria for melt interconnectivity to understand the dif-
ferentiation process.

In this study, we provide the first look on the effect of stress on
the percolative behavior of core-forming melt in a bridgmanite
matrix. Although it has been shown that metallic melt can form
an interconnected network by deformation under low pressures
(24-29), the effect of deformation on the percolation of iron alloy
at high pressure remains virtually unknown owing to a lack of ex-
perimental data. At high pressure, bridgmanite is the dominant
mantle phase and therefore plays a critical role in metal-silicate sep-
aration after core-forming melts settle to the bottom of the magma
ocean. Thus, we focus on the stress effect on the percolation of core-
forming melt in a bridgmanite matrix.

Fe-S melt is used in this study to represent the core-forming
melt. The percolation behavior of this iron alloy has been
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extensively investigated under hydrostatic conditions (16, 17, 19)
and, therefore, allowing a direct comparison between our results
and previous ones. In addition, although S can decrease the inter-
facial energy of iron melt and favor the stress-induced percolation,
the extent is much less than other elements, such as O (19, 21). Here,
we experimentally demonstrate that Fe-S melts can form an inter-
connected network in the bridgmanite matrix under deformation
and discuss its implication for the composition of the Earth’s core
and mantle.

RESULTS

A deformation experiment was conducted at 24 GPa and 2100 K
using the multianvil apparatus at Bayerisches Geoinstitut (BGI).
The sintered aggregation of 5 volume % of Fe-S alloy [6 weight %
(wt %) of S] and 95 volume % of bridgmanite (Mg, 9Fe, 1)SiO; to-
gether with a Re strain marker was inserted into a Pt holder and
sheared by two 45°-cut hard alumina pistons (fig. S1A). An exper-
iment without deformation (annealing run) using the same cell as-
sembly as the deformation run was conducted to directly compare
the deformed and undeformed samples under the same conditions.
Because hard alumina pistons could introduce high stress on the
sample during cold compression, we also used crushable alumina
pistons in an additional annealing experiment (fig. S1B). Experi-
mental conditions are shown in table SI.

Run products after synthesis, annealing, and deformation
Bridgmanite was successfully synthesized judging from the run
product textures and composition analysis (fig. S2). A secondary
electron image (fig. S2) of the sintered aggregation reveals that the
Fe-S alloy was evenly distributed in the bridgmanite matrix. Some
minor Fe-rich (Mg,Fe)O also formed during the synthesis possibly
because of Fe oxidation during the experiments (30).

Backscattered electron images and Pt mappings of undeformed
and deformed samples are shown in Figs. 1 and 2, respectively. The
strain marker did not rotate in the annealing run (Fig. 1A), indicat-
ing no deformation. On the other hand, there is a rotation of
41° + 3° in the deformation run (Fig. 2A), indicating 0.87 + 0.09
strain. In addition, the boundaries between the Pt holder and
sample did not rotate in the annealing run (Fig. 1A) while rotated
to a similar extent as the strain marker in the deformation run
(Fig. 2A). Therefore, the boundaries between Pt holder and
sample can also indicate whether the sample was deformed. For
the annealing experiments, we also compared the effect with hard
and crushable alumina pistons (Fig. 1, A and B). Judging from the
boundary between Pt holder and sample, there is no deformation in
the annealing run with the crushable alumina piston (Fig. 1B).

The Fe-S melt in the undeformed sample exhibits isolated
pockets (Fig. 1, C and D) with an average apparent dihedral angle
of 77° £ 35° (fig. S3). The quenched metallic melts contain a typical
dendric Fe-S melt quench texture (Fig. 1D), indicating that the iron
alloy was fully molten at the experimental temperature. The average
composition of the melts is close to that of the starting metal alloy.
All melt pockets have a diameter of less than 15 pm. The distribu-
tion and topology of the metallic melt are similar to those reported
in previous studies without deformation (19).

