LETTER

doi:10.1038/nature25446

Early episodes of high-pressure core formation
preserved in plume mantle

Colin R. M. Jackson"?, Neil R. Bennett!, Zhixue Du', Elizabeth Cottrell> & Yingwei Fei'

The decay of short-lived iodine (I) and plutonium (Pu) results in xenon
(Xe) isotopic anomalies in the mantle that record Earth’s earliest stages
of formation' 3. Xe isotopic anomalies have been linked to degassing
during accretion?%, but degassing alone cannot account for the co-
occurrence of Xe and tungsten (W) isotopic heterogeneity in plume-
derived basalts>'? and their long-term preservation in the mantle. Here
we describe measurements of I partitioning between liquid Fe alloys
and liquid silicates at high pressure and temperature and propose that
Xe isotopic anomalies found in modern plume rocks (that is, rocks
with elevated *He/*He ratios) result from I/Pu fractionations during
early, high-pressure episodes of core formation. Our measurements
demonstrate that I becomes progressively more siderophile as pressure
increases, so that portions of mantle that experienced high-pressure
core formation will have large I/Pu depletions not related to volatility.
These portions of mantle could be the source of Xe and W anomalies
observed in modern plume-derived basalts>*%°, Portions of mantle
involved in early high-pressure core formation would also be rich
in FeO'"!2, and hence denser than ambient mantle. This would aid
the long-term preservation of these mantle portions, and potentially
points to their modern manifestation within seismically slow, deep
mantle reservoirs'> with high *He/*He ratios.

Mantle plumes contain components with high *He/*He ratios that
have been broadly interpreted as evidence for a primordial reservoir
within Earth"!* (hereafter high-*He/*He mantle is referred to as ‘plume
mantle’). Recent high-precision analyses of Xe isotopes from plume
mantle reveal a common signature of a low 12°Xe*/1%Xe*p, ratio com-
pared to mid-ocean-ridge basalt (MORB) mantle? . 1¥Xe* is the decay
product of short-lived and volatile 2. 13Xe*p, is the decay product
of short-lived and refractory ***Pu. Consequently, low '*’Xe*/!36Xe*p,
ratios for plume mantle have been interpreted to reflect an early deple-
tion of T related to degassing of materials accreted to Earth?*,

Other observations of plume mantle, however, are not readily
explained by degassing processes. Modern plume mantle contains W
isotopic anomalies, both higher and lower than MORB mantle®°, that
result from the decay of short-lived hafnium ('82Hf). In contrast to I,
both W and Hf are refractory and not affected by degassing. W anom-
alies reflect the separation of core-forming metal from the silicate man-
tle early in Solar System history owing to the strong tendency of the
core to incorporate W and fractionate Hf/W ratios within terrestrial
bodies'>~18. Moreover, early accretion of volatile-poor material, as
would be required to generate low 2°Xe*/!**Xe*p, ratios related to I
volatility, would result in FeO-poor, buoyant mantle!!, which would be
difficult to sequester and preserve at the base of the mantle where
plumes originate'. In this study, we test the hypothesis that Xe and W
anomalies in plume mantle were generated by the same process—core
formation at high pressures—by quantifying how I partitions between
liquid Fe alloy and liquid silicate at equilibrium (Dinet Jsit= [Umet /Wit
where brackets denote concentration).

Limited experimental data at 2-20 GPa (about 2,800 K) demonstrate
that I can be siderophile and that its partitioning behaviour is affected

by alloying components in liquid Fe?’, but the pressure, temperature
and compositional (P-T-X) dependenc1es of D! /i Femain unknown
under conditions directly relevant to deep magma oceans. If D! Jsil
values are sensitive to P-T-X under the conditions associated with core
formation, then I/Pu variations should be formed with co-variations
in Hf/W in the mantle. Over time, these co-variations of I/Pu and Hff W
would evolve coupled Xe and W anomalies if mixing with the remain-
ing mantle was limited.

We define the P-T-X dependencies of D', by conducting parti-
tioning experiments in a laser-heated diamond anvil cell (DAC) (beam-
line 13-ID-D at the Advanced Photon Source) at temperatures from
3,100K to 4,900 K, pressures from 20 GPa to 45 GPa, and oxygen fugacity
from —0.5 to —2.0 logarithmic units relative to the iron-wiistite buffer
(Methods, Supplementary Table 1). These are conditions directly rele-
vant to deep magma oceans and related core formation events (such as
in ref. 11). Cross-sections of heating spots were exposed for chemical
analysis using a focused ion beam (Fig. 1).

The concentration of I and other elements in metal and silicate
phases were quantified using a JEOL 8530F microprobe (Methods).
Measured Dmet ssil values (as atomic ratios) vary from 0.32 to 14 (n=18,
Table 1). To relate D, il Variations in the present experiments to
P-T-X conditions of core formation, we conducted a stepwise,
unweighted least-squares regression (Methods, Extended Data Fig. 1,
Supplementary Table 2):
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for element i=0O or S, and fy is the activity coefficient for Fe in the
liquid alloy calculated by equatlon (23) of ref. 21, [i]met is the atomic
fraction of S or O present in the metal alloy, and T; is 1,873 K. Quoted
uncertainties are 1o standard errors. Negative coefficients for the X! .
terms signify more siderophile partitioning behaviour because xh et
correlates negatively with [1]met The magnitudes of the coefficients
associated with the P/T'and X3, terms are corroborated by a series of
piston cylinder experiments (Extended Data Fig. 2, Supplementary
Tables 2 and 3).

Application of this parameterization to MORB mantle core forma-
tion models yields a Dmet ssil value of 3.4+ 1.1 (10) (blue circle, Fig. 2a)
and confirms that the core can be an important reservoir for bulk Earth
I and '*Xe* (ref. 20). This estimate for D, s« 18 derived using the
P-T-X conditions (38 GPa, 3,500 K) that produce mantle with bulk
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Figure 1 | Compositional maps of Fe, Mg and I from the sample
recovered from DAC_I_EXP5, spot 3 at 4,500 K and 40 GPa. a, Fe

map; b, Mg map; and ¢, I map. The smaller dashed outline in each image
surrounds the quenched liquid-Fe alloy, the core-analogue material. The
larger dashed outline defines the area of the quenched silicate liquid, the
magma-ocean-analogue material. The I in ¢ is enriched in core-analogue
material and depleted in magma-ocean-analogue material. Maps are taken
by energy dispersive spectroscopy (EDS; at 10kV). Scale bar is 10 pm.

silicate Earth (BSE) values for [FeO] and [W] (Supplementary Table 4),
under the endmember scenario that metal segregated from MORB
mantle at a temperature along the mantle liquidus*? and occurred as a
single event with complete equilibrium between silicate and metal.
Major-element chemistry calculations of core-mantle equilibrium fol-
low the approach of ref. 11, and W partitioning is taken from the
parameterization reported in ref. 18. Accounting for [W]pgs and
[FeO]psE in a single-stage core formation model requires a Hf/ Wggg
ratio between 74 and 93 (3.0-3.8 parts per billion (p.p.b.) Wpgg), higher
than the current best estimate of 18 for primitive MORB source mantle
(Methods, Supplementary Table 4).

Given that I is a siderophile element, different episodes of core
formation will create early-forming I/Pu variability, and hence
129X e*/136X e*p, heterogeneity in the mantle? (Fig. 2). A (2.8 4+-0.4) x 1o
depletion in I for plume mantle would account for the '*Xe*/136Xe*p,
offset between MORB and plume mantle if both reservoirs synchro-
nously closed to Xe loss®. A Dimt sl value of 14.442.1 (10) is sufficient
to deplete I in plume mantle by 2.8 x relative to MORB mantle (the
uncertainty on I depletion is not propagated to the D!, /i1 value) if
equal concentrations of I were present during plume and MORB mantle
core formation. Larger depletions of I are required to explain the low
129X /136X e*p,, ratios of plume mantle if plume mantle closed to Xe
loss before MORB mantle did. Smaller depletions are needed if I was
present at lower abundances during plume mantle core formation. The
fact that I is siderophile under high P-T conditions (1) removes the
need to interpret low '2Xe*/13¢Xe*p, mantle ratios as strictly related
to volatile-element depletion during earlier stages of accretion®™* and
(2) argues against low W anomalies being related to the incorporation
of metal into plume mantle'” because early-forming, high P-T metal
should contain relatively high '2?Xe*/!**Xe*p,, opposite to the obser-
vations of refs 2-4.

