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Growth of Earth’s solid inner core drives the geodynamo, generating a global magnetic
field that protects the atmosphere and surface from harmful solar radiation. Yet despite its
importance, the origins of the inner core remain enigmatic. Traditional models of inner core
evolution ignore the physical requirement that liquids must be supercooled below their melting
temperature before freezing. Recent estimates of the supercooling required to homogeneously
nucleate the inner core from a variety of iron alloys are unrealistically large and incompatible
with the current size and thermal structure of the inner core. Here we show, using molecular
dynamics simulations, that nucleation of solids from an Feq_,C; liquid with - = 0.1-0.15
reduces the required supercooling to 250-400 K, which is consistent with present-day thermal
profiles. Though our required compositions are not a complete description of core chemistry,
which requires at least ternary systems, they are consistent with a number of constraints
derived from seismology, mineral physics, and geochemistry. Crucially, our demonstration
that specific compositions are able to account for the formation of the inner core shows that
the nucleation process can provide a new and strong constraint on core composition. The
estimated supercooling has implications for the thermal evolution of the core, paleomagnetic
signatures of inner core formation, and the seismically observed structure of the inner core.

Inner core | Nucleation | Carbon

he solid inner core plays a crucial role in the Earth system.

Inner core growth delivers thermal and chemical buoyancy
to the base of outer core, which is currently the main power
source driving the dynamo that generates Earth’s magnetic
field (1). Before the inner core formed, around 0.5 — 1 Gyr ago
(1-3), the core probably cooled faster and the dynamo was
likely much less efficient than today (1), suggesting a signal
of inner core nucleation in the paleomagnetic record (4, 5),
the timing of which is still debated (6-9). The seismically
observed structure of the inner core (10, 11) also preserves
a unique fingerprint of Earth’s evolution because it is tied
to the conditions under which the solid core nucleated and
grew. Yet it is currently unclear how the inner core formed
(12, 13) meaning that its role in powering the dynamo over
geological time, the signatures of nucleation and growth in the
palaeomagnetic record, and origin of the seismically observed
structure remain enigmatic.

The traditional view of inner core growth (1-3) is that
the temperature (T) at the centre of the Earth declined until
it reached the melting temperature (T,,) of the constituent
liquid iron alloy, at which point freezing of the inner core
began. From this time forward, the inner core boundary (ICB)
is defined by the intersection of the outer core temperature
profile and the melting temperature. However, this picture is
incomplete because it ignores the physical requirement that all
liquids must be supercooled by an amount 6T = T,, — T below
the melting temperature before solids can nucleate without
remelting (14). When evaluated for conditions near the centre
of Earth’s core (5000-6000 K, 360 GPa), classical nucleation
theory (CNT) (14) suggests that pure liquid iron should need to
be supercooled by ~700-1000 K (12, 15, 16) in order to observe
a critical nucleation event which would initiate homogeneous
nucleation of the inner core within 1 Gyrs. This supercooling
is incompatible with observations of inner core size (12, 13).
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If the present-day ICB is defined by T' = T, then the allowed
undercooling, estimated by T, —T evaluated at Earth’s centre,
is at most 419 K based on existing data for T}, and T" (13), far
below the supercooling of ~700 K required for homogeneous
nucleation of pure Fe liquid according to CNT. This “inner
core nucleation paradox” demonstrates that either the inner
core can never have formed because the required supercooling
was never achieved or that it is larger than seismically observed
because the required supercooling implies most of the core is
cooled below the melting point.

Attempts to resolve the inner core nucleation paradox have
focused on three factors: departures from the predictions
of CNT; heterogeneous nucleation due to the presence of
pre-existing surfaces; homogeneous nucleation in iron alloys.
Atomic scale simulations of pure Fe show that nucleating a
metastable body centred cubic crystal structure can reduce
the required supercooling to ~470 K (17). BCC iron is not
the thermodynamically favoured structure for the conditions
of Earth’s core (18) as assumed by CNT. In order to examine
this condition, the Sun et al., 2022 (17) prescribe the structure
of the first solids to form, however other molecular dynamic
calculations of nucleation in supercooled Fe (16) do not observe
the BCC structure. Instead, defect rich hexagonally close
packed solids are frozen from the liquid, which also conflicts
with some assertions of CNT. Yet despite these inconsistencies,
CNT still adequately described the results of both studies,
suggesting it is suitable for studying the inner core nucleation
paradox. Other physics not included in CNT, such as pressure
waves and radiogenic decay processes, are not thought to offer
a plausible route to resolving the paradox (12, 15).