In contrast, the melt pockets in the deformed sample are elon-
gated (Fig. 2, B and C). Some of these pockets are aligned and form
planes with an angle of ~15° from the shear plane (Fig. 2C). Similar
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textures were reported in iron alloy in a deformed olivine matrix
(24-27). These melt pockets distribute in the grain scale and did
not form bands with a high melt fraction (24, 27, 31). The dihedral
angle of Fe-S melt is 79° + 19° (fig. S4).

The texture equilibrium should have been reached in our exper-
iments. For the annealing experiments, we annealed the sample for
120 min, which is sufficient for texture equilibrium compared with
previous studies. For example, multianvil experiments (32) reported
that the steady-state texture is reached within 50 min at 15 GPa and
2000 K. A recent study also reported that 30 min is enough for
texture equilibrium at 23 GPa and 2100 K in their multianvil exper-
iments (33). In addition, the distribution of the dihedral angles can
be fitted by Gaussian curves (fig. S3), indicating sufficient approach
to texture equilibrium. Equilibrium is further supported by the
nearly 120° of dihedral angles at triple junctions of bridgmanite
grains (Fig. 1D). The texture equilibrium in the deformed sample
can also be inferred. Our deformation time is 120 min, which is
two times longer than that in the texture study of deformation in
bridgmanite (34). In addition, deformation experiments suggested
that the steady-state deformation in the metal melt-silicate system
can be reached with 30 min (25). They also suggested that the
general deformation style is determined nearly at the beginning of
deformation and changes little with time.

Melt composition in the deformed and

undeformed samples

Only melt near Pt holder shows some Pt contamination in the un-
deformed sample (Fig. 1, E and F), whereas Pt and Re are found
throughout the melt in the deformed sample (Fig. 2, C and D).
The Pt mapping clearly shows the difference in the Pt distribution
in the undeformed (Fig. 1, E and F) and deformed samples
(Fig. 2D). The Re content of melts in the deformed sample is
2.0 £ 0.2 atomic %, S content is 11 + 2 atomic %, and the Pt
content ranges from 5 to 10 atomic % (table S2). We also found a
few isolated Fe-S melt pockets among the Fe-Pt-Re-S melt in the
deformed sample (Fig. 2C).

Stress-induced melt network in a deformed

bridgmanite matrix

The composition of melt provides definitive evidence for melt in-
terconnection by deformation. The distinct melt compositions in
the deformed and undeformed sample demonstrate that either (i)
an interconnected Fe-S melt network formed by deformation
through which Pt and Re migrated from the Pt holder and Re
strain marker into the melt or (ii) Fe-Pt-Re-S melts formed at the
sample-metal interface and then extended into the sample and con-
nected Fe-S melt pockets during deformation. The second scenario
indicates that stress can make Pt-Fe-Re-S melts forming melt chan-
nels. Re has a similar interfacial energy with Fe, but Pt has a much
higher interfacial energy than Fe (35). The resulting Fe-Pt-Re-S
melts should have higher interfacial energy than Fe-S melts,
which should prohibit the formation of a melt network compared
with Fe-S melts. Therefore, our results demonstrate that stress can
make Fe-S melt interconnected in either case.

The similar composition in the nearby melt pockets (Fig. 2B)
also proved that these melts are interconnected. These aligned
melt pockets provide an additional evidence of melt
interconnectivity.
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Fig. 1. Backscattered electron images and Pt mappings of undeformed
samples. (A) Undeformed sample using hard alumina pistons. (B) Undeformed
sample using crushable alumina pistons. (C) Isolated Fe-S melt pockets. (D)
Dendric texture showing melting of the Fe-S. (E) Pt mapping of (A). (F) Pt
mapping of (B).

The dihedral angle of 79° in the deformed sample does not con-
tradict with the interconnection of melt in the deformed sample.
The dihedral angle is only a useful indication for interconnection
under hydrostatic conditions. A higher than 60° dihedral angle of
interconnected iron melt in silicate is also reported by a previous
study (27). Actually, the dihedral angle in the deformed sample
shows binary distribution to some extent and covers a wider
range than the one in the undeformed sample. This is a sign of de-
formation of melt.