Tungsten becomes less siderophile with increasing P along the man-
tle liquidus and with increasing oxygen fugacity'®-'%. Thus, increas-
ing the P for core-mantle equilibration would produce mantle with
decreased Hf/W and I/Pu ratios. These parent-daughter fractiona-
tions will produce coupled Xe and W anomalies in the mantle with
time. We quantify the coupled production of Xe and W anomalies
resulting from the partitioning of I and W under a range of P-timing
conditions for single-stage core formation (Fig. 3a). Partitioning for
I follows from equation (1). Core formation chemistry is calculated
in a single-stage framework to limit the number of free parameters
and to emphasize the direct effects of partitioning*. See Methods for
additional details regarding the isotopic evolution calculation. The
goal here is to identify P-timing conditions for core formation where
mantle forms with a >2.8 x depletion in I and with the most extreme
W anomalies observed for plume mantle, both higher and lower than
MORB mantle®!°,

Mantle that conforms to these geochemical requirements expe-
riences core formation under higher P conditions and earlier com-
pared to MORB mantle (Fig. 3a). High P conditions are required to
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Table 1 | Data used to determine the | partitioning parameters in
equation (1)

Spot P/T
Experiment  number (GPaK™) [Slmet [Olmet [met IN(Dher/s) NG
DAC_I_EXP1 1 0.006 0.197 0.038 0.005 -0.15 0.01
DAC_I_EXP1 2 0.0074 0.083 0.119 0.009 1.26 0.25
DAC_I_EXP1 3 0.0073 0.341 0.167 0.019 2.03 1.26
DAC_I_EXP3 1 upper 0.0098 0.063 0.055 0.004 0.76 -03
DAC_I_EXP3 1 lower 0.0098 0.065 0.107 0.004 0.85 0.09
DAC_I_EXP3 2 0.0103 0.227 0.158 0.018 1.85 0.62
DAC_I_EXP3 3 0.0088 0.258 0.063 0.002 0.92 0.19
DAC_I_EXP5 2 0.0094 0.224 0.275 0.004 1.8 1.36
DAC_I_EXP5 3 0.0088 0.319 0.181 0.005 2.56 0.93
DAC_I_EXP5 4 0.0082 0.3 0.062 0.01 147 0.13
DAC_I_EXP8 1 0.0092 0.145 0.298 0.028 235 0.91
DAC_I_EXP8 2 0.01 0.189 0.223 0.024 221 0.81
DAC_I_EXP9 4 0.0089 0.001 0.044 0.003 -1.14 -0.1
DAC_I_EXP10 2 0.0092 0.001 0.038 0.008 -0.38 -0.11
DAC_I_EXP10 5 0.0076 0.001 0.04 0.006 -0.76 -0.12
DAC_I_EXP11 2 0.0095 0.103 0.192 0.019 1.55 0.83
DAC_I_EXP11 4 0.0081 0.365 0.168 0.015 2.64 1.2
DAC_I_EXP13 2 0.006 0.35 0.191 0.007 -0.29 1.36

Each data category (for example, P/T) used in equation (1) was identified as significantly
correlated with variations in ‘”(D‘met/ nEs |n('~/§$et) at the 20 confidence level using an
unweighted, stepwise fitting routine. Z complete listing of compositional, pressure, temperature,
and uncertainty metadata associated with each DAC heating spot is provided in Supplementary
Table 1.

deplete I and evolve to the lower 12°Xe*/!36Xe*p, ratios associated
with plume mantle?*®, Early metal segregation from plume mantle
is required to evolve the observed high and low W anomalies®!°.
Tungsten isotope evolution in plume mantle follows a two-stage
calculation (single-stage core formation). Within the endmember
scenario of single, discrete metal segregation events for different
mantle reservoirs, the MORB mantle age corresponds to the final
step of core formation, and earlier plume mantle ages imply that
core formation for these mantle reservoirs occurred before accretion
was complete.

Core formation scenarios that successfully account for Xe and W
anomalies also produce plume mantle with high FeO contents (Fig. 3).
FeO-rich, dense mantle would be robust to mixing with other mantle
reservoirs'®, and this may explain why plume mantle preserves isotopic
anomalies associated with short-lived decay. High FeO contents are
a direct result of the high P-T metal-silicate equilibrium!"!? that is
required to explain the >(2.8 = 0.4) x depletion in I. A crucial facet
to the modelling presented here is that I, a highly volatile element,
was present during core formation for both plume and MORB mantle
rather than being added only during the late veneer** (see Methods for
additional discussion).

In addition to being FeO-rich, mantle that experienced core forma-
tion under high P-T conditions would form with elevated abundances
of moderately siderophile elements (MSEs), including W, Ni and Co
(Extended Data Fig. 3), and high oxygen fugacity''. Accordingly, this
model predicts positive correlations between the magnitude of W
anomalies and the abundances of MSEs in plume mantle. Such cor-
relations have not been resolved, and the potential contribution of
plume mantle to the bulk silicate Earth MSE budget is highly variable
owing to the uncertainty for plume mantle volume and MSE concen-
trations (see Methods). We emphasize that plume mantle is dominated
by Xe recycled from the atmosphere?~*. The presence of this recycled
Xe component demonstrates that the geochemistry of plume mantle
mostly reflects recycled materials, not accretion processes, and that
geochemical correlations associated with accretion will be obscured.
The preservation of Xe and W isotopic anomalies may be related to the
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Figure 2 | I partitioning (yF-corrected) during core formation with
corresponding Xe isotopic evolution in different mantle domains.
a, Measured D;Inet Jsil values (dots, 10 horizontal and vertical uncertainties)
from this study are corrected to the mantle liquidus geotherm?®? and O
content of the Fe alloy (S-free) in equilibrium with silicate along the

liquidus geotherm. Predicted D!, , /st values are plotted as the solid line:

fluid mobility of Xe and W during subduction and their corresponding
inefficient recycling>?>.

Linking short-lived isotopic heterogeneity to discrete episodes of
core formation implies that Earth’s mantle retains a record of the inter-
mediate stages of its growth (Fig. 4). We summarize our model timeline
as follows: Earth grew sufficiently large such that I became siderophile
under deep-mantle P-T conditions (Fig. 2). Subsections of the mantle
then experienced core extraction under relatively high P-T conditions
to generate today’s I-depleted plume mantle with higher and lower
W anomalies (Fig. 3a). The majority of the mantle (MORB mantle)
experienced a lower average pressure of metal segregation. Plume and
MORB mantle did not homogenize owing to density differences related
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equation (1) with associated 1o uncertainty envelope (dotted lines).

b, Plume mantle formation scenarios with earlier closure ages require
progressively larger depletions of I to account for the larger proportion of
undecayed %’ at closure to evolve to the same '*Xe*/!3%Xe*p, ratio.
Vertical lines associated with the black outline symbols on the right-hand
axis (for the MORB mantle® and the plume mantle®®) are 10 uncertainties.

to their differing FeO contents (Figs 2 and 3), allowing for the ingrowth
and preservation of Xe and W anomalies. Our model departs from
those in which P-T progressively increases throughout accretion and
the entire mantle homogenizes'"?®. Instead, our model produces an
initially heterogeneous mantle consistent with dynamical and obser-
vational constraints.