Heterogeneous nucleation requires identification of a pre-
existing solid surface to act as a nucleation site. This solid
must have low solubility and high melting temperature in order
to avoid dissolution or melting and remain solid in the core,
high density to be able to reach the centre of the Earth where
the core is first and most supercooled, and a high wetting angle
which reduces the interfacial energy associated with growing
solids. Precipitates that might be present in the core include
oxides (19, 20) and metallic phases (12). The former have low
wetting angles with metals and low density and hence are not
suitable candidates for initiating inner core nucleation. The
latter are denser than the core liquid, but readily dissolve or
melt in metallic iron and are therefore unlikely to reach Earth’s
centre (12). At present there is no material known to possess
the required attributes to act as a site for heterogeneous inner
core nucleation, and no geophysical scenario to explain how
this material was delivered to the core to facilitate inner core
formation.

Earth’s core is not pure iron and contains 10 wt.% of light
elements (21). Silicon, sulphur, oxygen and carbon are all
candidate light elements to be present in the core due to their
cosmochemical abundance and solubility in liquid Fe at high
temperatures (22), while the partitioning behaviour of O and
C make them ideal candidates for explaining the seismically
observed density contrast at the inner core boundary (2, 23, 24).
Studies of nucleation in binary Fe alloys containing these
light elements have revealed that S and Si hinder nucleation
(13), while O and C both increase the rate of nucleation
events (13, 15). The effect is inconsequentially small for O
and only low concentrations have been tested for C. The
emerging picture of homogeneous nucleation in iron alloys at
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high pressure and temperature is that several potential binary
core compositions do not resolve the inner core nucleation
paradox. Therefore, identifying an alloy that resolves the
paradox has the potential to place a strict constraint on the
composition of the Earth’s core.

To date the most promising avenue for resolving the
inner core nucleation paradox has come from homogeneous
nucleation in Fe;.,C, alloys. Wilson et al., 2023 (13) found
that a molar carbon concentration () of 0.03 reduced the
required supercooling to nucleate the inner core to 612+139 K
meaning that a resolution to the paradox was within 54 K
when including the uncertainty of these results. Higher € was
not tested because of limitations with the molecular dynamic
model used to study the Fe;_,C, system by Wilson et al., 2023
(13). In this study we develop a new potential to describe
Fei . C, systems which is capable of exploring higher 2z in
liquid Fe. We use this potential to calculate the required
supercooling to nucleate solids within a supercooled Feq.,Cy
liquid at high pressure.

Results

Liquidus temperatures are calculated using two-phase coex-
istence simulations for compositions between Feg.9sCop.02 and
Feo.9Co.1, shown in Fig.1. Simulations are conducted at a range
of T', volume (v) conditions, spanning the pressure (P) range of
the inner core. At low P and €, T}, is comparable to the pure
Fe case of Alfe, 2002 (25), the EAM of which is used for the Fe
component of the model used in this study. At high P and low
%%, T, depression is smaller than Fe;_, Oy of the same (albeit
at slightly lower P). T5, is depressed by a greater amount at
high 2%, ~1300 K at € = 0.1 and 330 GPa. Interpolation
of results provides melting temperatures at 360 GPa, shown
in Table 1.

