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Highly siderophile elements (HSEs; namely Ru, Rh, Pd, Re, Os, Ir, Pt, and Au) in
Earth’s mantle require the addition of metals after the formation of Earth’s core.
Early, large collisions have the potential to deliver metals, but the details of their
mixing with Earth’s mantle remain unresolved. As a large projectile disrupts and
penetrates Earth’s mantle, a fraction of its metallic core may directly merge with
Earth’s core. Ensuing gravitational instabilities remove the remaining projectile’s core
stranded in Earth’s mantle, leaving the latter deprived of HSEs. Here, we propose a
framework that can efficiently retain the metallic components during large impacts.
The mechanism is based on the ubiquitous presence of a partially molten region in the
mantle beneath an impact-generated magma ocean, and it involves rapid three-phase
flow with solid silicate, molten silicate, and liquid metal as well as long-term mixing
by mantle convection. In addition, large low-shear-velocity provinces in the lower
mantle may originate from compositional heterogeneities resulting from the proposed
three-phase flow during high-energy collisions.

planetary formation | mantle mixing | mantle structure

Late accretion—the bombardment of leftover planetesimals after the Moon-forming
giant impact—has long been thought to explain the observed abundance of highly
siderophile elements (HSEs) in Earth’s mantle (1, 2). The elevated HSE abundances
in the mantle and their chondritic proportions are explained most straightforwardly by
the addition of about 0.5% Earth mass of chondritic materials (equivalent to 10%? kg
of metal) to the mantle after core formation (3, 4). Planetary accretion models as well
as asteroidal and lunar constraints suggest, however, that most of late accreted mass is
carried by a few large planetesimals with diameters greater than 1,000 km, which are
likely to have been differentiated (5, 6). Significant portions of the planetesimals’ cores,
which contain practically all of HSEs in the planetesimals, could merge with Earth’s core,
without contributing much to the mantle HSE budget (5, 7). Given this inefficient metal
delivery, it has been suggested that the mass of late accretion may be substantially greater
than previously thought (up to ~3% Earth mass) to explain the excess HSE abundance
in the mantle (5).

A closer look at the metal-silicate distribution resulting from a wide range of smoothed-
particle hydrodynamics (SPH) impact simulations indicates that metal retention in the
mantle is more difficult than suggested by previous studies (5, 7, 8). Even if a fraction of
the impactor’s core escapes a direct merger with Earth’s core during the simulation of an
impact, which usually lasts 24 h or so, it is not likely to contribute to the mantle HSE
budget. First, over a wide range of impact conditions, the fragments of the impactor’s
core found in the solid part of the mantle consist of clumps of several SPH particles
(>100 km in diameter), which should sink directly to Earth’s core within a few tens
of thousands of years (Methods). Second, core clumps found in a local magma ocean
generated by the impact itself can be further broken up to millimeter- to centimeter-
size metal droplets (9, 10). Such droplets are too heavy to be entrained by convection
(Methods) and quickly settle to the base of the impact-generated magma ocean to form
a dense metal layer. The Rayleigh-Taylor instability limits the lifetime of such a metal
layer to a day or so (Methods), after which the metal sinks to the core even if the mantle
below is subsolidus. Finally, gravitationally bound core clumps in orbit are also further
broken up to metal droplets (8, 11), but these droplets fall into a local magma ocean,
contributing to the metal layer at its base, or onto a solid surface (if any) to form a
surface metal layer. Both destinations are subject to the same Rayleigh—Taylor instability
(Methods). Late accretion thus seems utterly incapable of adding a metallic component
to the mantle. Note that the argument here is based on the joint consideration of SPH
simulations and laboratory experiments on the efficiency of metal-silicate mixing. We
use SPH simulations to capture the initial, highly disruptive and kinematic phases of the
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Earth's mantle.
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projectile—Earth interactions. This approach allows us to assess
the large-scale distribution of the projectile’s core within Earth.
The spatial resolution of SPH simulations is limited to ~100 km,
but finer-scale processes can be deduced from the scaling laws
derived from fluid-mechanical experiments (9, 10, 12). One
may argue that this suggested inefficiency of retaining a metallic
component could be alleviated by redox reactions between metal
droplets and silicate melt, but the pressure and temperature
dependence of the iron wiistite buffer indicates that the effect
of redox reactions on the mantle HSE budget is likely limited
(Methods). Thus, explaining the excess HSEs by late accretion
remains difficult with the existing theoretical framework of
geodynamics.

This conundrum, however, may be resolved by the presence
of a partially molten zone (a region with a melt fraction less
than the critical melt fraction for the rheological transition, i.e.,
0.4) beneath both the solid surface and a local magma ocean
(Fig. 1). Metal accumulated in a layer can leak into the silicate
melt phase in the partially molten zone, and if this process is
fast enough, all metal in the layer can be taken up by the
partially molten zone (Fig. 2A4). For large enough impactors
(M/M, > 0.01), with an optimal impact angle that depends
on an impact velocity (usually 45°), the mass of metal that
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is accessible for this mechanism (“total retained metal” in S7
Appendix, Fig. S1C) can be ~102? kg; that is, the subsequent
complete mixing of this amount of metal with the mantle can
explain the present-day mantle HSE abundances. The partially
molten zone itself then becomes gravitationally unstable, and
the Rayleigh-Taylor instability brings it down to the base of
the mantle within a few tens of thousands of years (Fig. 2B5;
Methods). During its descent, however, the silicate melt phase
solidifies by adiabatic compression because the mantle solidus
increases more sharply than the adiabat with increasing pressures
(13, 14). The release of gravitational potential energy heats up
the downwelling dense material, but the temperature increase is
not sufficient to prevent complete solidification (Methods). The
adiabatic compression thus successfully traps the metallic phase
in the solid mantle. The dynamics of three-phase flow, involving
solid silicate, molten silicate, and liquid metal, can thus play a
critical role in the aftermath of late accretion impacts.