Earth was capable of experiencing earlier stages of high P-T core
formation based on several lines of reasoning. Accretion models
constrained by the W and Pb isotopic composition of MORB mantle
suggest that Earth rapidly accreted to nearly its full size within about
50 million years after the initiation of the Solar System*” and was there-
fore capable of producing high pressures before the Moon-forming
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Figure 3 | P-timing conditions of core extraction scenarios that lead
to co-evolution of observed Xe and W isotopic anomalies. a, Specific
modelling targets are as follows: (1) a >2.8x depletion of I relative to
MORB mantle and (2) the most extreme observed W isotopic anomalies
(right-facing triangles, high anomalies’; left-facing triangles, low
anomalies'?). The high P-T conditions associated with plume mantle

formation force the FeO content of plume mantle (colour of symbol;
see colour bar) to be correspondingly high. b, The modelled W isotopic
evolution that results from the P-timing conditions that successfully
lead to the observed Xe and W anomalies. CHUR, chondritic uniform
reservoir.
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Figure 4 | Cartoon illustrating our model for the co-generation and
preservation of Xe and W anomalies. a, Earth experiences multiple large
impacts; I and other highly volatile elements are present. FeO-rich silicate
liquids are produced via high-B high-T metal-silicate equilibration. The
high density of these FeO-rich liquids makes them prone to long-term
preservation as distinct geochemical reservoirs that experienced core

impact. Energetic impacts that cause deep magma oceans occur
throughout accretion?. Following each impact, metal-silicate equilib-
rium would be established over the depth range of the impact-induced
magma ocean leading to a range of mantle chemistry. In the deepest
portions of the magma ocean, metal-silicate equilibration could occur
under very high P-T conditions such that the silicate liquid is enriched
in FeO and gravitationally stabilized against convective mixing with
the rest of the mantle (Fig. 4). The less FeO-rich portions of mantle
involved in core formation would be more likely to homogenize and
comprise MORB mantle.

High P-T core formation, and the concomitant production of FeO-
rich mantle, may also contribute to the formation of large low-shear-
velocity provinces and ultralow-velocity zones, which are seismically
slow and putatively dense regions of the lowermost mantle usually
associated with plume mantle!>?%30, In this context we also note that
mantle formed under high P-T conditions, and subsequently stored
near the core-mantle boundary, would suffer minimal *He degassing.
This may explain the high *He/*He ratios that define high-*He/*He
(plume) mantle!>'4,

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

DAC experiments. Preparation. All DAC experiments used pre-indented Re gas-
kets. Gaskets for experiments under 25 GPa were indented to 35 jum thickness, and
gaskets for experiments above 25 GPa were indented to 20 pm thickness. A 130-pm
sample chamber was cut into each gasket using a laser drill following indentation.
A synthetic silicate-metal mixture with a composition of C1/C*! was ball-milled
and then mixed with 5% KI = 20% FeS using a mortar and pestle. Given the small
size of each laser heating spot, the fact that the entire sample is not melted, and the
ubiquitous presence of C, the bulk composition of each laser heating spot is highly
variable. These starting materials were loaded into sample chambers and then com-
pressed using stepped anvils machined to the diameter of the sample chamber.
The height of the stepped anvils is about 10 um. The remaining portions of the
sample chamber were filled using pressed foils of MgO. This creates a three-layer
arrangement with two layers of MgO about 10 pm thick surrounding a silicate-
metal mixture approximately 10 jum thick. Gaskets were then loaded into a DAC
and placed in a vacuum oven for overnight heating at 110 °C to minimize adsorbed
water on sample powders. Immediately after removal from the vacuum oven, gas-
kets were compressed to moderate pressure. Once the DAC had cooled to room
temperature, the gaskets were compressed to the desired experimental pressure.
Pressure upon compression was monitored using the diamond edge technique®.
Laser heating and X-ray diffraction (XRD). DAC sample heating was completed at
beamline 13-ID-D of the GSECARS facility at the Advanced Photon Source using
a double-sided, flat-top laser heating system (A= 1,064 nm) with a diameter of
about 20 pm. Emission spectra were collected for both sides of the heating spot
using light from a2 pm X 2jum region co-aligned with the XRD measurements.
Temperatures were calculated from the emission spectra, assuming greybody
behaviour. Temperatures reported here used light collected between 670 nm and
770 nm. Including longer-wavelength data reduced the quality of fit and generally
resulted in lower temperatures (about 200 K). Each reported temperature is the
average of a series of measurements taken in rapid succession. At high tempera-
ture (>3,000K), five spectra are taken for each series per side of the heating spot.
Temperatures reported for an experiment are the average of the final series of
temperature measurements on the hotter of either the upstream or downstream
sides. We take the hotter of the two temperatures as there is the potential for small
misalignments between the hottest portion of the heating spot and the region
where light was collected for the spectral measurement. Any misalignment creates
bias towards cooler temperatures. Uncertainties in temperature are the standard
deviations (10) of the final series of temperature measurements on the hotter side
of the DAC plus an analytical uncertainty of 100 K. Heating cycles generally lasted
several minutes and heating spots were held at peak or near-peak temperatures for
>10s. Temperatures for DAC experiments are reported in Supplementary Table 1.

XRD data were collected for every heating spot before heating and with every
temperature measurement during heating. These data we processed with Dioptas
software* to calculate pressure before heating (‘cold pressure’) and pressure during
the heating cycle (Supplementary Table 1). We use the unit cell volume of MgO,
which was present as the pressure medium in all experiments, to calculate the
cold pressure.

The pressure during the heating cycle deviates from the cold pressure owing
to relaxation of the sample and thermal expansivity. The combination of these
effects generally results in a 10-20% increase in pressure upon heating to melting
temperatures at mid-mantle pressures™.

At high temperatures (>3,000K) in the experiments reported here, a second set
of MgO peaks are present within the XRD spectra. This second set of MgO peaks
are shifted towards larger volume compared to the MgO peaks of the pressure
medium. We interpret the larger-volume MgO peaks to be the Fe-bearing MgO
phase that mantles all heating spots in the present experiments (Fig. 1), and these
peaks are used to calculate thermal pressure. To calculate pressure, we apply the
volume measurements from the XRD data and the temperature measurements to
the thermal equation of state for MgO from ref. 36. This approach neglects the FeO
present in the mantling MgO phase (magnesium number Mg# of about 80) and
the temperature gradient across the mantling phase. These two effects cancel to a
degree. This approach has the advantage of being able to monitor thermal pressure
over the duration of the experiment. Uncertainty on the pressure measurement is
the fractional uncertainty of the temperature measurement multiplied by the hot
pressure plus 2 GPa (Supplementary Table 1).

Heating spots DAC_I_EXP5 spot 4, DAC_I_EXP11 spot 4, and DAC_I_EXP13
spot 2 all have thermal pressure in excess of 30% initial pressure. This is larger than
normally attributed to thermal pressure in core formation DAC experiments®’. We
suggest that the large thermal pressure relates to the pre-relaxation of the heating
spot due to previous heating spots completed in the same cell.

Chemical analysis preparation. The heating spots of the DAC experiments were
prepared for analysis using a focused ion beam (30kV, Ga™ ions, Auriga, Zeiss
Instruments) at Carnegie Institution for Science, Washington DC following the

technique of ref. 38. Samples were milled to expose a cross-section of the heating
spot parallel to the laser beam used to heat the sample. Milling proceeded on each
heating spot until quenched metal and quenched silicate phases were exposed and
the exposure of the metal phase had nearly reached its full diameter. The final mill-
ing step was completed with a 2-nA beam to prepare a flat surface for wavelength
dispersive spectroscopy analysis and EDS mapping.

Piston cylinder experiments. Preparation. A series of piston cylinder experiments
were conducted at the Department of Mineral Sciences, National Museum of
Natural History, USA, to corroborate the DAC results. Experiments were run using
0.5-inch-diameter assemblies, comprising BaCOs pressure media wrapped in Pb foil,
straight-walled graphite heaters, and MgO spacers. Temperatures were monitored
using a D-type thermocouple housed in a four-hole alumina rod inserted axially
into the assembly. MgO spacers were machined to position the hotspot between the
sample capsule and the thermocouple junction. Starting materials were oxide and
carbonate powders mixed to generate a basaltic composition (62A from ref. 39). This
powder was decarbonated and reduced to the oxygen fugacity of mostly iron-wiistite
(IW) at 1,373 K overnight. Following decarbonation and reduction, the oxide was
then mixed with either FeNiSi alloy, FeSi alloy, FeSi + FeS or Fe + FeS to yield a 50:50
silicate-metal mixture by weight. I was added as KI, AgI or I to yield approximately
4 wt% I in the starting material. Graphite capsules were used in all experiments.
Capsules were isolated from the graphite heater by an Al,Oj sheath, and the ther-
mocouple was isolated from the graphite capsule by a 1-mm-thick disk of MgO.