We use classical molecular dynamic (CMD) simulations
of supercooled iron alloys to study the nucleation of solids.
These simulations are independent of CNT; however, CNT
provides an intuitive physical picture with which to interpret
the simulation results. According to CNT, the requirement for
liquids to be supercooled prior to freezing via homogeneous
nucleation arises from a competition between two energetic
contributions to the total free energy (AG) associated with
forming a solid nucleus in a supercooled liquid. The first
contribution is the free energy release (gSl) associated with
transforming supercooled liquid into a solid, which is always
favourable when below the melting temperature and occurs
through random fluctuations in the liquid producing “solid-
like” configurations of atoms. The second contribution (v) is
associated with forming an interface between the liquid and
solid and is always unfavourable. These two components are
scaled by the volume and surface area of the newly formed
nucleus of radius r such that

AG(r) = %m*ggﬂ + 4712y 1]

The rate I at which a nucleus of radius r forms is defined
by Boltzmann statistics:

I(r) = Ipexp <§§,JET)) ) 2]

where kp is Boltzmann’s constant and Iy scales the nucleation
rate of the specific system. Equation (2) shows that small
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Fig. 1. Upper: Melting temperatures (points) calculated using two-phase coexistence
simulations of Fey.,,C,. systems. Dotted line shows the melting curve of pure Fe from
Alfé, 2002 (25) for reference. Solid lines are fits to data (2nd degree polynomial for
2% =0.02, 0.04, 0.06 and linear for € = 0.08, 0.10). Grey shaded region shows the
P range of the Earth’s inner core. Lower: Interpolation of points in upper panel gives
T, (330 GPa,zz€) and T, (360 GPa,z ), shown as up and down pointing triangles,
respectively. These conditions represent the present day inner core boundary and
centre of Earth, respectively. The Fe;_,O, result of Davies et al., 2019 (15) at
323 GPa is shown for comparison (red points and line).

nuclei are likely to form often (or equivalently, require
less waiting time (7, ~ I™') before they occur); however,
Equation (1) shows that these nuclei will remelt rather than
grow because of the large influence of surface area on the
free energy at small r. Despite a low probability, continued
growth is possible given a sufficiently long waiting time and
large system volume to observe random fluctuations which
produce a larger nucleus. Above a critical radius 7. = —27y/g*
at the peak of AG the volume term in Equation (1) increases
with radius faster than surface term, meaning that whilst
still having an overall unfavourable free energy for forming
a nucleus, continued growth is thermodynamically favoured
when compared to remelting. Greater supercooling requires a
smaller r. in order to freeze a system, which in turn requires
less waiting time for the critical event to spontaneously occur.

From our simulations we obtain I(r) directly for sub-
critical nuclei and using CNT we are then able to fit for
re, which informs 7,. This approach means that systems
with low supercooling can be studied directly, avoiding large
extrapolation necessary in prior approached (15). Critical radii
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rc are estimated from I(r) recorded from CMD simulations (see
methods and Wilson et al., 2021 (16)) at selected temperature
T and composition € and are shown in Fig. 2 with comparison
to prior results for € = 0.01 and € = 0.03 from Wilson et al.,
2023 (13). r.(T) at each € is then used to fit the remaining
quantities h¢, he and v in Eq.1. Finally, the waiting times 7,
for nucleation can be predicted for the inner core.

The interatomic potential developed here reproduces the
7. result of Wilson et al,. 2023 (13) at 2 = 0.01 and 5000
K within 4% (r. = 9.16 +1.86 A compared to r. = 9.5242.31
A(13)). At all tested values of 6T, increasing z° reduces
re although at large 07, r. for all compositions are within
uncertainty of one another. Simulations with € > 0.1 proved
unstable making tests at greater & impossible for the EAM
developed here.
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Fig. 2. Critical radii for liquid Fey_,.C. alloys between z© =0.01 and 2 = 0.1 (€ =
0.01 and € = 0.03 cases are taken from Wilson et al., 2023 (13)) all at 360 GPa. 7.
is estimated from distributions of sub-critical nuclei using Egs.14 and 15. Temperature
is shown as supercooling (67" = T, — T where T}, is unique for each =, Fig.1)