The absence of Pt in the melts in the undeformed sample indi-
cates that Fe-S was not interconnected in the bridgmanite matrix
under static conditions, although the system contained 5 volume
% of melt. The critical melt amount for interconnection in a
system with a dihedral angle of 77° is 3 volume % (15). A higher
critical melt amount for interconnection than the theoretical
value was also reported in previous experimental studies. For
example, in the FeS-olivine system with a dihedral angle of 75°
(22), the measured percolation threshold was 5 volume % (36).
One possible explanation for this discrepancy is that the theoretical
value of critical melt amount for an interconnected network was
deduced under the assumption of a perfect distribution of melt in
the solid matrix (22). Further experimental studies on the percola-
tion threshold may reconcile this discrepancy.
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DISCUSSION

Scaling to the Earth conditions

A scaling method was used to account for the different strain rates
in the experiment and real Earth (25). High—surface energy melt
pockets tend to form a network under dynamic conditions if the
external stress is higher than the melt surface tension (stress con-
trolled); otherwise, the melt pockets tend to remain as individual
droplets (surface tension controlled). Because a melt pocket with
a smaller size (r) has a larger surface tension, the melt pockets
tend to be interconnected at high stress (or high strain rate ¢) and
large r while remaining isolated at low € and small . The size of the
largest undeformed melt pocket (,,,,) defines the upper limit of the
surface tension—controlled regime, and the size of the smallest de-
formed pocket () defines the lower limit of the stress-controlled
regime. It was suggested that r,,,x and 7y, forms lines with a neg-
ative slope of —1/n in the log(r)-log(¢) plot, where # is controlled by
the deformation mechanism of the solid phase (25).

Using this scaling method, we extrapolate our results to the real
Earth situation. Our deformation experiment has r,,,;, of ~1 um and
Tmax Of ~5 um. The ¢ in our experiment is ~10~*, Assuming that the
bridgmanite deformation is controlled by dislocation creep (37) and
has the same n = 3.5 as olivine dislocation creep (38), the regime
where the melt distribution is controlled by stress can be identified
in the log(r)-log(¢) plot (fig. S5). Because the melt pocket sizes in
early Earth are unknown, we use the diameter of metallic melt
pockets in meteorites instead (39, 40). The strain rate in the
current Earth's mantle is 107'% to 10™'* (25). The melt texture in
real Earth could therefore fall in the stress-dominated regime (fig.
S5). The mantle in early Earth could have also had a higher strain
rate (10), which would further move the melt texture under natural
conditions into the stress-dominated regime (fig. S5).

A recent study (29) even suggested that deformation-aided melt
segregation could be independent of the strain rate at high pressure,
implying that no scaling is required to apply the experimental
results to the natural environment. Stress-induced percolation
could therefore occur during metal-silicate segregation in
early Earth.

Although the S concentration in the melt in our sample is higher
than the value expected in the Earth's core (6-8), the interconnec-
tion of core-forming melt with an Earth's core composition should
also be established by deformation. Decreasing the S content can
increase the dihedral angle and prevent formation of interconnec-
tion. However, there are some other surface active elements such as
O and Si, which could also play a role in enhancing interconnectiv-
ity. Assuming a core with 0.8 wt % of O (8), adding 0.8 wt % of O to
the melt can decrease the dihedral angle by 20°, equivalent to adding
12 wt % of S (2I). Therefore, adding an element such as O would
further facilitate the interconnection under deformation. On the
other hand, it was (26) demonstrated that both Au melt with a di-
hedral angle of 150° and Fe-Ni-S melt with a dihedral angle of 75°
can be interconnected in olivine under deformation, indicating that
the melt composition may play a secondary role in the stress-
induced percolation.