Results

Metal Percolation Before Rayleigh-Taylor Instability. The speed
of downward metal percolation (Fig. 2A4) is mostly controlled
by the permeability of the partially molten zone, which in turn is
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Fig. 1. (A-C) Representative snapshots of impact simulation for an impactor with 1% Earth mass, an impact velocity of 1.7 times escape velocity (ve), and an
impact angle of 45°. Silicate particles, projectile core particles, and Earth’s core particles are, respectively, shown in green, dark brown, and light brown. Panels
(A) and (B) show intermediate (0.3 h after) and final (24 h after) stages of the impact, respectively, and panel (C) shows the final stage with projectile particles
to better show the 3D distribution of the projectile’s core particles (Earth’s surface and core are rendered for reference). Also shown are the corresponding
distributions of (D) magma ocean depth and (E) thickness of the partially molten zone. Contours are drawn at an interval of 100 km. Here, magma ocean is

defined as regions with melt fraction greater than 0.4.
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Fig. 2. Schematic illustration for the proposed mechanism of metal reten-
tion. (A) Metal percolation into the partially molten zone beneath an impact-
generated local magma ocean as well as a solid surface. (B) Descent of the
metal-impregnated partially molten zone by Rayleigh-Taylor instability and
its solidification by adiabatic compression. (C) Convective mixing of metal-
impregnated mantle components above the core-mantle boundary.

sensitive to grain size (Methods). Whereas a typical mantle grain
size in the present-day mantle is ~1 cm (15), the early mantle
is likely to have inherited large grains (up to ~1 m) formed in a
solidifying magma ocean where Ostwald ripening is controlled by
liquid-state diffusion (16). With a grain size of 10 cm or larger, as
much as ~1022 kg of metal can percolate into the partially molten
zone within a day (Fig. 34). Even with the grain size of 1 cm, a
similar level of metal percolation can be achieved if the viscosity of
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the partially molten zone is high enough (~10'8 Pass) to lengthen
the timescale of the Rayleigh—Taylor instability (Mezhods).

The metal percolation rate of the partially molten zone does
not depend on its thickness (Fig. 34), but the thickness matters
for the resulting local metal concentration in the zone (Fig. 3B).
The thickness of a partially molten zone varies substantially
among different impacts (87 Appendix, Fig. S1B), and even for
a given impact, it varies across the globe (Fig. 1C). Assuming
the perfect metal retention by the partially molten zone, local
metal fraction can be calculated for the different domains of the
mantle, with the one right beneath a locally deep magma ocean
persistently having high metal concentrations at a level of ~1
to ~10 wt% (SI Appendix, Fig. S1D). This is not surprising
because such a locally deep magma ocean forms right around the
impact site, thereby being likely to contain a substantial fraction
of the impactor’s core (SI Appendix, Tables S1-S3). As discussed
below, such regional variability in metal concentration becomes
important when considering the fate of metal-impregnated
mantle components over Earth history.

Long-term Convective Mixing. After the metal-impregnated
partially molten zone is brought down to the core-mantle
boundary by the Rayleigh—Taylor instability, the resulting metal-
impregnated mantle components can be convectively mixed with
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Fig.3. Metal percolation into a partially molten zone. (A) Total mass of metal
contained by a partially molten zone and (B) maximum metal concentration
in the zone, as a function of grain size and time. Metal concentration in a
partially molten zone varies with depth, with the maximum concentration at
the top of the zone (S/ Appendix, Fig. S2 C and F). Black contours are for the
case with a 250-km-thick partially molten zone (for which color shading is
also shown), and white dot contours are for the case with a 1,000-km-thick
zone.
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Fig. 4. Some representative results of mixing simulations. Panels (A-F) show the evolution of the composition field, at three different times: 0, 2 Gyr, and
4.5 Gyr, and (G) and (H) are the temperature field at 4.5 Gyr. The left column corresponds to case 3 (laterally homogeneous, 750-km-thick partially molten zone
with a total metal of 1022 kg), and the right column to case 6 (a 1,000-km-thick partially molten zone with a locally deep, more metal-enriched zone, with a total
metal of 1.13 x 1022 kg). (/) Normalized metal concentration in the top 600 km (1.0 corresponds to the observed present-day level) as a function of time for cases
1-7 (cases 1-4 have laterally homogeneous initial conditions; see Methods). All examples shown here are with a Rayleigh number of 3 x 107, nondimensional
internal heating of 25, and a Frank-Kamenetskii parameter of 4.61 (see S/ Appendix, Fig. S3 for other results).

the rest of the mantle (Fig. 2C). This mixing is a crucial final
step for large impacts to contribute HSEs to the present-day
convecting mantle. If some metal-impregnated components are
too dense to be entrained by mantle convection, the efficiency
of metal delivery would be further reduced. To quantify the
effect of mantle mixing, we have conducted a series of mantle
convection simulations by exploring a range of initial conditions,
mantle rheology, and mantle thermal budget (Methods). Some
representative results are shown in Fig. 4. If metal concentrations
in the metal-impregnated zone are sufficiently low (S1 wt%),
it is possible to entrain all of metal-impregnated components
within a few billion years. Such low concentrations may be
achieved by either a thick partially molten zone or a low metal
mass. However, the thickness of the partially molten zone and its
metal concentration are positively correlated; with an increasing
impactor size, both the thickness of the partially molten zone
and the total mass of retained metal increase, but the former
increases more weakly than the latter. Thus, a low concentration
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usually corresponds to a metal mass much smaller than the
required 10?2 kg for the whole mantle (S7 Appendix, Fig. S1D).
Furthermore, as noted above, the occurrence of regionally high
metal concentrations is the robust aspect of the aftermath
of late accretion impacts (SI Appendix, Fig. S1D), and it is
difficult to avoid having denser metal-impregnated components
(i.e., 21 wt% metal concentration) at the base of the mantle that
can survive convective mixing throughout Earth history (Fig. 4).
Uncertainties associated with mantle rheology (17, 18) prevent
us from being specific about the mixing efficiency of mantle
convection, but an efficiency of 100% (i.e., complete mixing)
certainly requires fortuitous combinations of initial conditions
and mantle rheology. We also note that the density require-
ment for the survival of the metal-impregnated components
(~1%) varies with the assumption of mantle rheology, and
a lower threshold may be more appropriate given the use of
relatively high reference viscosity in our convection modeling

