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Abstract

The thermal conductivity (k) of Earth’s core is a critical parameter that con-
trols predictions of core cooling rate, inner core age and the power available
to the geodynamo. However, the values of core thermal conductivity inferred
from recent studies span a wide range due to the challenges of extrapolating
to the pressure-temperature-composition (P-T-C) conditions of the core liquid.
In particular, extrapolations of k from direct experimental determinations are
lower than ab initio calculations conducted at core conditions. We have per-
formed density functional theory (DFT) calculations to determine the thermal
conductivity and resistivity (p) of solid FeSi alloys with two compositions, 4
mol % and 15 mol % Si, at a range of temperatures (850-4350 K) and pressures
(60-144 GPa) for ease of comparison with recent directly measured « values. In
agreement with recent experiments, our calculations show that for the larger
Si composition the resistivity of the mixture increases substantially, compared
to pure Fe, reaching its saturated value already at the lowest temperature in-
vestigated. As a result, the thermal conductivity of the mixture is also corre-

spondingly reduced. We also analysed the effect of possible errors in the DFT
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calculations due to the neglect of electron-electron scattering (EES) processes.
Our results show that experimental and EES-corrected DFT calculations of
are actually consistent within uncertainties when compared directly at overlap-
ping P-T-C conditions. We present new core thermal history models using our
EES-corrected estimates of K = 75 — 81 W m~! K~! at core-mantle boundary
(CMB) conditions, which support previous determinations of late inner core
formation around 400-700 Myrs ago and an early molten lower mantle.
Keywords: Earth’s core, Ab initio calculations, DFT, Electrical resistivity,

Thermal conductivity

1. Introduction

The Earth’s core electrical (¢ = p~!) and thermal conductivities are two
fundamental parameters for the modelling of the geodynamo and the thermal
history of the Earth. The magnetic field is generated by electric currents in the
outer core and the value of the electrical conductivity determines the entropy
production that is required to sustain these currents against Ohmic dissipa-
tion. The currents are generated by convection, which is driven by thermal
and/or compositional buoyancy. Thermal convection is possible if the rate of
heat transfer by conduction is low enough, which would be the case for low
enough thermal conductivity. Using a low assumed value of kK = 28 — 46 W
m~! K~ (Stacey and Anderson, 2001; Stacey and Loper, 2007), core evolution
models predict that thermal convection driven by slow cooling provided ample
power for magnetic field generation prior to inner core formation around 1 Gyr
ago (Labrosse, 2001; Nimmo and Alfe, 2007). These models also favour ther-
mally destabilising conditions throughout the core and hence the absence of a
thermally stratified layer below the CMB.

New impetus was injected into the field around a decade ago, when a combi-
nation of new theoretical (Sha and Cohen, 2011; Pozzo et al., 2012; de Koker et
al., 2012; Pozzo et al., 2013; Pozzo et al., 2014; Davies et al., 2015) and exper-
imental studies (Gomi et al., 2013; Ohta et al., 2014; Ohta et al., 2015; Gomi
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et al., 2016) suggested much higher thermal conductivity values of 100 — 240 W
m~! K1, from CMB to inner-core-boundary (ICB) conditions. Gomi et al.
(2013) were the first to point out the well known saturation mechanism for the
reduced resistivity at high temperature, whereby this stops increasing when the
scattering length reaches a value of the order of the atomic distances, the so
called Mott-Toffe-Regel limit (Toffe and Regel, 1960). This mechanism was also
later supported by DFT calculations (Pozzo and Alfe, 2016a). Using these high
k values, core evolution models predicted striking differences from previous re-
sults. They showed that maintaining the dynamo for 3.5 Gyrs required much
faster cooling rates, a young inner core of only 0.5 Gyrs, and early core tem-
peratures far exceeding current estimates of the lower mantle solidus (Davies,
2015; Labrosse, 2015; Nimmo, 2015). Additionally, the higher x values favour
thermal stratification at the top of the core (Gomi et al., 2013; Davies et al.,
2015).

Recently, Davies and Greenwood (2022) have estimated a range of 70 —
110 W m~! K=! for  for various Fe-O-Si mixtures at CMB conditions based
on consistent extrapolation from a number of recent studies. A thorough review
of p measurements and calculations of Fe and FeSi alloys at Earth’s and other
planetary cores conditions has also been recently published by Berrada and
Secco (2021). They point out some discrepancies in the electrical resistivity
values between theoretical and experimental studies, which may be ascribed to
inconsistencies in measurements and modelling due to different techniques being
used, together with a range of pressures and temperatures values attributed to
planetary cores. They also find that values of Fe-alloys at Earth’s CMB and
ICB do not seem to significantly deviate from that of pure Fe.