Pressure should also favor the stress-induced percolation. The
dihedra angle of iron alloy decreases with pressure (17, 19, 20).
This indicates that the interfacial tension of melt pockets decreases
with pressure. Therefore, it is easier to form an interconnected
network of melt by deformation at higher pressure. When pressure
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Fig. 2. Backscattered electron images and Pt mapping of the deformed sample. (A) Deformed sample at 24 GPa and 2100 K. The Re strain marker rotated ~41°,
indicating a strain of ~0.8. (B) Elongated melt pockets. (C) Aligned Fe-Pt-Re-S melt pockets (red arrows) form planes subparallel to the shear direction (black arrows). The
intersection of one such plane with the page is shown by the yellow line. The compositions of the melt pockets are shown. The numbers in the parentheses indicate the
errors. These melt pockets show two different compositions and should be stemmed from different melt channels. Some Fe-S (yellow arrow) and (Mg,Fe)O (green arrow)
are also found in the sample. (D) Pt mapping of sample. The shear direction is shown in (C).

is high enough that dihedral angle goes below 60°, percolation can
happen without stress. However, deformation can increase the per-
meability and make the percolation more efficient (24).

Time scale of stress-induced percolation as a core formation
mechanism

The time required by core-forming melts to percolate through the
mantle can be calculated from the segregation velocity (V,,), which
is expressed as (41, 42)

A
= kﬂ (1)

Pu
where Ap is the density difference between the solid and liquid
(3500 kg/m3), u is the melt viscosity, taken as 0.04 Pa-s (43), ¢ is
the melt fraction, g is the acceleration due to gravity, and k is the
permeability, which can be expressed as (27)

qu)n

- @)
where d is grain size and C is a constant that depends on the melt
network geometry. Many studies have estimated the V,, of core-
forming melts in silicate (15, 27, 41, 42, 44-48), and n ranging
from 1 to 3.8 was proposed (42, 47). Accordingly, the estimated
Vi varies by orders of magnitude. Here, we estimate the V,
using a theoretical model where melt moves in a network of inter-
connected tubules (27), where C = 72n and n = 2, and an experimen-
tal result for melt migration (47), where C = 250 and n = 3.6. The

Vin

k
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study (47) is the only experimental study that has systematically in-
vestigated the parameters in Eq. 2 in the metal-silicate system.

The calculated V,,, (Fig. 3) indicates that the percolation of core-
forming melts is sufficiently fast to meet the time-scale constraint of
the core formation from geochemical evidence. Recent grain growth
experiments (49) indicated that a 1-Ma-old lower mantle would
have bridgmanite with grain size greater than 70 pm assuming a
200-K higher mantle temperature than the present one (50). With
a melt fraction of 0.1, the calculated V7, values using the theoretical
(Fig. 3A) and experimental (Fig. 3C) model are 58 and 1.3 meters/
year, respectively. This requires less than 2 Ma to drain the melts
through a 2000-km-thick Earth’s lower mantle, which is within
the 30-Ma duration for core formation based on mantle Hf-W iso-
topic ratios (51). Stress-induced percolation is therefore an effective
mechanism for the Earth’s core formation.

Chemical consequence of percolation core formation

The grain scale percolation of core-forming melt leads to a substan-
tial composition exchange between the melt and the surrounding
mantle via diffusion. The diffusion distance, dgifusion, in the sur-
rounding mantle during the melt residence time can be expressed
by (52)

S
ddiffusion = VDt = D7 (3)

where D is the diffusion coefficient and ¢ is the melt residence time
in the mantle, which is determined by the solid mantle thickness S
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Fig. 3. Segregation velocity (V,,) as a function of melt fraction and grain size and corresponding diffusion distance. (A and C) V,;, in the theoretical model and
experimentally based model. The conditions above the black curve fulfill the 30-Ma time requirement of the Earth's core formation. (B and D) Diffusion distance during
percolation in the models (A) and (C). The black lines indicate that diffusion distance equals to 2, 3, and 5 times of grain size in (B) and 3, 5, and 10 times of grain size in (D).
The red rectangles in the figures mark the possible conditions during which the core formed. It is clear that the stress-induced percolation meets the time constraint of the
Earth’s core formation. The diffusion distance in the percolation is at least three times larger than the grain size.

and V. Taking D as the Fe-Mg interdiffusion coefficient of
107"® m?/s (53), a solid lower mantle of 2000 km, the diffusion dis-
tance is more than 340 um (Fig. 3), which is larger than the bridg-
manite grain size. The distance between melt channels is several
grain sizes judging from our experiments and previous studies
(24). This indicates that a substantial solid mantle could have
been equilibrated with the core-forming melt. We also used differ-
ent parameters in Egs. 1 to 3 proposed by different studies. The sim-
ulation results are shown in the Supplementary Materials, and the
basic conclusion remains the same.