Waiting times 7, are shown in Fig. 3. Results for 2° =

0.01 and 0.03 are from Wilson et al., 2023 (13), while results
for z€ = 0.05 and 0.10 are calculated using Eq.10 from the
quantities shown in Table 1. The number of nucleation sites
(V) and rate of nuclei growth (S) are calculated as averages
from nuclei distributions and allow calculation of 7 using the
Zeldovic factor, z (Eq.13), where 7o = ﬁ Tp is not found to
vary with supercooling by more than one order of magnitude
and so is taken as an isochemical average. Estimated waiting
times are compared to the value 3.1 x10** s m™, which is a
moderate waiting time the Earth’s core might have sustained
prior to inner core nucleation (13) (black dashed line, Fig.
3) and implies that a region with half of the present day
inner core was supercooled for 1 Gyrs prior to nucleation. To
produce a critical nucleation event in this waiting time, the
2% = 0.05 and = = 0.1 cases require 67 = 580727 K and
0T = 4811“2? K, respectively.
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Feo.09Co.01  Feo.97Co.03 Feo.95Co.05 Feo.90Co.10
N (m3) 6.8x1073% 2.3x10734 2.8x10~34
S (s 5x1013 1.2x1012 1.6x10'2
To (sm?¥) | 2.93x10723  4.63x10-23 | 6.48x10~23 1.51x10—22
hy(@m3) | 057 %1010 130 x1010 | 1.35x1010 £2 x 10°  1.55x10%0 + 2.5 x 10°
he 1x10—3 1x10—6 1x10=6 £5 x 10~7 1x10=% £5 x 10~7
~ (d m?) 1.005 1.005 1.005 + 0.01 1.005 + 0.004

Table 1. Parameters defined by (V, S) and fit to (h s, h., ) distributions of sub-critical nuclei recorded in CMD simulations from Wilson et al.,

2023 (13) and this study.
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Fig. 3. Upper: Waiting time for a critical nucleation event to occur for four Fes.,C,
compositions at a range of supercooling calculated using Egs.10,12,13. Uncertainties
are shown for the predictions of this study (zc =0.05 and z€ = 0.1) as shaded
colours. Estimates from Wilson et al., 2023 (13) for € =0.01 and =€ = 0.03 are also
shown (without uncertainty for clarity). The dashed black line shows the maximum
waiting for an inner core half its present radius supercooled for 1 Gyr and the grey
shaded region represents supercooling values compatible with the present day size
of the inner core (13). The pink area highlights areas of the Fey¢Co.1 uncertainty
envelop which represent a resolution to the paradox. Lower: Interpolation (solid blue
line) and extrapolation (dashed blue line) of Fe;_,C, results (solid lines, without
exploring uncertainty) at 7, = 3.1 x 10%* s m® to estimate the 67" needed to
nucleate the inner core for values of = up to the maximum proposed C content of
the core, z¢ = 0.156 (red line) (26).

Discussion

Our results for a liquid carbon concentration € = 0.1 are,
strictly, a resolution to the inner core nucleation paradox
because the allowable supercooling of the core and the
required supercooling for nucleation match within uncertainty
(fig. 3). However, the value of 419 K for the allowable
supercooling is a maximum obtained by considering many
different published melting curves and core temperature
profiles (13). It is therefore of interest to understand how
the required supercooling can be further reduced below this
value, which can be achieved for larger values of z°.

The EAM developed in this study and used to define
molecular dynamic simulations which characterise nucleation
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behaviour of Fei ,C; alloys cannot be used for z€ above
0.1. We therefore extrapolate our results at lower ¢ (lower
panel, Fig. 3) to predict how the supercooling requirement to
spontaneously freeze the Earth’s inner core might change with
higher 2. Previous studies suggest that up to 15.2 mol% (4
wt.%) C might have entered Earth’s core following accretion
(26). If extrapolated linearly to this concentration, given a
waiting time of 3.1 x 10** s m®, inner core nucleation requires
only 266 K of supercooling.

The melting temperature 73, at ICB conditions for a liquid

carbon concentration ¢ = 0.1 is around 5000 K (fig. 1).

This value is lower than the range 5300-5900 K obtained by
previous studies for the Fe-O system with O concentrations in
the range 8-17 mol% (2), though it is comparable to estimates

of T,, when H is a primary light element in the core (27).