The drastic changes to the standard model of core evolution implied by high
thermal conductivity have driven numerous investigations, including analysis of
the paleomagnetic record for signs of inner core formation (Biggin et al., 2015;
Bono et al., 2019) and the proposal of new compositional buoyancy sources to
alleviate the high cooling rates preceding inner core formation (O’Rourke and

Stevenson, 2016; Badro et al., 2016; Hirose et al., 2017; Mittal et al., 2020).
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Numerous studies have also sought to determine thermal conductivity of iron
alloys over a wide range of P-T-C conditions; however, this effort has led to
divergent results. A key issue is whether the apparent disagreement reflects
differences in 1) experimental vs computational approaches; 2) assumptions
regarding extrapolation to core conditions.

Here we address this issue by calculating x and p of iron alloys at P-T-C
conditions used in recent experimental studies, which permits direct compar-
ison between these two complementary approaches. This is crucial, since al-
though theoretical and experimental findings agree with high values of o for the
Earth’s core, such an agreement has not yet been reached for . In particular,
Konodpkova et al. (2016) inferred a low thermal conductivity value of 33 W m~*
K~! at CMB conditions: this value was derived from a model that used direct
measurements of x at 112 GPa at various temperatures, and included resistivity
data at room T extrapolated to 112 GPa and also shock wave resistivity data
interpolated to 112 GPa, which were all converted to k using the Wiedemann-
Franz law k = oLT (where T is the temperature) and a value of 1.9 x 1078
W Q K2 for the Lorenz parameter L. This result was in stark disagreement
with the value of kK = 90 W m~! K1 found by Ohta et al. (2016), from their
p measurements, taking account of resistivity saturation and the Wiedemann-
Franz law with an ideal value Ly = 2.44 x 1078 W Q K~2. To reconcile the
two sets of measurements would require using in the Ohta et al. (2016) data a
value of L to be one third of Ly , which is much lower than values obtained by
direct calculation (de Koker et al. 2012; Pozzo et al. 2012, 2013, 2014; Pozzo
and Alfe, 2016b; Secco, 2017; Pourovskii, 2020) and which would also need to
have a strong pressure and temperature dependence. Indeed, Konopkova et
al. (2016) noted that their minimum measured thermal conductivity did not
include saturation (on the basis that resistivity saturation in Fe at extreme PT
conditions was not clearly confirmed by theoretical studies and because avail-
able saturation models could not satisfactorily describe the data). However,
they pointed out that if they assumed that resistivity saturation had occurred,

then thermal conductivities at core conditions would be somewhat higher, 60-80
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W m~! K~!, than obtained from their modelling.

More recently, Zhang et al. (2020) reported new measurements of o and
k of hep iron up to pressures of 180 GPa and temperatures of 4000 K. Their
results fall somewhat in the middle between those of Konopkova et al. (2016)
and Ohta et al. (2016). They also report values of the Lorenz parameter
between 2.0 and 2.3 x1078 W Q K2, which are somewhat lower than Lq but
show no dramatic pressure and/or temperature dependence. Additional recent
experiments by Hsieh et al. (2021) were performed on pure iron at ambient
temperature, and on Feg 9Sig.04 and Feg g55ig.15 mixtures, both at ambient and
at temperatures up to 3300 K. For pure iron at ambient temperature, x values
of up to 120 W m~! K~! were reported at pressures of 120 GPa, while for the
mixtures the thermal conductivities were much reduced. At higher than ambient
temperatures the thermal conductivities of the mixtures increased compared to
the room temperature values, as expected, and it is expected that also those of
pure iron would increase correspondingly, even though Hsieh et al. (2021) argue
(without measuring them) that they would decrease, to the point of being in
agreement with the low values of ~ 33 W m~! K~! measured by Kondépkova
et al. (2016). For this to happen, the Lorenz number would have to show a
strong decrease with temperature, because p increases at most linearly with
temperature (and less than linearly once saturation starts to have an effect),
which is incompatible with the values of the Lorenz parameter of 2.0-2.3 x10~8
W Q K2 reported by Zhang et al. (2020). In fact, departure from Lo has been
noted for both pure iron and iron alloys in previous theoretical calculations (de
Koker et al., 2012; Pozzo et al., 2012; Pozzo et al. 13; Pozzo et al., 2014; Pozzo
and Alfe, 2016b; Pourovskii et al., 2020). These show that the Wiedemann-
Franz law strongly depends on temperature and alloy composition, providing
Lorenz number values ranging from 1.6 to 2.8 x107% W Q K~2, but these
values are still far too large to reconcile the very low thermal conductivity
values reported in Konépkové et al. (2016).