Samples were cold-compressed to 1 GPa. Following compression, sample tem-

peratures were ramped to 1,073 K and allowed to sinter for 2 h. Experiments were
then ramped to 1,973 K and held at that temperature for 20-40 min. Experimental
pressures were 1.5 GPa.
Chemical analysis preparation. Piston cylinder experiments were prepared to mini-
mize the loss of fluid-mobile components from the run products. A basaltic silicate
composition was chosen to enable the silicate to quench to a glass. Graphite cap-
sules were sectioned using a diamond wafering blade without lubrication. Initial
exposure of run products was completed with SiC sandpaper using Turbinoid
as a lubricant. Final polishing was completed using alumina-impregnated sheets
without lubricant.

A series of piston cylinder experiments were run and prepared with water-based

lubrication. In these experiments, I-rich materials were observed on the polished
surfaces following the final polishing step. We do not report these experiments
because of the clear mobility of I before analysis.
Chemical analysis. Chemical analyses were completed using a JEOL 8530F
field-emission microprobe at the Carnegie Institute for Science. Analyses of metal
phases were performed with a beam diameter ranging from a focused beam to a
2-pm-diameter beam. Analyses on silicate materials were conducted with a 1-pm-
diameter beam. All analyses employed a 10-kV accelerating voltage and 2-10-nA
beam current. Repeated analyses of the same material with different current
densities yielded no evidence for the volatilization of I during microanalysis.
Analytical standards for silicate analyses were ENALS (enstatite stoichiometry
glass with 5 wt% Al,Os, for Mg, Si and Al), basalt 812 glass (for Ca, K, Fe), FeS,
(for S), and KI (for I). Analytical standards for metal analyses were ENAL5 (for
Mg, Siand Al), basalt 812 glass (for Ca and K), FeS, (for S), KI (for I), Fe;Cs (for
C and Fe), and Fe;0, (for O). The Fe;C; standard was synthesized following the
method outlined in ref. 40. Multiple analyses were conducted on the silicate phase
and metal phase contained within each heating spot. Analytical uncertainties are
calculated as standard errors of the repeat analyses of a given material. Standard
errors are reported because the quench textures of metals and silicate can be coarse
with respect to the beam diameter. Heating spots with small metallic phases were
analysed and repolished with the focused ion beam to allow for repeat analyses.
Reanalysis of metals without polishing resulted in analyses with carbon concen-
trations about 1 wt% higher compared to the original analysis.

The glass phases of the piston cylinder experiments were analysed using the
same routine developed for the silicate phases in the DAC. The metallic phases of
the piston cylinder experiments were analysed with a 15-kV accelerating voltage
and 50-nA beam current, with the beam defocused to 10 pum, to achieve a lower
detection limit for I. Standards were the same as the 10-kV routine with the follow-
ing additions: Ag metal (Ag), basalt 812 glass (Na and Ti), Ni-olivine (Ni), MnO,
(Mn) and chromite (Cr). All samples and standards were coated with Ir to prevent
charging and facilitate the quantification of C in metal.

The compositions of DAC experimental products are reported in Supplementary

Table 1, and the compositions of piston cylinder experimental products are
reported in Supplementary Table 2.
Data processing and fitting. To parameterize D, /sl values we consider the dis-
solution partitioning reaction: [I]sj = [I]me. We take this partitioning reaction as
opposed to other potential reactions because the speciation of I dissolved in liquid
Fe alloy and silicate is not known. The partitioning reaction has an associated
equilibrium constant, K.
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—Ki=exp S + 4 (4)
R RT

where 7y denotes the activity coefficient, and [ ] denotes the concentration of a given
component. AH®, AS° and AV are the enthalpy, entropy and volume change of
the partitioning reaction for a given pressure and temperature. Assuming AH°,
AS° and AV" are constant across the pressure and temperature range of interest
and that 'y is a constant, the I partition coefficient (Dmet ssit = [Tlmet /I)s) can
be expressed as follows:

b

cP
1n(Dmet/srl) + 1rl(’ymet) a+ T + = (5)

where a, b and c are fitting parameters that scale with AS°, AH® and AV,

respectively. Following from equation (24) in ref. 21, yllmt is expanded as:
ln(,ymet) - ln(’ymet) + ln('yxlr‘r)et) - Z EI)(met (6)

where 'y::et denotes the activity coefficient of I at infinite dilution and ¢ are the
fitted interaction parameters. The sigma terms sum across the alloying components
in Fe alloy and X, ., takes the form:

met

met — T/T ilmet + ll’l(l [ ]met) _ 1 _
[i]met 1 — [Tt
" (7)
. 1 1 Tmet
(L [Tme —— ~1
e ] M 1= (e 21— [T )?
for i=S, C, O or Re and the reference temperature T, = 1,873 K.

Xipee = (T/T) In(1 = [Tmet) (8)

Known terms are collected on the left and unknown terms are collected on the
right, to yield the final expression used for parameterization:

b
In ( met/srl) + lIl( met) =a + + = + Z EIXmet (9)

Variations in ln(Dmet Jsi) ln('y o) were fitted in a stepwise, unwelghted least-
squares approach The stepwise matrix includes the 1/ T, PIT, X5 o Xt XSots
X9, and X2 terms. The a term accounts for AS°/R and is forced to be part of
the parameterization.

In the first fitting step, the most significant term is X°,
0.00005, Extended Data Fig. 1a). Following the addition of X mep> the most 51gn1f
icant term is X3, (with a Pvalue of 0.02), and following the addition of X° , the
most significant term is P/T (with a P value of 0.007). No additional terms are
significant at the 95% confidence threshold and are therefore not included in the
predictive expression for I partitioning (equation (1)). Each step of the stepwise
regression is plotted in Extended Data Fig. 1. The fact that X} _, is not significant
in the stepwise fitting approach suggests that I doping levels are not high enough
to significantly affect In(Dmet /sﬂ) values; that is, doping levels are within the
Henrian regime. The activity coefficient of I at infinite dilution (equation (5), 'y;?e W)
in liquid Fe metal is not explicitly accounted for in calculating the solution beha-
viour of I. This term has the same 1/T dependence as the b term, which is not
deemed significant and is therefore not included in the current parameterization.
The parameter values and the associated covariance matrix are included as
Supplementary Table 3. Covariance plots of parameterization terms are provided
in Extended Data Fig. 1.

All silicate and metal data were converted to atomic fractions to calculate
DL ssi- Oxygen was subtracted from the silicate analyses according to the valence
state of the anionic species, >~ and I".

Atomic data were converted to molar oxide for the silicate phase of each experi-
ment to calculate oxygen fugacity and exchange coefficients. The substitution of S
and I for O is not accounted for in this conversion. The atomic fraction of S relative
to Fe in experiments is approximately 0.1. Correspondingly, any reduction to the
mole fraction of FeO that is due to Fe complexing with S is small.

Oxygen fugacity for each experiment was calculated with respect to the iron-
wiistite oxygen buffer as:

ot (with a P value of

AIW = 21oglo (XffO’yFeo/Xmet Vmet) (10)

We take the expression from ref. 41 for In(7y FeO).
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Calculating ln('y J) requires an understanding of how different components
interact in hquld Fe alloy, and we follow the formalism for calculating ’y
outlined in ref. 21. Non-Fe components in the alloy are limited to O, S and C.
Interactions are calculated using the € values tabulated in the Steelmaking Data
Sourcebook??. We do not account for I, Re, Mg, K and Al interactions in calcu-
lating yfneﬂ. These elements are present at minor to trace levels, except for Re,
which is present at an atomic fraction of about 0.15 in the metallic phases of three
heating spots. Values of ’aneet were also calculated using the METALACT calcu-
lator (MetalAct, http://www.earth.ox.ac.uk/~expet/metalact/; ref. 43) with Si,
S, O, C and Re interactions. There is good agreement between the two sets of
calculations (not shown).