(Methods).
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Discussion

Implications for Mantle Structure and Evolution. A high likeli-
hood for incomplete mantle mixing has important implications
for the present-day mantle structure as well as the chemical
evolution of the mantle. The lowermost part of Earth’s mantle
exhibits peculiar seismic anomalies known as large low-shear-
velocity provinces (LLSVPs) (19, 20), the origin of which is
actively debated. One end-member explanation posits LLSVDs,
or more generally, deep-mantle chemical heterogeneities, as
the remnants of a primordial structure formed by some early
Earth differentiation processes (21-23), with some involving the
Moon-forming giant impact (24, 25). Unlike existing impact-
based hypotheses for such primordial origins, the possibility
raised in this study, i.e., incomplete mixing of metal delivered by
late accretion, does not require a large preexisting compositional
difference (in terms of major elements) between the proto-
Earth and an impactor. The total mass of LLSVPs has been
estimated to be ~4-9% of the mantle (26), and with an intrinsic
density anomaly of ~0.5% (27-29), LLSVPs could contain ~1—
2x10%! kg of metals. Because the present-day convecting mantle
itself contains ~10?? kg of metals, a mixing efficiency of ~80—
90% could explain the formation of LLSVPs, with the total metal
delivery of ~1.1-1.2 x10?? kg. This level of metal delivery is
possible with an impactor with 3% Earth mass, an impact angle
of 45°, and an impact velocity of either 1.20, or 1.7v,, where
v, denotes escape velocity (S Appendix, Tables S1-S3). It is also
possible to deliver a similar amount of metal by a combination
of a few differentiated lunar-sized impactors (about 0.01 A,),
or more numerous smaller impactors (down to 0.001 A,), and
the plausibility of different scenarios depends on the impactor
size-frequency distribution for the early Earth.

Our hypothesis for the primordial origin of LLSVPs also indi-
cates that the mantle HSE budget should have gradually increased
with a timescale of a few billion years (Fig. 4, 7), and such a
gradual increase in the mantle HSE budget is indeed indicated
by geochemical data (30-32). For example, adding 10?? kg of
core materials to the mantle would decrease the mantle ;'82W
[deﬁned as [(182W/184W)samplc‘(l82W/184W)standard] X106] bY
about 18 [assuming the core W concentration of 0.47 ppm
(33), the mantle W concentration of 12 ppb (34), and the
core ' 82W of —220 (35)], and this level of y'8*W variation
is consistent with the observed secular evolution of the mantle
u'82W (32). We caution that it is difficult to accurately estimate
the HSE concentration of the convecting mantle from igneous
products (36) and that there is no clear correlation between the
HSE abundances of igneous products and their tungsten isotope
signatures (32). The lack of correlation between HSE abun-
dances and tungsten isotope signatures is particularly concerning
because such a correlation is expected from simple mixing of
metal-impregnated components. However, the tungsten isotope
signature of the mantle can also be affected by diffusional isotope
exchange with the core (i.e., without the net mass transfer of
tungsten from the core) (37, 38). If such an isotope exchange with
the core is as important as convective mixing within the mantle,
the lack of correlation would not pose a serious impediment to
our hypothesis.

The above connection between late accretion and LLSVPs
provides some observational means to test our hypothesis,
which posits that LLSVPs are characterized by intrinsic density
anomalies originating in the addition of metallic components
of late accretion impactors. The magnitude of intrinsic density
anomalies associated with LLSVPs is still poorly constrained (29),
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but a refined estimate on the total mass anomaly associated with
LLSVPs will allow a more critical assessment of the late accretion
origin. As mentioned above, diffusional isotope exchange with the
core could blur the geochemical signature of the late accretion
origin of LLSVPs, but diffusional exchange is not limited to
tungsten isotopes. One of the useful isotope systems in this regard
is the U-Th-Pb system, which is contrasting to the 82Hf-182W
system in both half-life and the direction of diffusion. As the
I2HEI82W system is short-lived with a half-life of 8.9 million
years, diffusional exchange at the core-mantle boundary results
in the leaking of a strongly negative ;!'82W anomaly out of
the core. The U-Th-Pb system is characterized by much longer
half-lives (e.g., 4.47 billion years for 238 U-206Pb), so diffusional
exchange results in the net flow of radiogenic Pb isotopes into
the core, and such flow is affected by the long-term evolution
of U and Th in the mantle. Thus, combining these different
isotope systems could better quantify the extent of diffusional
exchange. Indeed, the tungsten isotope signatures of ocean island
basalts show some slight variations with lead isotopes (39), so
more extensive studies of ocean island basalt geochemistry, along
with suitable modeling efforts, may ultimately judge the viability
of the late accretion origin of LLSVDPs.

Potential Role of the Moon-forming Giant Impact. The possibil-
ity of incomplete mantle mixing suggests that, to explain the
excess HSEs of the present-day convecting mantle, the total
mass of late accretion is close to the upper limit of previous
estimates (~3% Earth mass). Some fraction of the excess HSEs
may originate from other processes not involving late accretion,
and indeed, metal retention by a partially molten zone beneath
a magma ocean is not limited to late accretion. It could also
happen in the aftermath of the Moon-forming giant impact if
the impact does not melt the entire mantle (40). The possibility
of metal retention in the mantle during the Moon-forming giant
impact has been suggested in the past (41, 42), buc this possibility
requires the oxidation of metal droplets in a magma ocean (42),
which is unlikely to be substantial (Methods). Metal retention by
three-phase flow is an entirely different physical mechanism. For
this mechanism to work, however, an impact must not melt the
entire mantle—a partially molten zone has to be underlain by
the solid mantle to prevent metal percolation directly down to
the core, and the solid mantle layer must be sufficiently thick
so that adiabatic compression during Rayleigh—Taylor instability
can solidify silicate melt. Satisfying these conditions is easy for late
accretion impacts but may be challenging for the Moon-forming
giant impact.