The core-forming melt could have been enriched with light ele-
ments during percolation. At high pressure, extensive dissolution of
light elements such as O and Si from lower mantle minerals into
liquid iron occurred (54). Equilibrium between liquid iron and
bridgmanite at 95 GPa and 3100 K could already account for the
7 % of density deficit of the core (54). Therefore, the core could
have been enriched with enough light elements to explain its
density deficit after core formation completed.

Wang and Fei, Sci. Adv. 9, eade3010 (2023) 15 February 2023

On the other hand, the interaction of the permeable liquid metal
and the silicate mineral could also elevate the siderophile elements
abundance in the lower mantle. Because of the equilibrium between
core-forming melts and surrounding mantle, the siderophile
element abundance in the mantle should be not only affected by
the magma ocean scenario but also determined by the following
segregation of liquid metal and solid silicates. A previous study
has shown that the equilibrium between bridgmanite and iron-
rich metal alloy at 80 GPa can explain the Ni and Co abundance
in the mantle (55). This indicates that the percolation model is
not at odds with the moderate siderophile element abundance in
the Earth’s mantle.

The highly siderophile element (HSE) abundance in the Earth's
mantle could also have been affected by the percolation. The stress-
induced percolation always leaves some amounts of melts in the
mantles (24). These stranded melts could increase the mantle
HSE abundance. The extent of the HSE enhancement in the
mantle depends on the magma ocean depth, which influences the
HSE contents in the liquid metal during metal-silicate equilibrium
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(56), and the amount of the stranded melts. Our calculations indi-
cate that with a magma ocean depth between 40 and 60 GPa, 0.1 to
1 wt % of stranded melts can reproduce the mantle HSE abundance
very well (Fig. 4). Detailed calculations are provided in the Supple-
mentary Materials. The calculated characteristic high Ru/Ir ratio is
due to the larger partition coefficient of Ir compared with Ru. With
the bridgmanite grain size of hundreds of micrometers, the stress of
early Earth of 10° Pa (24) and the dihedral angle of 77°, about 0.1 to
2 wt % of core-forming melt could have been trapped in the mantle
(24). Therefore, the stress-induced percolation provides an alterna-
tive explanation of HSE abundance in the mantle that does not
require a late veneer hypothesis.

Last, there are some limitations about the current study. Al-
though 0.8 strain of high-pressure phase mixture is the largest
strain ever achieved in the simple shear geometry, it is still low com-
pared with the estimated strain of early Earth. Experiments with
higher strain are desired to test whether melt texture changes with
strain. In addition, the percolation threshold under different strains
was not determined in this study. Further studies could better con-
strain these parameters.

MATERIALS AND METHODS

Synthesis of starting material

Well-sintered aggregates of 5 volume % of Fe-S alloy (6 wt % of S)
and 95 volume % of bridgmanite (Mg oFey )SiO3 were prepared
using the following procedure. A glass with the desired bridgmanite
composition was prepared by fusing a mixture of MgO, SiO,, and
Fe,O; with the prescribed ratio at 1923 K and followed by rapid
quenching in cold water, using a high-temperature furnace at the
BGI, University of Bayreuth, Germany. The glass was subsequently
reduced in a gas mixture furnace (CO and CO, gas) at 1523 K with
an oxygen fugacity of one log unit above the iron-wistite buffer for
48 hours. The synthesized enstatite powder was then mixed with Fe
and FeS powder with a prescribed ratio. The mixture was com-
pressed to 24 GPa in a multianvil apparatus using an 8-3 assembly
at the Earth and Planets Laboratory (EPL) of the Carnegie Institu-
tion. After heating to 1873 K, the temperature was maintained for
2 hours to allow for the transformation to bridgmanite. The
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temperature was recorded using a W95%Re5%-W74%Re26%
thermocouple.