The corresponding core-mantle boundary (CMB) temperature,
estimated by projecting an adiabat from the ICB temperature
using values from the Preliminary Reference Earth Model (21)
and a Griineisen parameter in the range 1-1.5 (28) is ~3500 K,
which is below estimates of the lower mantle solidus (29, 30)
as required by the observed absence of pervasive melt in the
lower mantle.

The true composition of the core is unknown, in part
because many of the available constraints are subject to
significant uncertainties (31). The true composition is likely
to be more complex than the simple binary alloys we have
considered (23, 32); however, it is nevertheless useful to
discuss our simplified Fe-C compositions in the context of
the available constraints. Geophysical constraints employ the
radially-varying core density and seismic wavespeeds. C and
O partition strongly into liquid iron on freezing (23, 24) and
are currently the primary candidates to explain the density
jump Jp at the inner core boundary. The C concentrations
we consider are compatible with the values of the dp =
0.6-1.0 gm cm™ derived from seismic normal modes (33),
though plausible O concentrations can also explain the dp
observations. Matching the core mass as well as dp requires
at least one other light element that partitions more evenly
between inner and outer core, e.g. S or Si (23) or H (34). Ab
initio calculations (27) indicate that Fe-C alloys with > 15
mol% C, compatible with resolving the nucleation paradox,
can match the seismically observed CMB and ICB density
as well as the CMB P-wave velocity; however, the predicted
ICB P-wave velocity is higher than observed. In the inner
core, the anomalously high compressional/shear wave velocity
is thought to relate to the presence of small amounts of O
or C (31). Geochemical constraints are derived from the
inferred composition of the bulk silicate Earth (BSE) and the
process of core-mantle differentiation. Depletion of the BSE
compared to CI chondrites suggests that up to 15 mol% C

Wilson et al.

435
436
437
438
439
440
441
442
443
444
445
446
447
448
449

451
452
453
454
455
456
457
458
459
460
461
462

464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

484
485
486
487
488
489

491
492
493
494
495


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX

497
498

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

could be in the core (26). Recent experimental determinations
of C partitioning between liquid iron alloys and silicate melts
conducted in the pressure-temperature ranges 37-59 GPa and
4200-5200 K (35) and 49-71 GPa and 3600-4000 K (36) show
that C becomes less siderophile as P and T increase, which
when applied to a specific model of core formation indicate
that C does not partition strongly into the core. However,
these estimates depend strongly on mantle chemistry and the
assumed core formation scenario, both of which are uncertain
at present (31).

In summary, Fe-C binary alloys can satisfy some but not
all constraints on the core composition. Studying nucleation
is challenging even in binary alloys (13, 15) and to date no
studies of ternary alloys have been attempted. Nucleation in
the Fe-H system has also not been studied, though the weaker
effect of H on the melting point (34) may suggest longer
waiting times than we have found in the Fe-C system. Other
light elements have been shown to stabilise phases of iron
(37) which might nucleate more readily than those typically
considered in the core (17), however, this effect has not been
observed in binary systems so far (13). Ultimately, while
many candidate compositions are able to reproduce available
constraints from cosmochemistry (26), core differentiation (38),
seismic velocities (27), and the ICB density jump (23, 24),
only an Fe-C composition has so far been shown to explain
the nucleation of the inner core. We therefore argue that the
process of inner core nucleation can provide a novel and strong
constraint on core composition. It is therefore worthwhile to
reconsider previous inferences of core composition in light of
this new constraint.

Inner core nucleation subject to a supercooling of 200-400
K has potentially significant implications for interpreting the
structure, dynamics, and evolution of Earth’s core. The pre-
dicted supercooling would delay the inner core formation age
predicted by core evolution models by O(100) Myrs (39, 40).
In classical evolution models with high core conductivity (41)
this delay would likely imply a lack of power available to
the dynamo prior to inner core formation, in conflict with
paleomagnetic observations (6, 7). This observation lends
support to evolutionary scenarios that include long-lived
dynamo power supplied by precipitation of oxides at the CMB
(42-45), though the effect of C on the partitioning behaviour
at the CMB has not been systematically evaluated and may
influence the power provided by precipitation. Sudden rapid
growth of the inner core following nucleation may leave a
signature in the paleomagnetic record owing to the additional
latent heat and gravitational power to the dynamo (12), though
the expected influence on field intensity and variability has not
yet been studied in detail. Finally, delayed inner core formation
may influence texturing of the inner core, for example by
trapping liquids in the solid (39), and has been correlated with
the existence of the innermost inner core (40).