Summary

Adding HSEs in chondritic proportions can readily be achieved
by mixing the metallic components of planetesimals with the
mantle, but such mixing is seemingly unlikely because of the
sheer magnitude of gravitational instability associated with such
metallic components. The solution proposed in this study is
based on the existence of a partially molten zone beneath
an impact-generated magma ocean, which should always exist
unless a magma ocean occupies the entire mante. As this
study suggests, metal percolation into such a partially molten
zone, through three-phase flow, may be essential to explain the
chemical composition of the present-day convecting mantle. A
cascade of processes follow this metal percolation, including the
downwelling of the metal-impregnated partially molten zone by
the Rayleigh-Taylor instability, the entrapment of the metal
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phase by the compressional solidification of the silicate melt
phase, and the subsequent entrainment of the metal-impregnated
components at the core-mantle boundary by convective mixing.
The first two processes take place rapidly within a few tens of
thousands of years, but the third mixing process is likely to be
still ongoing, which can be connected to peculiar geophysical
features in the present-day deep mantle. This study provides a
concrete and quantitative mechanism for the primordial origin
of large low-shear-velocity provinces in Earth’s lower mantle,
as the natural consequence of combining (short-term) impact
dynamics and (long-term) mantle dynamics. We suggest that
three-phase flow in the aftermath of high-energy accretionary
impacts is an essential process that bridges early Earth geody-
namics and the present-day physical and chemical state of the
mantle.

Methods

Postprocessing of SPH Simulations. SPHimpactsimulations usedinref. 5are
postprocessed to characterize the extentofimpact-generated magma oceansand
their relation to the spatial distribution of the impactor's metallic components.
To this end, for each SPH simulation, a suitable time step for postprocessing
is chosen to avoid the initial phase of impact-generated high-amplitude and
high-frequency deformation. The time step is chosen to be as early as possible
afterimpact once the phase of major disruption of Earth has settled. This highly
dynamic phase requires the use of the SPH method to fully account for shock and
gravitational effects. This phase is concluded typically within a few hours after
impact. This choice is motivated by ourattemptto limitthe subsequent migration
of projectile’s metal particles which is not well captured by the SPH technique.
As the SPH simulations of ref. 5 take into account the effect of solid-solid phase
transitions, but not that of latent heat of melting, the thermal structure of the
target (i.e., the impacted Earth) at the chosen time step is compared with the
initial thermal structure, and the temperature difference is used to calculate
the extent of mantle melting using the phase diagram of the peridotitic mantle
(13, 14, 43, 44). Regions with a melt fraction greater than 0.4 are marked as
"molten”; this melt fraction is often regarded as the critical melt fraction for
the rheological transition, above which a melt-solid mixture behaves as liquid
(45, 46). Regions with nonzero melt fraction below 0.4 are marked as "partially
molten." The surface is divided into ~600 grids with approximately equal areas,
and Earth is partitioned by using the solid angles of these grids. For each grid, the
depth of a magma ocean and the thickness of a partially molten zone beneath it
are measured. The spatial variability of magma ocean depth is characterized by
its first quartile (Q1), the median (Q;), and the third quartile (Q3), and a region
with magma ocean depths exceeding Q3 is defined as a locally deep magma
ocean.

The particles of theimpactor's core are 1) ejected and gravitationally unbound,
2) ejected and gravitationally bound, 3) directly merged with the core or the
solid part of the mantle, and 4) in the magma ocean. We also measure the
total mass of core particles found in the locally deep magma ocean. The ejected
and gravitationally bound particles eventually fall back onto Earth, and they
are assumed to contribute to the magma ocean and the unmolten surface in
proportion to their areas. The spatial distribution of the core particles found in
the magma ocean and the solid part of the mantle is analyzed by agglomerative
hierarchical clustering (47), using the effective diameter of the core particle
as the threshold for linkage. The results of postprocessing are summarized in
Sl Appendix, Tables S1-S3.

Time Scale Estimates.

Stokes flow for metallic fragments. SPH impact simulations show that a large
fraction of an impactor's core directly plunges into the core or into the solid
part of the mantle (5) (listed as “direct” in S/ Appendix, Tables S1-S3). The part
that plunges into the solid mantle is treated as retained metal by the original
study of ref. 5, but such metal fragments are usually of large dimension with
diameters typically greater than a few hundred kilometers. Only for the cases
with an impactor mass of 3% Earth, a large fraction of core particles found in
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the solid part of the mantle exists as single particles (see ngy in S/ Appendix,
Tables S1-S3), and in reality, these single core particles could have been more
fragmented, which is the possibility that cannot be resolved by SPH simulations.
Arepresentative estimate on the downwelling speed of such fragments through
the mantle may be obtained by using the size of individual particles in SPH
simulations, and for the simulations analyzed in this study, the effective radius
of core particles, which was calculated from the particle mass and metal density
0f 7,800 kg m—3, was for ~90 km for impactors with their masses greater than
0.1% Earth and ~50 km for smallerimpactors. The descent velocity of a spherical
body in a viscous fluid is given by the following Stokes flow formula (48):

2Apgr?
,_ 280gr

o (1]

where Ap is the density difference between a metallic sphere and the
surrounding mantle, g is the gravitational acceleration, r is the radius of the
sphere, and u is the viscosity of the mantle. As a consequence of impact
heating, most of these core particles are found within the partially molten zone,
so the relevant mantle viscosity for their descent is very low, on the order of
10162109 Pas(14). With a mantle viscosity of 101? Pasand a density difference
0f 4,000 kg m~3, for example, a metallic sphere with a radius of 50 km, would
sink with a velocity of ~70 m y=". Thus, those large metallic fragments (i.c.,
multiple-particle clusters) that remain in the solid part of the mantle at the end
of SPH simulation (24 h after impact) will likely merge with the core within a
few tens of thousands of years. The fate of single core particles needs further
consideration, as they could have been further fragmented, and the Stokes flow
formula indicates that the time scale increases by two orders of magnitude for a
one-order-of-magnitude decrease in the radius of fragments. Continuing with a
mantle viscosity of 1017 Pa s [a typical solid mantle viscosity for a hot Hadean
mantle (49)], a metallic sphere with a radius of 1 km will take about 100 My
to sink through the entire mantle, so fragmentation down to this length scale
may allow its retainment within the mantle. Even with such fragmentation,
however, the contribution of such single core particles to the HSE budget of
the mantle is limited. To account for a total mass of 1022 kg, for example,
the number of core particles needs to be ~440, and except for only one case
of a 3% Earth mass impactor with head-on collision and v/ve = 2.2, single
core particles found in the solid part of the mantle can account for up to only
~1.5 x 102" kg (SI Appendix, Tables $1-53). Furthermore, these fragmented
metallic components, unless broken down to submeter scales, would be too
dense to be entrained by mantle convection, and they would most likely descend
through the mantle and eventually merge with the core.