Low totals in the silicate of DAC heating spots. Several heating spots yielded
low totals during analysis of the silicate (DAC_I_EXP5 spot 2, DAC_I_EXP5 spot
4 and DAC_I_EXP11 spot 4; Supplementary Table 1). Following the analysis of
DAC_I_EXP5 spot 2 and DAC_I_EXP5 spot 4, vesiculation of the silicate was
observed (Extended Data Fig. 4). We interpret this to indicate that the quenched
silicate phases in these heating spots were volatile-rich. Low totals during analysis of
DAC_I_EXP11 spot 4 may relate to sample specific geometry issues. Ferropericlase
and bridgmanite mineral grains were analysed in the region immediately
surrounding heating spots with low totals (DAC_I_EXP5 spot 2, DAC_I_EXP5
spot4 and DAC_I_EXP11 spot 4; not reported). These analyses consistently yielded
higher totals than the quenched silicate. This provides additional evidence that the
low totals may be related to unanalysed volatiles and are not likely to be related to
geometric issues or analytical routine issues.

We note that changes to the major element compositions of ultramafic melts

do not appear to have substantial effects on metal-silicate partition coefficients.
Following other studies*?, we assume ultramafic melt composition does not affect
metal-silicate partition coefficients. The effects of C and H dissolved in ultramafic
melts have not been quantified, but we assume from the results with major elements
that C and H do not affect partitioning behaviour.
Evaluating equilibrium in DAC experiments. The approach to equilibrium in
the present experiments is evaluated by (1) comparing the exchange systematics of
the present experiments to previously reported data and (2) reviewing the internal
systematics of the present experiments.

Extended Data Fig. 5a compares measurements of Si-Fe exchange coefficients
between silicate and metal (K[)™ °) from the present experiments to K Si-Fe values

In(v5°) =2,096/T — 2.6024X §° + 2.2105X 52 + 0.238X G — 0.9666

compiled by ref. 38. We choose K %‘ Fe for comparison because it has a high and

well-defined temperature dependence and because the compositional effects are
relatively small and well constrained®”. Data from this study have been corrected
for Si-Si, Si-O, Si-C and Si-S interactions, and data from the literature have been
corrected for Si-Si, Si-O and Si-C interactions. Corrections for Si-Si, Si-C and
Si-S were made using the € parameters reported in ref. 42. Corrections for Si-O
were made using the e parameter reported by ref. 37. Reported and literature K3 F¢
values show good correspondence (Extended Data Fig. 5a), suggesting that we
heated our samples stably for long enough to closely approach chemical equilib-
rium and to obtain accurate temperature calculations.

The Mg/Si ratio of eutectic melts in the MgO-MgSiO; system increases with
pressure up to 45 GPa (ref. 44; Extended Data Fig. 5b). This behaviour provides a
check on pressure estimates for individual heating spots. Circle symbols are from
this study and are binned into three groups by Mg#. Darker symbols denote a
lower Mg#. Silicate Mg# spans from 61 to 77. Square symbols have a Mg# of 100
and are from ref. 44.

Compared to the silicate compositions of MgO-MgSiO3 eutectic melts
reported by ref. 44 at 35 GPa and 45 GPa (Extended Data Fig. 5b), the silicate
liquids from this study have uniformly higher (Mg + Fe)/Si ratios at similar
pressures. More FeO-rich silicate liquids within a given pressure range also plot
towards higher (Mg + Fe)/Si ratios. These behaviours are expected for systems of
similar pressure but variable FeO content. The addition of FeO to a system lowers
the melting point of MgO relative to MgSiOs, shifting the eutectic towards MgO.
Further support for the pressure calculation comes from the similar slopes of
(Mg + Fe)/Si versus pressure for the Mg# groups (symbols of same colour) and
the eutectic melt slope®?.

Mobility of I during sample preparation. Experiments conducted with a DAC
were prepared for analysis exclusively using a focused ion beam. No contact
was made between the samples and a fluid that may promote I mobilization.
Nonetheless, many DAC samples developed I-rich blebs in the vicinity of the
exposed heating spots during storage in desiccators (Extended Data Fig. 6). Heating
spots were analysed using EDS before their removal from the focused ion beam
(before the appearance of I-rich blebs). The I contents of the metals and silicates
before and after the appearance of I-rich blebs are indistinguishable. This indicates
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that the I-rich blebs were not derived from the silicate or metal phases and that the
I-rich blebs did not modify the I content of the silicate and metal phases.

EDS analyses of the I-rich blebs indicate that they are rich in Fe, C,Iand O. In

DAC experiments without S, a material with a similar composition mantles the
metal phases (Extended Data Fig. 6) and can extend into the region immediately
surrounding the heating spot. We consider this material to be a phase that is sepa-
rate to the metal and silicate phases. If this I-rich material exsolved from the metal
or silicate during quenching in the S-free experiments (the mantling phase is not
present in S-bearing experiments), this would imply a very O-rich and I-rich metal
or silicate. This possibility is not supported by the partitioning behaviour of O and
Iin S-bearing experiments. Specifically, I partitioning for S-free experiments is
well predicted by S-bearing experiments, and O solubility in metals from S-free
experiments is similar to those measured in S-bearing experiments. Moreover, the
fact that I-rich blebs are not always observed in direct contact with the silicate or
metal phase of a heating spot suggests an independent origin for the I-rich material
(Extended Data Fig. 6).
Comparison of DAC and piston cylinder results. A series of piston cylinder
experiments were completed to validate the In(D!, ., /1) expression derived using
the DAC results (equation (1)). All experiments were conducted at 1.5 GPa and
1,973 K. In all but two experiments the concentration of I in the metal phase was
below the detection limit, precluding the quantification of In(D}, ssi1) values. For
the analytical parameters (15kV, 50 nA, 60s/30s peak/off-peak counting time)
used to measure I in metals of the piston cylinder experiments, the detection limit
is 0.006 wt% or 60 parts per million. We take the detection limit to calculate upper
limits on In(Dmet Jsil) values for these experiments (Extended Data Fig. 2).

I partition coefficients were quantified for two S-bearing piston cylinder experi-
ments. The S-bearing experiments contained two, immiscible metallic liquids; one
S-rich and the other S-poor. I is detectable only in the S-rich metallic phase, con-
sistent with S in metallic liquids increasing In(DL, /i) values (equation (1)). The
two S-bearing experiments were conducted at AIW — 4.7 and AIW — 1.9, where
AIW + a is fugacity in log units relative to the iron-wiistite oxygen buffer. The
more reduced experlment yielded a ln(Dmet/sd) value that is lower than the
predicted range for ln(Dmet/Sll) at low pressure (95% confidence threshold
Extended Data Fig. 2a). The more oxidized experiment yielded a higher In(D~, ssit)
value that is within the predicted In(D%, ., /i) range. Oxygen fugacity ( 5 ) in the
DAC experiments averaged ATW—1.3, similar to the more oxidized piston cylmder
experiment (AIW—1.9). Thus, the piston cylinder experiments provide independ-
ent support for the predictive ability of the DAC regression for systems with similar
fOz' The fact that the measured In(D, , ssi) values and upper limit In(DL,, /i) values
plot mostly near the lower limit of the uncertainty envelope favours models with
larger P/T terms and lower intercepts (Extended Data Fig. 2b).

From the two piston cylinder experiments, there is preliminary support for
oxidizing conditions promoting I partitioning into metallic liquids. This behaviour
is consistent with that of other anionic species in core-forming environments*>-43,
Taking the two piston cylinder experiments with measurable I in the metallic phase
as a guide for howIn(D}, ., /i) scales with f allows the piston cylinder data to be
corrected to the average f of the DAC experiments (ATW—1.3). The fo -cor-
rected piston cylinder data dre plotted in Extended Data Fig. 2b.