Materials and Methods

A. Interatomic potential. We use classical molecular dynamic (CMD)
simulations of liquid Fe;_,Cz to characterise nucleation behaviour
at a range of T and z€. To describe the interatomic forces and
system energies in our simulations, we develop an embedded atom
model (EAM) which is trained on ab initio calculations. The model
is fit to reproduce the positions, energy (E) and P of snapshots
from ab initio molecular dynamics (AIMD) calculations run using
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the VASP software package (46) with the projector augmented wave
method (47) and the PW91 generalised gradient approximation
functional (48). Details of these calculations follow Wilson et al.,
2023 (13) which shares some of the same AIMD data at low € used
for fitting the potential. The EAM potential is validated against
a separate suite of AIMB snapshots to ensure that F and P are
accurately reproduced. The root mean square of fluctuations in
E are determined to be 0.292 and 0.316 €V per cell at 5000 K for
Feo.05Co.05 and Fe.9Cop.1, respectively, far less than kg /T (0.431
eV). Reproduction of liquid structure is confirmed by comparison of
radial distribution functions where average positions of neighbouring
atoms in CMD simulations are within 0.05 A of AIMD simulations
for all interactions and all v, T', € conditions.

AIMD simulations are performed by melting systems of 128
atoms with different carbon fractions (close to 20, 10 and 5 mol. %)
at 10000 K for 1 ps before equilibrating at a target 7' (4000, 5000
and 6000 K) for 1 ps and evolving the system at the target T for
30 ps. The simulation cell volume is tuned for each composition
and target T to achieve a P of 360 GPa. From the final 30 ps of
simulation time, configurations are selected at every 100 fs as data
on which the EAM is trained. The total energy E of a Fe;_,C,
system is defined by the EAM as the sum over contributions from
all atomic interactions

Npec

Z EFEC (3]

Each interaction, between atoms ¢ and j, contains repulsive Q and
embedded F' contributions. ) depends on the interatomic distance

r;; which also defines an electron density p;; on which F' depends.

FE for each type of interaction is given by

C=Qf 4 PP

Npe
— Z eFe (CLFE/Tij)nFe _ 6FerFe\/p_Te [4]
i
J=1,j#i
=QF + F°(pf)
- o 51
= Z ec (ac/ri]-)n —€CCC\/E,
J=1,j#i
EiFeC —_ QF&C
_1 NZFE Z FeC Fec/nj)"Fec 7 (6]

=1 j=1,i#j
where the respective densities are

Npe

Fe
pie= Z (a"e/riz)™ +pleC, (7]
J=1,5#i
Nc¢
m
oy = Z (a®/ris)"™ 40l (8]
J=1,57
and
Nc FeC
m
pfeC = Z (a”</rij) - (9]
j=1,5#

Here, €, a, n, m and C are free parameters to be fit for each
interaction and are reported in Table 2. Simulations where z€ >
0.1 are found to dissociate into two components, Fe rich and C
rich, and are discarded from our analysis. Given the expense our
calculations (~4 million cpu hours), developing an additional EAM
is not within the scope of this study.