Rayleigh-Taylor instability of a metal layer. The metallic components found
in an impact-generated magma ocean exist mostly as single core particles (see
nmo inSIAppendix, Tables S1-S3), and they are likely to be fragmented, possibly
down to millimeter- to centimeter-sized droplets (9, 10), before they reach the
base of the magma ocean. Even if they are too large to be fragmented so
finely before reaching the base, crashing into the base would result in further
fragmentation by turbulent mixing (9). Because of their density, however, these
metallic droplets cannot be entrained efficiently even by vigorous convection
within the magma ocean. The fraction of entrained metallic droplets may be
estimated based on the scaling developed by ref. 12:

9722 x2v,v [ Ra 4/3 Ap —2

e~ ign (m) (5) 2
where e is a scaling factor (= 0.25),  is thermal diffusivity (= 10~6 m? s~ ),
pis the density of silicate melt (= 3,000 kg m=3), Ap is the excess density for
metal particle (= 4,000 kg m=3), Rac is the critical Rayleigh number (= 103),
H is the thickness of a magma ocean (~108 m), Ris the radius of the metallic
droplets(= 103 m), visthe kinematicviscosity of silicate melt(= #/p, where
1 is the dynamic viscosity, which is set to 0.1 Pa s), v, is the apparent kinematic
viscosity defined as v(Ra/Rac)%-9, and Ra is the Rayleigh number defined as

3
Ry — agATH / 3]

VK
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where a is thermal expansivity (= 2 x 107> K1), AT is the temperature
difference driving convection. Using these material properties, the fraction
& is found to be ~10~, meaning that virtually all metallic droplets must
accumulate as a layer above the base of the magma ocean. The thickness of
such a metallic layer is on the order of a few hundred meters to a few kilometers
(SIAppendix, Tables S1-S3). Forexample, forthe case ofa 1% Earth massimpactor
with an impact angle of 45° and v/ve = 1.7, 9.3 wt% of the impactor's core is
found in the local magma ocean, which covers 54% of the total surface. Because
36.7 wt% of the impactor's core is in the vacuum and gravitationally bound,
additional 19.8 wt% of the core materials will fall into the magma ocean. With
a metal density of 7,800 kg m—3, this translates to a ~3-km-thick metallic
layer at the bottom of the local magma ocean. At the same time, 16.9 wt% of
the core materials will fall onto the solid part of the surface (i.e., melt fraction
less than 0.4), resulting in a ~1.8-km-thick metallic layer. The Rayleigh-Taylor
instability of these metallic layers, for which the effects of inertia and self-gravity
are important, can be assessed by the empirical scaling developed by ref. 50:

—10. . 3 0. . —0.98 —0.054
=10 1013R] 86(,02—,01)13,0?87(:‘32—/?1)0047,1410 8”2005 . [4]

where o is the growth rate of the instability in the unit of s~ 7, Ry is the radius
of the solid sphere underlying the magma ocean, R is the radius of the sphere
including the magma ocean, p1 and p, are the densities of the solid mantle and
the metallic components, respectively, and 1 and p; are their corresponding
viscosities. Using representative values (R ~ 5 x 100 m, Ry — Ry ~ 103 m,
p1 ~ 4,000 kg m3, py — p1 ~ 4,000 kg m=3, g ~ 10"° Pa's, and
py ~ 1073 Pas), the growth rate is on the order of 104 s=7, that is, the
e-folding timescale of the instability is a few hours. Note that this time scale
is not very sensitive to the thickness of the metallic layer as indicated by the
low thickness exponent (i.e., 0.047) in the above equation. Given that it takes
a multiple of e-folding timescale for initial minute perturbations to grow into
large-scale deformation, it would be reasonable to assume that a metallic layer
will be fully destabilized within a day or so. The viscosity of the solid mantle
beneath the metallic layer assumed here (~1015 Pas) corresponds to the
viscosity of the solid-melt mixture at the rheological transition (14), which is
most relevant for the Rayleigh-Taylor instability under consideration. A higher
viscosity would increase the timescale of instability almost linearly, helping
metal percolation into the partially molten zone. By reducing the melt fraction
from 0.4 to 0.1, for example, viscosity increases by three orders of magnitude
(14), thereby lengthening the destabilization timescale to a few years. Such a
time scale would allow complete metal percolation even with a grain size of 1 cm.
Rayleigh-Taylor instability of a metal-impregnated partially molten mantle
layer. A partially molten zone that has taken up the overlying metallic layer
eventually becomes gravitationally unstable because the silicate melt phase,
if buoyant, drains upward continuously by melt percolation. The melt phase
is not necessarily buoyant with respect to the solid phase at high pressures
(51), and in such a case, metal percolation alone would make the partially
molten zone gravitationally unstable. Unlike the instability of the purely metallic
layer, the effect of inertia can be neglected because the viscosity of the metal-
impregnated zone is high enough. Based on the analysis of the low-Reynolds-
number dynamics of a thin fluid layer (52), therefore, the growth rate of the
Rayleigh-Taylor instability may be estimated as

QgAph/
Hm

6 =0.14 (5]

where Ap is the density contrast (~40 kg m=3; SI Appendix, Fig. S1D), h is
the thickness of the partially molten zone (~ 5x 10° m; S/ Appendix, Fig. S1B),
and pp is the viscosity of the mantle beneath the partially molten zone (e.g.,
~ 10 Pa s). The growth rate is on the order of 10~ s, 5o the metal-
impregnated mantle layer is destabilized within a few tens of thousands of
years.