We choose not to include an f term in the DAC data regression because (1)

we apply equation (1) under fo sitnilar to the DAC data, (2) the f term is not
statistically significant (P value > 0. 05) within the stepwise fit of t%e DAC data,
and (3) a systematic study quantifying the relationship between f andIn(DL, Jsil)
has not been completed.
Modelling Xe and W isotope evolution. Establishing the I/Pu fractionations
required to produce '2Xe*/"3Xe*p, variability between MORB and plume
mantle. The pertinent isotopic observations comparing Xe isotopes in MORB and
plume mantle are as follows: MORB and plume mantle 12Xe*/!36Xe*p, values are
8.217 ,and 2.9%04, respectively®, that s, the '2?Xe*/'*Xe*p, ratio for MORB man-
tleis 2.8 £0.4 x higher than in plume mantle. We note the uncertainties in MORB
and plume mantle 12?Xe*/!36Xe*p, values are similarly asymmetric such that their
ratio has symmetric uncertainty at the precision of the measurements. Isotopic
variability within 12Xe*/136Xe*p, reflects a combination of different Xe closure
ages for plume and MORB mantle and the I/Pu ratios of these two reservoirs
during the lifetime of the parent isotope. The Xe closure age (I-Pu-Xe) is the age
at which a reservoir starts to accumulate radiogenic Xe related to I and Pu decay.
Closure age is calculated as:
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where 12Xe*/!36Xe*p, is determined for different geochemical reservoirs using
average carbonaceous chondrite (AVCC) values for initial mantle Xe (taken from

ref. 8) and the remaining parameters are reported in ref. 49. We use the AVCC-
based calculations because AVCC provides the best fit* to the non-radiogenic com-
ponents to mantle Xe. The %I contents of MORB mantle are updated to reflect the
most recent estimates®® of 743 p.p.b. I for the bulk silicate Earth.

If MORB and plume mantle closed to Xe loss with the same I/Pu ratios, then
MORB mantle must have closed to Xe loss about 30 million years earlier than
plume mantle to account for its 2.8 x higher ratio of 12°Xe*/13¢Xe*p, (Extended
Data Fig. 7a). The apparent common heritage of the W isotopes of MORB mantle
and the Moon®"*2, however, suggests that MORB mantle closed to Xe loss after the
plume mantle did. Lowering the I/Pu ratio of plume mantle progressively lowers its
Xe closure age. Equal Xe closure ages for plume and MORB mantle are accounted
for if the plume mantle closed with a 2.8 lower I/Pu ratio compared to MORB
mantle (Fig. 2b). Greater depletions of I/Pu for plume mantle translate to Xe closure
ages that predate Xe closure in MORB mantle (Fig. 2b).

We note that the radiogenic component of the 12Xe/1**Xe ratio for plume man-
tle, corrected for recycling, is also approximately 3 x lower than MORB mantle
(Extended Data Fig. 7b, Supplementary Table 4). The radiogenic component of
the 12Xe/!*%Xe ratio is calculated as follows:

129Xe/l30Xeradiogenic =129 Xe/1Soxemantle—recycling—corrected_lzgXe/l3oxeinitial (13)

where 12Xe/"*"Xe; a1 = 6.286 (ref. 49). The similar offsets for '*Xe/"**Xeqgiogenic
and 'Xe*/136Xe*p, between plume and MORB mantle imply that they are related
to the behaviour of I, and not Pu or Xe, during accretion.

Developing W isotopic targets. Xenon from MORB mantle and plume mantle is
dominantly from the atmosphere?*-8, The injection of atmospheric Xe into the
mantle occurs during subduction of slab materials that have interacted with oce-
anic waters. These materials contain W from the MORB mantle, and therefore, the
injection of atmospheric Xe into the mantle also contains a component of MORB
W. The MORB mantle 2W/!¥*W ratio is not affected by this process, but back-
mixing MORB W into plume mantle will dilute any "#2W/"$*W anomaly present
in plume mantle and change its concentration of W.

The degree that plume '"?W/"*W anomalies are diluted owing to backmixing
of MORB W depends on the coupling between Xe and W during their respective
deep cycles. Both W and Xe are efficiently stripped from the slab because they
are incompatible in mantle and slab minerals and fluid that is mobile during slab
subduction®®-°, Alteration of oceanic crust results in a net uptake of Xe into the
slab before subduction, increasing Xe concentrations in oceanic crust by 100x to
100,000 over Xe concentrations in MORB mantle®-",

The W/Th ratio for arc lavas affected by slab melts is essentially equal to the W/Th

ratio for MORB®!. Given that W and Th are incompatible during slab melting,
the equality of W/Th in the slab melt and in MORB suggests minimal uptake
or loss of W during hydrothermal alteration of oceanic crust. Assuming a 10 x
increase in [W] for oceanic crust over MORB mantle (10% mantle melting), the
slab crust enters the subduction zone with an elevated Xe/W ratio that is 10x to
10,000 % greater than in MORB mantle. Tungsten and Xe are both mobile during
subduction®-%, but the relative efficiency of Xe and W removal from the slab
during dehydration and melting is not known. Because of this uncertainty and
the uncertainty on Xe/W ratios of plume mantle, we take the modern 'SW/'"$w
anomalies as the targets for modelling the isotopic evolution of plume mantle (no
W dilution).
Calculation of W and Xe isotopic anomalies resulting from discrete stages of core
formation. To identify scenarios where the short-lived isotopic signatures observed in
plume and MORB mantle can be generated, we modelled the '2W/!#*W evolution
and I depletion of mantle reservoirs that experienced single-stage core extraction at
different P-T-X-timing conditions. We calculate core formation as a single-stage
process to limit the number of free parameters within each calculation? and to
facilitate P-T-X-timing comparisons between model outputs. Calculations of
major-element chemistry resulting from core formation follow the approach of
ref. 11, in which the following mass balance equation is solved:

[(Feo)x (Nlo)y(SIOZ)z(MguAlmcan)O] + [FeaNibOc Sid]core

'mantle

—|(Fe0),,(Ni0) ,/(i02),/(Mg Al,Can)O|  + [Fe,Niy/O,Siglore  (14)
where a, b, ¢, u, m, n, x, y and z are defined by the composition of the starting
material, and @', V', ¢, x', ¥/, 2’ are unknowns determined on the basis of the par-
titioning of Ni, Si and O at the chosen P-T conditions. The starting material used
for all calculations is an average of the ‘oxidized’ and ‘reduced’ impactor composi-
tions given by ref. 11. A full description of the procedure used for the major-
element calculations can be found in ref. 11. This approach has the advantage of
coupling the P-T conditions of core formation with the mantle FeO content, an
important constraint in our definition of successful model conditions. Partition
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coefficients for I are calculated from equation (1). Note that the activity coefficient
of Fe in liquid Fe alloy under the applicable T-X conditions is very close to 1
(In(yf¢ ) = 0)and can be neglected in applying equation (1) to natural conditions.

Tungrsnteetn partitioning is given by ref. 18 and takes the following form:

log (Dyyey i (Wt%)) = 1.85 — 6,728/ T — 77 x (P/T) 0s)
15
+310g (Dpyey it (W1%))

A Monte Carlo approach is employed to search the parameter space, in which
pressure and the timing of the core formation event are selected at random.
Temperature at the chosen pressure is constrained to lie on the peridotite liquidus
determined by ref. 22. The distribution of W and I between core and mantle is cal-
culated from the given expressions for partitioning (equation (1) for I and using ref.
18 for W) applying the core-mantle chemistry calculated following ref. 11 (equa-
tion (14)). The evolution of the mantle W isotope composition subsequent to the
core-forming event is then calculated using the following expression from ref. 62:

/ CHUR (0 =Qw (16)

Hf
182Hf] FHIW (e Masage — =)
U

where uw CHUR) (t) is the parts per million deviation in the mantle W isotope
composmon at tlme t relative to CHUR, Qyy is related to '*°Hf/!8?W of CHUR at
t=0, f1W is the enrichment in Hf/W relative to CHUR that results from core
formation, and fyeg. corresponds to the time after Solar System formation of the
core-forming event being considered.

Our initial goal was to use the model to determine the conditions of core-
formation that are compatible with the composition of the MORB source reservoir,
where this reservoir is approximately comprised of bulk silicate Earth. Models were
considered successful when they matched [W]%, [FeO] and the isotopic compo-
sition of the bulk silicate Earth!® (Supplementary Table 4). Our Hf~-W age deter-
mination of core segregation from MORB mantle occurs later in the accretion
timeline than do previous determinations'®. This difference stems from our
requirement to satisfy [FeO]ps, in addition to [W]gsg and '2W/'84W in the Hf-W
calculation. The mutual satisfaction of [FeO]psg and [W]ggg in a single-stage core
formation framework is only possible at the lower end of [W]ps estimates®®, which
forces the Hf~W age to about 50 million years after the initiation of the Solar
System (approximately the time of condensation of calcium-aluminium-rich inclu-
sions, CAI) (Fig. 3). Satisfying only [W]gsg yields a Hf~W age of about 30 million
years after CAI'>, but the [FeO]ps implied by this calculation exceeds observations.
To calculate the value of D!, ., /il applicable to the core-forming event responsible
for creating MORB source mantle, we employed the P-T conditions found by
averaging the conditions of the successful models described above. Additional
discussion of modelled [W]ggg is provided in the Methods subsection ‘Collateral
geochemical consequences.