Deformation and annealing experiments

Deformation experiments were conducted using the multianvil ap-
paratus at BGI. Figure S1A shows a schematic diagram of the
adopted cell assembly. The sintered starting material was shaped
into a cylinder with a ~650-um diameter and a 200-pm thickness
and inserted into a Pt tube. Pt was used as an indicator for intercon-
nectivity. If the Fe-S alloy interconnects, then Pt is expected to alloy
with Fe and migrate throughout the melt. If the Fe-S remains iso-
lated, then Pt is expected to only alloy with Fe at the sample-Pt tube
interface. The sample and Pt tube were sandwiched by two 45°-cut
hard alumina pistons and inserted into an MgO sleeve made from a
sintered MgO rod. A 50-um-thick Re foil was placed at the ends of
each 45°-cut alumina piston to reduce the friction against sideslip
during deformation (34). The temperature was estimated on the
basis of the established power-temperature relation for the same
cell assembly configuration.

The specimens were first compressed to 24 GPa (620 tons) at
room temperature and then heated to 2100 K for 40 min to relax
the deviatoric stress in the specimens. The press load was then in-
creased to 760 metric tons over 2 hours to deform the sample (de-
formation run). Note that although the oil pressure increase, the
actual pressure in the cell assembly remains nearly the same
because of the flatting of the pressure generation curve (57). The
different compressibilities of the alumina and MgO capsule result
in a deviatoric stress on the sample that leads to sample shearing.
The total strain (g) is estimated from the rotation of the Re strain
marker (Figs. 1A and 2A) and shape change of the sample (Fig. 1B).

We also performed an experiment without deformation (anneal-
ing run) using the same cell assembly as in the deformation run to
directly compare the deformed and undeformed samples under the
same conditions. For the annealing run, the specimen was directly
compressed to 760 metric tons and then annealed at 2100 K for
2 hours with no additional increase in oil pressure after reaching
the target temperature. Because hard alumina pistons could intro-
duce some stress during cold compression, we also conducted an
annealing experiment at EPL using crushable alumina (fig. S1B).

——— 71— — 17—
60 GPa B ]
o) L J
a 100
=
c
i)
g 10 ] L I
@ .
2
8 1k ® : e
L
2]
I
()
g 0.1 F["® 2wt % remained E
© ® 1wt % remained
= ® 0.1 wt % remained
® BSE value
0.01

Ru Rh Pd Re Ir Pt

Fig. 4. Mantle HSE abundance with 0.1, 1, and 2 wt % of core-forming melt stranded in the mantle after the magma ocean. The calculation assumes liquid metal
equilibrated with liquid silicate at 40 GPa (A) and 60 GPa (B) in the magma ocean. The partition coefficients of HSE were taken from (56). The details of the calculation are
shown in the Supplementary Materials. The errors were propagated from the errors in the partitioning coefficients (56). ppb, parts per billion. BSE, bulk silicate Earth.
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The results of an additional deformation experiment using the same
cell assembly are also shown in the Supplementary Materials. In all
the experiments, the temperature was quenched by shutting off
the power.

Data analysis

The recovered samples were mounted in epoxy resin and sequen-
tially polished with SiC sandpapers and diamond paste. The melt
textures of the samples were observed using a field-emission scan-
ning electron microscope at EPL and BGI. The dihedral angles of
the Fe-S melts in the bridgmanite samples were measured in two-
dimensional cross sections. Measurements were conducted on 121
and 130 melt pockets at triple junctions for the undeformed and
deformed samples, respectively. Pt mapping of the samples and
compositional analysis of the melt pockets and bridgmanite were
performed using energy dispersive spectroscopy.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S10

Tables S1 and S2
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