Heating by Gravitational Potential Energy Release. When the metal-
impregnated partially molten zone sinks to the core-mantle boundary by
the Rayleigh-Taylor instability, its temperature increases not only by adiabatic
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compression, but also by the release of gravitational potential energy because
the partially molten zone is intrinsically denser than the surrounding mantle.
An upper bound on the latter temperature increase can be obtained by dividing
the energy release by the relevant heat capacity as

AT = ApAngl

(6]

where Ap is the excess density of the partially molten zone (~40 kg m—3),
AV is its volume (~20% of the mantle volume), d is the height of the partially
molten zone from the core-mantle boundary (~2,000 km), p is the density
of the partially molten zone (~4,500 kg m=—3), and Cp is the speific heat

(~1,200J kg~ 1 K=T). The temperature increase by the release of gravitational
potential energyis limited to ~170K, whichisasmall fraction of the temperature
difference between the solidus and the mantle adiabat corresponding to the
partially molten zone [~1,000 K for the adiabat with the potential temperature
of 1,750 K(53)].

Oxidation of Metal Droplets. A metallic component of an impactor can
efficiently react with silicate melt when it is fragmented to millimeter- to
centimeter-scale droplets (54). Possible redox reactions in a magma ocean
include

Fe,03 + Fe — 3FeQ, (7]
H,0 + Fe — Hy + FeO. (8]

Ifametal dropletis entirely consumed by the above reactions, HSEs contained
in the droplet would be transferred to the silicate mantle.

An order-of-magnitude calculation suggests that this oxidation-based metal
retention does not consume all of the relevant metal droplets, the collective mass
of whichis assumed here to be 102 kg for the sake of discussion. Assuming that
a large late-accretion impactor melts the entire upper mantle (~1024 kg) with
8 wt% FeO (55) and that the mantle is already as oxidized as the present-day
mantle [Fe3 T /Fe ~ 0.04 (56)], the amount of Fe3 in a local magma ocean
would be 2.5 x 102" kg or4.4 x 1022 mol. This could potentially reduce 25%
of 1022 kg of Fe (or 1.8 x 1023 mol of Fe). Similarly, assuming that the mantle
contains one-ocean-worth water (1.4 x 1021 kg H,0), a molten upper mantle
would have 1.9 x 1022 mol of H, 0, which could reduce only ~4% of 1022 kg
of Fe.

Furthermore, because a local magma ocean becomes metal-saturated after
these oxidation reactions, the oxygen fugacity of silicate melt is controlled
by the iron-wiistite (IW) buffer, which dictates the ratio of ferric iron over
total iron. Because the effective pressure of chemical reaction between the
metallic phase and the silicate melt phase is somewhere in the middle of
a magma ocean (57), and because the IW buffer under high pressures and
high temperatures results in a high Fe3+/Fel [~0.1; (58)], chemical reactions
between metal droplets and silicate melt likely increase the bulk Fe3+/Fe
of a local magma ocean. This means that the reaction of Eq. 7 is actually
reversed, preventing the assimilation of HSEs in the silicate mantle. From these
considerations, the oxidative metal retention in a magma ocean is likely to be
limited.

Modeling of Three-phase Flow. The percolation of liquid metal into a partially
molten zone involves three phases, i.e., solid silicate, molten silicate, and liquid
metal. Because the timescale of our interest is very short (days to years; see
Rayleigh-Taylor instability of a metal layer), the deformation of solid silicate is
negligible, and we can focus on the dynamics of two fluid phases, the wetting
fluid (molten silicate) and the nonwetting fluid (liquid metal) (59). In this case,
the mass balance equations are

0
3 (Swow) ==V - (pwqw)., [9]

% (#Snpn) ==V - (pnln), [10]

https://doi.org/10.1073/pnas.2309181120

7 of 10


https://www.pnas.org/lookup/doi/10.1073/pnas.2309181120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2309181120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2309181120#supplementary-materials

Downloaded from https://www.pnas.org by YALE UNIVERSITY CTR FOR SCI & SOCIAL SCI INFO on October 9, 2023 from |P address 130.132.173.209.

8 of 10

where ¢ is porosity, p is density, S is saturation, and q is specific discharge (or

flux), and the subscripts "w" and “n" denote the wetting and nonwetting fluids,
respectively. The momentum balance equations are

Ky (S

qv = — w(Sw) (Vpw + pwgVz), (1]
Hw
Kn (S,

qn = — n;i n) (Vpn + pngV2), [12]
n

where k is effective permeability, p is pressure, and —gVz denotes the body
force due to gravity.

Assuming an isotropic porosity, effective permeabilities are defined through
relative permeabilities, k;, as

kw (Sw) = Ksackiy (Sw), (13]
kn(Sn) = ksackin (Sn), (14]

where ks, is the permeability at full saturation and is a function of porosity as
well as grain size, d, as

ksae ()

which is the so-called Blake-Kozeny equation (60). The relative permeabilities
are calculated as

_ S— Smin
N 1- Sminl

with a minimum value of 10=3. Based on the dihedral angles of molten silicate
and liquid metal in partially molten silicate aggregates (61, 62), Smin is Set to
0.01 for the wetting fluid and 0.2 for the nonwetting fluid. The pressure for the
wetting fluid may be decomposed to the lithostatic pressure, pmgz, where pp, is
the density of the solid mantle, and the dynamic pressure, 5p. The pressures for
the wetting and nonwetting fluids are connected through the capillary pressure,
Pc. as

kr(S)