In the second step of the model we search the P-timing parameter space (T is
fixed along the liquidus of ref. 22) to identify core extraction scenarios that produce
amantle reservoir with 1'82W values that are low or high relative to those of MORB
source mantle by the amounts listed in Supplementary Table 4. In these model
calculations, the measured /:'**W anomalies”! are the only constraint that must
be satisfied in order to consider the result a success. These core-forming events
are those considered further as candidates for the formation of plume mantle.
Using the P-T conditions from these successful results, we calculate I partition
coefficients and the corresponding depletions in mantle I that result from core
extraction. Cases where the calculated I depletion is >2.8x the value predicted
for MORB source mantle are considered successful for both W and Xe isotopes
and are plotted in Fig. 3a.

Dynamical simulations of planetary accretion suggest that the majority of vola-
tile elements were delivered to Earth in the final 30% of growth®". Relative I deple-
tion between different sections of mantle (plume mantle and MORB mantle) in
our model, however, is only a function of core formation. Our model explains I
depletion in plume mantle without invoking early accretion of volatile-poor mate-
rial. If the material that accreted to generate plume mantle was in fact volatile-
depleted, it would reduce the pressure required for segregation of core metal from
plume mantle (lower D!, ) and would allow for segregation later in Solar System
history (Fig. 3a).

As noted above, the 12*Xe*/'3Xe*p, and '*Xe/"**Xe;qgiogenic Offsets between
plume and MORB mantle both require plume mantle I/Pu and I/Xe ratios to be
approximately 3 x lower than MORB mantle upon formation. Given the differing
volatilities of I, Pu and Xe, the I/Pu and I/Xe ratios of materials accreted to Earth
should vary but to different degrees for materials with different volatile contents.
This suggests that volatile delivery may have been roughly constant during the
period overlapping plume mantle and MORB mantle core formation.

met/sil
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Plutonium, Hf and Xe are assumed not to enter the core in these calculations.
Partitioning of Xe and other noble gases into the core has been studied by many
groups and their uniform conclusion is that noble gases are not siderophile®>-7,
at least across the P-T-X conditions explored so far. Xenon partitioning data have
only been reported between 0.5 GPa and 6 GPa and show a negative correlation
with increasing pressure, w1th Dmet /st values decreasing from about 0. 1 to about
0.001 over this pressure range®. We assume that Xe remains lithophile (D¢, st <1)
across the P conditions considered here (up to 80 GPa). Partitioning of Pu during
core formation has not been directly studied, but other actinides remain lithophile
under the P-T-X conditions applicable to core formation in deep magma oceans®.

We do not require that the calculated Xe closure age be the same as the timing
of core extraction for MORB or plume mantle. Xenon closure ages depend on
assumptions made for the abundance of I in bulk silicate Earth and assumptions
regarding retention of Xe before complete closure. Moreover, both single-stage
core formation and Xe closure calculations are idealized scenarios and do not yield
ages with absolute chronological meaning. These assumptions make it difficult to
directly compare the timing of core extraction and Xe closure ages.

We do not explore the independent effects on W partitioning related to oxygen
fugacity (bulk oxygen content of the core-mantle system), S, C or temperatures
removed from the mantle liquidus?2. More reduced, C-rich, and S-poor core forma-
tion would make W more siderophile!®~!® and vice versa. Combined, these effects
would expand the P-T-timing space (Fig. 3a) for successful W isotopic solutions.
Collateral geochemical consequences. High-pressure metal-silicate equilibrium
would cause mantle to form with elevated abundances of moderately siderophile
elements, FeO contents and oxygen fugacity'-*” (Fig. 2, Extended Data Fig. 3).
Many plume-related materials contain these geochemical signals, including ele-
vated Ni contents and elevated oxygen fugacity®®~"? but (as emphasized in the
main text) plume mantle Xe is dominated (about 90% of total Xe) by a recycled
component®™, Given that the relative efficiency of Xe recycling is probably lower
than other less fluid-mobile elements it is plausible that geochemical signatures of
accretion in plume mantle will be overprinted by recycled materials.

Tungsten is fluid-mobile under conditions relevant to subduction®, and this
behaviour may be crucial to preserving W isotopic anomalies?®. High P-T core
formation generates mantle with elevated [W] (Extended Data Fig. 3), and this
elevated [W] may also contribute to the long-term preservation of W anomalies.
The fact that high P-T core formation generates mantle with elevated [W] also
leads to the prediction that the magnitude of the W anomalies will be correlated
with [W] in the mantle source (Extended Data Fig. 3).

According to the modelling presented here, the minimum core equilibration
pressure that can generate the Xe and W isotopic signatures is about 55 GPa. Under
these conditions, we predict mantle to form with [W] about 5x that of primitive
MORB mantle (Extended Data Fig. 3). Partitioning behaviour for W follows from
ref. 18. Higher-pressure core formation would produce mantle with higher [W].
At the highest pressures considered here (80 GPa), mantle will form with [W]
about 20x compared to primitive MORB mantle. For Ni and Co, plume mantle
will vary from about 2 x (55 GPa) to about 5x primitive MORB values (80 GPa).
Partitioning behaviour for Ni and Co follows from ref. 37. Primitive MORB source
Ni and Co contents were calculated using the P-T-X identified as successful for
matching bulk silicate Earth [W]®* and FeO (Supplementary Table 4), yielding
bulk silicate Earth values for [Ni] and [Co] that are approximately 2 x lower than
estimates’!. Consequently, the relative trends, rather than the absolute values, of
the MSE calculations are more useful in evaluating MSE behaviour and are pre-
sented here. We emphasize that these calculations are only applicable for plume
mantle immediately following core formation. Components recycled into plume
mantle will dilute any geochemical anomalies generated during the formation of
plume mantle.

The effect of plume mantle on bulk silicate Earth [W] is not clear, owing to
uncertainty regarding the volume of plume mantle and [W] in plume mantle. For
example, plume mantle may be contained within modern large low-shear-velocity
provinces, which comprise about 8% of the total mantle volume’2. If this is true,
modern plume mantle volume could range from around 8% of mantle volume to
<1%. If plume mantle is 5% of mantle volume and contains around 20x [W] of
the primitive MORB source (the high endmember case), plume mantle would
contribute half of the bulk mantle budget. However, if plume mantle is 1% of the
total mantle volume and contains 5x [W] of the primitive MORB source (the low
endmember case), then plume mantle would contribute negligibly to the bulk
mantle W budget. The most recent estimate® for BSE [W] is 13- 10 p.p.b., so a
doubling of bulk mantle [W] is of similar order to current uncertainty estimates.
Given that Ni and Co would be less enriched in plume mantle compared to W, the
effect of plume mantle on Ni and Co bulk mantle budgets would be correspond-
ingly smaller (Extended Data Fig. 3).

There are caveats to the expected correlation between the elevated [W] and
W anomalies. Given that Xe is 90% overprinted by recycled materials in plume
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mantle?™, it is expected that the W anomalies have been diluted since their gene-
ration. Creating larger initial W anomalies in the mantle (as would be required if
modern W anomalies have been diluted) requires earlier core formation or lower
[W] in plume mantle. Lower [W] in the plume mantle could be achieved if plume
mantle formed under more reduced conditions than considered here or under
C-rich conditions!®3. It is also possible that I was available at lower concentra-
tions during plume mantle core formation. If true, this would allow plume mantle
core formation to occur at pressures lower than 55 GPa, with correspondingly
lower enrichments of W in plume mantle compared to MORB mantle. Thus, the
approximately 5 increase of [W] in the plume mantle is only a minimum value
for the specific conditions considered here. Nonetheless, elevated [W] associated
with W anomalies is a prediction of the present model.