B. Melting temperatures. The melting temperatures of Fe;_,C, are
calculated with coexistence simulations using the EAM potential
and the LAMMPS simulation package (49). Systems of 128000
atoms are arranged into a long periodic cell where the x axis is 3
times the length of y and z axes. All atoms are initially arranged in a
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€ a
Fe 0.166200 (eV)  3.471400 A  5.930000 4.788000  16.550000
FeC 0.384726(eV) 2.601660 A  4.380769  4.933012

C 0.019805(eV) 2311113 4 9.532860 6.967342  13.880981

Table 2. Parameters for EAM model fit to FPMD data at several C concentrations and temperatures. Fe values, from Alfé, 2002 (25), are fixed

during fitting.

hexagonally close packed structure with C atoms randomly replacing
Fe atoms to achieve the desired concentration. The positions of
atoms in the central 50% of the simulation are initially fixed in space
whilst the other half is melted at 10000 K for 5 ps. This procedure
establishes the two phase system. The entire system is then evolved
at a target 7" under the NVT ensemble for 1 ps to establish the
target average kinetic energy. Finally, the system is evolved for 10
ps under the NVE ensemble, allowing the solid region of the system
to grow or melt. Once the system has reached equilibrium, the T'
will lie on the melting curve, meaning that the time averaged 7" and
P provide a single Ty,. The random distribution of C into the initial
system provides many different initial € for the solid and freezing
and melting of the solid allows for C partitioning between the solid
an the liquid. Systems with € > 0.05 in the solid see much of
the solid melt before freezing a lower € solid. This process shows
that whilst C cannot diffuse freely in the solid over the timescale
of these simulations, systems tend towards chemical equilibrium
through freezing and melting. Simulations which stabilise T" and

c
P have kp = 4+2 (where kp = zléqi“id) which is consistent with
solid

ab initio calculations (24). We estimate the uncertainties of each
T (v, ) point from the fluctuations of T and P over the final 1
ps of simulation time and discard any simulations which entirely
freeze, melt, or do not achieve equilibrium. Because of the constant
volume and energy conditions, 7" and P are unknown prior to the
simulation setup. In order to define Ty, (P, z) we explore a range of
initial 7" and v and interpolate our results for T}, (360 GPa,z).

C. Nucleation theory. The rate at which a nucleus of size r spon-
taneously forms in a supercooled liquid is given by Eq.2. When
framed in terms of r. the inverse of nucleation rate describes the
average duration before a supercooled system will experience a
critical nucleation event and freeze

AG(r,
Tw = To €Xp (TB(TL)) , [10]
where 9
—z7
Te = pea [11]
The prefactor 79 can be described by
z
= , 12
™=~ [12]

where the Zeldovich factor z is related to g%t through

4 .3 sl —1/2
P (i il . [13]
kT
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and, N and S are the number of available nucleation sites and
the rate of nuclei growth, respectively. To quantify N, S and I(r)
solid-like arrangements of atoms are identified at each timestep in
the same manner as our previous studies (13, 16) following Rein
et al., 1996 (50). Therefore, all quantities required to calculate 7y,
are accessible via CMD calculations. Because 7. is predicted to
be large for the P and T of the early Earth’s supercooled liquid
core (16), simulations at >5000 K and 360 GPa cannot be expected
to produce a nucleus of the critical size (>30 A). Instead, r. is
predicted by recording the rate at which smaller nuclei (which are
more common) are observed in simulations, informing I7(r) where
r is small. At a fixed T all quantities in Eq.1 are constant so we
can write

—In(Ip(r)) < AGp(r) [14]
and the distribution of nuclei observed in simulations describes the
form of AGr(r) but not the amplitude. Nuclei are assumed to be
spherical for » > 2 A, which is proven to be valid in our previous

studies (13, 16) and also observed in these simulations, meaning
that the form of the free energy barrier can be represented by

AGp(r) = 4/37r3 A + 4nr® B, [15]

where A and B are variables at each T and 7. can be estimated via
re = —2B/A, equivalent to Eq.11. If repeated for a range of T' (and
therefore 6T) r.(T) is obtained. The free parameters v, hy and hc
are then found by fitting for r(7") through

_2,7

re(l) = ————,
@ hf%(l—hch)

[16]

where the hy is the enthalpy of fusion and h. accounts for non-
linearity with temperature when defining the free energy liberated
by freezing supercooled liquid

5T
gl = hy o (1= hedT). [17]

All data used in this study is availible at the repository
10.5281/zenodo.13144422.
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