[16]

pc(Sw) = pn — pw, [17]
and the magnitude of the capillary pressure is bounded as
2
Pc = Pgmax = rYI/'VI‘I/ [18]

where yyp is the interface tension between the wetting and nonwetting fluids
and rmin isthe minimum radius of curvature of the microscopicinterface between
these fluids. The work of ref. 62 suggests ywn ~ 0.5J m~2, 50 using the grain
size of 1. mm for ry,, the maximum capillary pressure is ~103 Pa. In our
modeling, Sp < 1, 50 pc is set to this maximum value for simplicity. Finally,
there is a saturation balance as

Sw+Sh=". [19]

Egs. 9-19 are solved by an upwind finite-difference scheme for one-
dimensional flow, subject to the following initial and boundary conditions:

¢(2) = 0.4(1 — z/zmax), [20]
Sw(z 0) =1, [21]
Sw(0,t) =0, [22]
Sn(z0) =0, [23]
(01 =1, (24]

where zp.x is the depth of a partially molten zone. The vertical grid interval is
setto 1km, and atime step of 36 sis used. The following material properties are
used: pm = 3,300kgm=3, py = 3,000kgm=3, py = 7,500 kg m~3,
pw = 10Pas, and sy = 1073 Pa's. Some representative solutions are shown
in SI Appendix, Fig. S2. The metal concentration takes its maximum atz = 0
and gradually decreases downward almost linearly.

https://doi.org/10.1073/pnas.2309181120

Modeling of Subsolidus Mantle Convection. To model convective mixing
by subsolidus mantle convection, we solve the nondimensionalized governing
equations for thermal convection of an incompressible fluid, consisting of the
conservation of mass,

V.u*=0, [25]

the conservation of momentum,
— VP¥ 4+ V- [ (Vu* + Vu*T)] + RaT*e, = 0, [26]
and the conservation of energy,

or* * * 2% *
— +u* - VIF = VT + H [27]
ot*

The unit vector pointing upward is denoted by e,. Asterisks denote
nondimensional variables. The spatial coordinates are normalized by the mantle
depth D(= 2,900km), and time is normalized by the diffusion time scale, DZ/K,
where  is thermal diffusivity (= 10~ m2 s= ). Velocity u* is thus normalized
by «/D. Dynamic pressure P* and viscosity #* are normalized by nox/D? and
1o, respectively, where nq is a reference viscosity at 7* = 1. Temperature T* is
normalized by a potential temperature difference between the surface and the
core-mantle boundary, AT (= 2,000 K). The Rayleigh number Ra is defined
here as
zxpogATD3

kny
where a is thermal expansivity (= 107> K= 1), po is reference density
(= 5,000 kg m—3), and g is gravitational acceleration. These values for thermal
expansivity and reference density are appropriate for the lowermost mantle,
and this is because the competition between thermal and chemical buoyancies
near the core-mantle boundary region determines the efficiency of convective
entrainment of dense metal-impregnated components. We tested two reference
viscosities, 2.39 x 1021 Pasand 7.97 x 1020 Pas, tohave Raof 107 and 3 x 107,
respectively. These viscosities are higher than mantle viscosity appropriate for
the Hadean, as we are concerned with the long-term effect of mantle mixing
through Earth history. Heat generation H* is defined as

Ra = [28]

_ poHD’
kAT

*

[29]

where H is heat production rate per unit mass and k is thermal conductivity.
We tested a few values of H* to achieve an Earth-like internal heating rate
(~0.6t0 0.7), which includes the effect of secular cooling (63). Viscosity is both
temperature-and depth-dependent. The temperature dependence is prescribed
by

ni = explo(1—T")], [30]
where @ is called the Frank-Kamenetskii parameter, and reference viscosity for
the bottom three quarters of the mantle is raised by a factor of 30 (64).

The above governing equations are solved with the two-dimensional finite
element code of ref. 65. The top and bottom boundaries are free slip. The top
and bottom (nondimensional) temperatures are set to 0 and 1, respectively. A
reflecting (i.e., free slip and insulating) boundary condition is applied to the
side boundaries. The aspect ratio of a model is four to reduce wall effects,
and the model is discretized by 400 x 100 uniform quadrilateral elements.
Internal temperature is set to 0.7 at t* = 0 with random perturbations of small
amplitude (1073), and the system is integrated until #* = 0.0169, which
corresponds to 4.5 billion years.

The chemical composition is tracked by 108 tracers, which are initially
randomly distributed and are advected with a fourth-order Runge-Kutta scheme
(66). A certain fraction of these tracers are associated with a density anomaly
of 4,000 kg m—3 to represent metallic components. For a total metal mass of
1022 kg, for example, 0.25% of the tracers (2.5 x 10° tracers) are marked as
dense tracers. Based on the results of three-phase flow modeling, such dense
tracers are then distributed at mid-mantle depths, corresponding to the location
of a hypothetical partially molten zone (Fig. 3 A and B). With a total metal
mass of 1022 kg, a laterally homogeneous, 750-km-thick partially molten zone
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would have an average metal concentration of ~0.97%, and because metal
concentration is expected to vary linearly within the zone (S/ Appendix, Fig. S2),
dense tracers are distributed so that the concentration is ~1.93% at the top of
the zone and linearly decreases to zero at its bottom. This would correspond to
the case of a 3% Earth mass impactor with an impact angle of 45° and v/ve=2.2
(SI Appendix, Table S3). We tested seven different initial tracer distributions.
Four of them are with laterally homogeneous partially molten zones, all with

the total metal mass of 1022 kg, the complete mixing of which would reproduce
the present-day mantle abundance of HSEs. The thickness of the zone is 250 km
(Case 1), 500 km (Case 2), 750 km (Case 3), and 1,000 km (Case 4). The rest
of the cases all have a 1,000-km-thick partially molten zone with a locally deep,
500-km-thick partially molten zone for the mid-50% of the lateral extent. The
total amount of metal in the deep zone is the same as that in the shallow
zone in Case 5, and it is greater by 25% in Case 6 and 50% in Case 7. Thus,
the total metal mass is 1.13 x 102 kg in Case 6 and 1.25 x 1022 kg in
Case 7.