The pressure and timing of core formation for MORB mantle are constrained
here by identifying the P-timing space (T is fixed by the mantle liquidus of ref. 22)
within a single-stage model that results in values for ¥2W/¥W, [W], and [FeO]
within the permissible range for the bulk silicate Earth (Supplementary Table 4). To
calculate the f17W value associated with the evolution of '*>W/!**W in the MORB
mantle following core formation (equation (16)), we assume®® [Hf |psg =280 p.p.b.
Successful single-stage models are found for [W]pgg ranging between 3.0 p.p.b. and
3.8 p.p.b., equating to a Hf/ Wggg range of 74-93. A lower Hf/Wgsg value of 18 is
obtained by dividing best estimates of the Hf/ U hondrite against W/Uggg, (12.0 £4.2
and 0.65 % 0.45, 20)°*7. Calculating the corresponding uncertainty on the Hf/
Wi ratio is complicated by the unknown covariance of Hf/ Uchondrite and W/Uggg
uncertainties. Taking the extreme upper limit of Hf/Ugpondrite and lower limit of
W/Usggg (negatively correlated uncertainties) yields an upper limit Hf/ Wi, ratio
of 81. Thus, given the current parameterizations of W and FeO partitioning and
182 /184W constraints for CHUR and BSE'!>18, [W]psg and [FeO]pgg can only
be mutually satisfied in the single-stage core formation framework explored here
at the upper limit of the potential Hf/ W g range.

To calculate the value of Hf/Uchondrite (12.0 +=4.2) we average Hf/U meas-
urements from ref. 73 for chondrites with '7°Hf/"””Hf ratios within error of the
accepted value for chondrites of low metamorphic grade (0.282785 % 0.000036, 20).
We screen for accepted 7°Hf/'”"Hf ratios in our averaging because elemental frac-
tionations of Hf from U and Lu can occur during metamorphism on chondrite
parent bodies’?, obscuring the bulk parent body U/Hf ratio. Fractionation of Hf
from U and Lu is evidenced by a negative correlation between 7Hf/'”’Hf and Hf/U
ratios within chondritic materials (not shown).

We emphasize that a single-stage core formation model is an endmember cal-
culation. Expanding the present model to include multiple stages, non-liquidus
temperatures, sulphur, carbon or changing oxygen content would enable greater
overlap between the successful model Hf/Wgg ratios and the geochemically con-
strained range of Hf/Wygsg The offset between successful model Hf/ W ggg, values
and the best estimate of Hf/ Wy does not change the essential result of the mod-
elling, which is that mantle that experiences core formation, on average, under
high pressures and early compared to the MORB mantle can evolve the range
of W and Xe anomalies documented in plume rocks and will be predisposed to
long-term preservation.

Data availability. The data supporting the findings of this study are available
within the paper and its Supplementary Information.
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Extended Data Figure 1 | Parameterization of I partitioning between
liquid Fe alloy and silicate liquid. a, Partitioning of I plotted against

the O content (atomic) of metal phases. Oxygen content of the metal is
the first parameter identified in the stepwise fitting approach. Higher O
contents of metal are associated with greater partitioning of I into metal
over silicate. b, Partitioning of I corrected to O-free metal plotted against
S content of metal. The S content of the metal is the second parameter
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identified in the stepwise fitting approach. ¢, Partitioning of I corrected
to O- and S-free metal plotted against P/T. The P/T term is the third
parameter identified in the stepwise fitting approach. d, A comparison of
observed and predicted I partitioning. I partitioning is predicted using
equation (1) (R*=0.86). e-h, Covariance plots of parameterization.
‘Intercept’ refers to the constant term in equation (1).
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Extended Data Figure 2 | Piston cylinder data comparison with DAC
regression. a, A comparison of I partition coefficients determined in
piston cylinder (PC) experiments and the I partition coefficient predicted
from equation (1). Piston cylinder data are corrected to remove the effect

of S and to the O contents of metal predicted along the mantle liquidus of
ref. 22, allowing a direct comparison to the DAC data model. Upper-limit
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partition coefficients are consistent with the lower end of the uncertainty
envelope. The difference in measured I partitioning coefficients in the
piston cylinder series suggests that I partitioning is redox sensitive.

b, Measured partition coefficients in piston cylinder series are corrected
to AIW—1.3 and offset in pressure for clarity. Error bars and the
uncertainty envelope are 20.
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Extended Data Figure 3 | Calculated concentration of MSEs in plume the mantle liquidus of ref. 22. FeO abundances are calculated following
mantle as a function of the pressure of core-mantle equilibrium. ref. 11. W partitioning is from ref. 18. Ni and Co partitioning are from

W (a), Ni (b), and Co (c) concentrations in plume mantle all increase with ref. 37. Plume mantle data points are plotted only for P-T-X conditions
increasing core-mantle equilibrium pressure. Results are normalized to that satisfy W and Xe isotopic constraints (see Methods subsection

the calculated concentration of MORB MSEs. MORB MSE concentrations  ‘Calculation of W and Xe isotopic anomalies resulting from discrete stages
are calculated using the average P-T-X conditions that satisfy BSE [W] of core formation’).

and [FeO] (Supplementary Table 4). Temperatures are assumed to follow
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Extended Data Figure 4 | Imaging of silicate following analysis with
low electron microprobe total. a, Secondary electron (SE) image of the
DAC_I_EXP5 spot 4 silicate shows evidence of vesiculation in the area
that was analysed. b, C map showing no obvious concentration of C local
to vesiculation. The dark material in the lower left corner of a is diamond.
Scale bar is 1 pm.
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the silicate phase from this study (circles) and ref. 44 (squares) plotted
against pressure. Symbols are grouped for Mg#, with darker symbols
corresponding to lower Mg#. The offset of lower Mg# silicates within a
pressure range to higher (Mg+Fe)/Si ratios and the similar pressure slopes
within Mg# groupings support the accuracy of our pressure calculations.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

Extended Data Figure 6 | Secondary electron image and EDS maps and silicate phases, and surrounding the Fe alloy phase. b, Map of Fe

of experiment DAC_I_EXP9 spot 4 showing I mobility. The sequence distribution. The metallic phase is mantled by Fe-rich and I-rich material.
of images shows the nature and distribution of I-rich materials that are This material is also rich in C and O (not shown). The I-rich material that
mobilized to the surface of heating spots after storage in desiccators. is present along the edges of the heating spot is also enriched in Fe, C and O.
a, Map of I distribution. I-rich materials are concentrated along the left ¢, Secondary electron image. I-rich materials are positive relief features.
and right edges of the heating spot, within isolated regions of the metal Images are 20 um wide.
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Extended Data Figure 7 | Parent-daughter ratio variations required to
account for Xe isotopic variability between plume and MORB mantle.
a, Closure ages plotted against initial ’1/>**Pu ratios. Closure ages are
calculated using '?°Xe*/!**Xep, ratios from ref. 8 and equation (12). The
MORB mantle 2°1/2#Pu ratio is fixed and derived from estimates for the
bulk silicate Earth from refs 49 and 50. The grey shading delineates I-Pu-Xe
closure ages that are equal to or less than that determined for MORB
mantle. Vertical lines in the grey shaded area are fractional depletions of
the I/Pu in plume mantle relative to MORB mantle, ordered sequentially.
The ratios denote the fractional depletion of the I/Pu ratio for plume
mantle relative to initial MORB mantle. An approximately 3 x lower I/Pu
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ratio for plume mantle results in equal closure ages for MORB and plume
mantle. b, Closure ages plotted against the ratio of radiogenic components
for 12Xe/!*Xe within MORB and plume mantle. The upper edge of the
grey shaded area delineates the upper limit of MORB mantle I-Pu-Xe
closure. Left and right edges delineate the uncertainty on the ratio of
radiogenic components observed in MORB and plume mantle. Curves

are calculations for the ratio of radiogenic components of '?Xe/"*’Xe
(denoted ‘-R; see equation (13)), assuming different fractional depletions
of the I/Xe ratio in plume mantle relative to initial MORB mantle (see
fractions plotted along edge of graph). These calculations assume a MORB
mantle closure age of 61 million years (Ma).
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