Foreach ofthese seveninitial tracer distributions, we have tested two Rayleigh
numbers (107 and 3 x 107), two internal heat production (20 and 25 for
Ra = 107, and 25 and 30 for Ra = 3 x 107), and three Frank-Kamenetskii
parameters (4.61, 5.70, and 6.91, which corresponds to the total viscosity

contrast due to temperature 0f102,3 x 102,and 103, respectively), amounting
to a total of 84 model runs. Convection and mixing diagnostics are summarized
in S/ Appendix, Fig. S3. In general, greater temperature dependence of viscosity
brings the system closer to stagnant lid convection, thereby decreasing the
mixing efficiency (S/ Appendix, Fig. S3 A-C) as well as the surface heat flux
(SI Appendix, Fig. S3 G-I). The internal heating ratio is high when mixing
is inefficient (i.e., low metal concentration in the present-day upper mantle)
(SI Appendix, Fig. S3 D-F), because dense metal-impregnated components
occupy a large fraction of the core-mantle boundary, reducing the core
heat flux.

Our convection modeling is certainly simplified in a few important ways,
such as the use of a two-dimensional Cartesian box and time-invariant
internal heating, but what matters for the efficient convective entrainment
of dense materials is the strength of upwelling currents in the lowermost
mantle. We have tested a wide range of relevant model parameters, and
this exploration of the model space is deemed sufficient to support our main
conclusions.

1. C-L Chou, "Fractionation of siderophile elements in the Earth's upper mantle” in Proceedings of
the 9th Lunar and Planetary Science Conference (1978), pp. 219-230.

2. K.Kimura, R. S. Lewis, E. Anders, Distribution of gold and rhenium between nickel-iron and silicate
melts: Implications for the abundance of siderophile elements on the Earth and Moon. Geochim.
Cosmochim. Acta 38, 683-701(1978).

3. R.J.Walker, Highly siderophile elements in the Earth, Moon and Mars: Update and implications for
planetary accretion and differentiation. Chem. Erde 69, 101-125 (2009).

4. J.M.D.Day, A. D. Brandon, R. J. Walker, Highly siderophile elements in Earth, Mars, the Moon,
and asteroids. Rev. Mineral. Geochem. 81, 161-238(2016).

5. S.Marchi, R. M. Canup, R. J. Walker, Heterogeneous delivery of silicate and metal to the Earth by
large planetesimals. Nat. Geosci. 11, 77-81(2018).

6. W.Neumann, T.S. Kruijer, D. Breuer, T. Kleine, Multistage core formation in planetesimals revealed
by numerical modeling and Hf-W chronometry of iron meteorites. J. Geophys. Res. Planets 123,
421-444(2018).

7. R.1.Citron, S.T. Stewart, Large impacts onto the early Earth: Planetary sterilization and iron
delivery. Planet. Sci. J. 3, 116 (2022).

8. H.Genda, R. Brasser, S.J. Mojzsis, The terrestrial late veneer from core disruption of a lunar-sized
impactor. Farth Planet. Sci. Lett. 480, 25-32 (2017).

9. R.Deguen, M. Landeau, P. Olson, Turbulent metal-silicate mixing, fragmentation, and equilibration
in magma oceans. Earth Planet. Sci. Lett. 391, 274-287 (2014).

10. M. Landeau et al., Melta-silicate mixing by large Earth-forming impacts. Earth Planet. Sci. Lett. 564,
116888 (2021).

11. H.J. Melosh, A. M. Vickery, Melt droplet formation in energetic impact events. Nature 350,
494-497 (1991).

12. G. Lavorel, M. Le Bars, Sedimentation of particles in a vigorously convecting fluid. Phys. Rev. £ 80,
046324 (2009).

13. G.Fiquet etal., Melting of peridotite to 140 gigapascals. Science 329, 1516-1518 (2010).

14. Y. Miyazaki, J. Korenaga, On the timescale of magma ocean solidification and its chemical
consequences: 2. Compositional differentiation under crystal accumulation and matrix compaction.
J. Geophys. Res. Solid Earth 124, 3399-3419 (2019).

15. H.G. Ave Lallemant, J.-C. C. Mercier, N. L. Carter, J. V. Ross, Rheology of the upper mantle:
Inferences from peridotite xenoliths. Tectonophysics 70, 85-113 (1980).

16. V.S. Solomatov, C. C. Reese, Grain size variations in the Earth's mantle and the evolution of
primordial chemical heterogeneities. J. Geophys. Res. 113, B07408 (2008).

PNAS 2023 Vol. 120 No. 43 e2309181120

On the Possibility of Metal Percolation through the Core-Mantle
Boundary Region. A recent experimental study suggests the possibility of
interconnected liquid metal in a stressed bridgmanite matrix (67), so liquid
metal in the metal-impregnated mantle components above the core-mantle
boundary may further drain down to the core. However, the percolative potential
of liquid metal is unlikely to be as important as suggested for the following
reasons. First, their experiments were conducted with the metal fraction of 5%,
which is greater than the theoretical threshold fraction (3%) for percolation
under a hydrostatic condition [Note: Metal fraction in the metal-impregnated
mantle components in our model is generally lower than this (Fig. 4 C-F)]. Even
with this relatively high fraction, melt pockets were not interconnected in their
hydrostatic experiments, and this discrepancy is attributed to the possibility that
metal is not perfectly distributed in the system. With shearing, they observed
the formation of an interconnected metal network, but because the metal
fraction is already above the threshold fraction for a hydrostatic condition, it is
difficult to extract the effect of shear stress from their experiments. Second, the
maximum strain achieved in their experiments is still quite low (<1), and the
stability of the interconnected metal network remains uncertain. In fact, with
continuing deformation, elongated and thinned network channels are expected
to be disintegrated into small isolated pockets (68), and this process likely
continues until the radius of such isolated pockets becomes small enough to
achieve a balance between shear stress and interfacial energy divided by the
radius. We note that the proposed metal percolation mechanism (67) is much
less efficient than the Rayleigh-Taylor instability (i.e., diapir formation; see the
above subsection on time scale estimates), and it is unlikely to contribute to
metal removal from the mantle.
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