On the theoretical side, it has been pointed out that one possible prob-

lem with DFT calculations is the incomplete treatment of the electron-electron
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scattering (EES) mechanism. This was initially addressed by Pourovskii et al.
(2017), who published new results obtained with post DFT methods based on
dynamical mean field theory (DMFT) techniques. By taking into account both
EES and electron-lattice scattering (ELS), they found x = 190 W m~! K~!
at Earth’s inner core (IC) conditions and a Lorenz parameter L = 2.04 x1078
W Q K2, which is lower than L, but still much higher than what would be
required to reconcile the experimental value of ~ 50 W m~! K~! inferred from
measurements by Konépkova et al. (2016) at IC conditions. A similar theoreti-
cal approach, also based on DMFT, was used by Xu et al. (2018), who obtained
k=150 W m~! K~! at similar conditions. The DMFT based reported values of
x were substantially lower than the DFT value (about 240 W m~! K—!; Pozzo
et al., 2014), suggesting a sizeable contribution of the EES mechanism, however,
those calculations were performed on a perfect Fe crystal. Since EES depends on
the value of the electron density of states at the Fermi energy, and since this is
significantly affected by thermal disorder, it is expected that the contribution of
EES to the thermal and electrical conductivities would also be significantly af-
fected by thermal disorder, an effect which was not included in Pourovskii et al.
(2017) and Xu et al. (2018), although the latter did report preliminary results
for snapshots of a system representing the liquid and found that EES increases
with thermal disorder. Hausoel et al. (2017) studied face-centred-cubic Ni at
Earth’s core conditions, and found that thermal disorder did not affect correla-
tion much. The work of Zhang et al. (2020) mentioned above also included a
theoretical study of p of hcp Fe. Calculations were performed either including
only the ELS term, or both ELS and EES (ELS+EES), showing that the two
sets of results are close at low temperature, but deviate significantly from each
other as temperature is increased. The calculations were again performed on
the perfect hep crystal, however, the authors also reported one ELS+EES cal-
culation at T = 2000 K performed on snapshots of the solid including thermal
disorder (ELS+EES+TS). At this temperature the difference between the ELS
and the ELS+EES calculations is small, but the ELS+EES+TS result appear to
be closer to the ELS one than to the ELS+EES, again suggesting that thermal
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disorder moderates the inclusion of EES substantially.
More recently, some of us have re-visited the electronic correlations and

transport in pure iron at Earth’s core conditions (Pourovskii, 2020) using DMFT.

We studied both the hexagonal-closed-packed(hcp) and the body-centred-cubic(bcce)

structures at 330 GPa and 5800 K, and found that the inclusion of EES lowers
Kk , but we also found that once thermal disorder is introduced this reduction
is at most 24%, a much more moderate effect compared to the case in which
calculations are performed on the perfect crystal. By contrast, p is much less
affected by the inclusion of EES, increasing by only 9% over the ELS value.
Here we have extended our previous calculations on p of hcep Fe reported
in Pozzo and Alfe (2016a, 2016b) by including s values, and we have also per-
formed calculations at similar pressure/temperature conditions on the two mix-
tures Feg.96Sig.04 and Feq.g55ig.15, which allow a more direct comparison with
the most recent experiments of Hsieh et al. (2021) and Inoue et al. (2020).
The calculations have been performed using DFT and the Kubo-Greenwood
approach (Kubo, 1957; Greenwood, 1958) for p and the Chester-Thellung-Kubo-
Greenwood approach (Chester and Thellung, 1961) for the electronic contribu-
tion to k. The ionic contribution to x is expected to be small and, as in previous
studies, it has been neglected - it might increase the total thermal conductivity
by only 2.5 to 4 W m~! K~!, depending on pressure/temperature conditions
(Pozzo et al., 2012). Once the possible overestimation of x due to the inclusion
of only the ELS term is taken into account, we find that our results are com-
patible with the experimental measurements. Our calculations also confirm the
remarkable reduction of thermal conductivity of the mixtures compared to that
of pure iron, found in the experimental data (Hsieh et al., 2021), especially for

the mixture with the larger amount of silicon.

2. Techniques

All the DFT calculations for this work were performed by using similar tech-
niques to those used in our previous papers (Alfé et al., 2012; Pozzo et al., 2012,

2013, 2014; Pozzo and Alfe, 2016a, 2016b). The VASP code simulation package
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(Kresse and Furthmuller, 1996) was used with the projector augmented wave
(PAW) method (Blochl, 1994; Kresse and Joubert, 1999), together with the
Perdew-Wang (Wang and Perdew, 1991) functional (PW91). We used PAW
potentials with [Ne]3s? and [Ne] core for iron and silicon, and respective valence
configurations 3p®4s'3d” and 3s23p2, with core radii of 1.16 A and 0.79 A. A
plane-wave basis set was used to expand the electronic wave-functions with an
energy cutoff of 380 eV. Electronic levels were occupied according to Fermi-Dirac
statistics. Configurations in the canonical ensemble were generated by running
molecular dynamics (MD) simulations, in which temperature was controlled by
a combination of a Nosé (Nosé, 1984) and an Andersen (Andersen, 1980) ther-
mostat, using a time step of 1 fs and using the I point only to sample the
Brillouin zone. An efficient charge density extrapolation was used to speed up
the MD simulations (Alfe, 1999), which we typically ran for 9-12 ps, discarded
the first ps to allow for equilibration, and extracted typically 30-40 configura-
tions equally spaced in time on which we computed the electrical and thermal
conductivities, using 2 k-points to sample the Brillouin zone. The electrical
conductivity was computed using the Kubo-Greenwood (Kubo, 1957; Green-
wood, 1958) formula and the thermal conductivity using the Chester-Thellung-
Kubo-Greenwood (Chester and Thellung, 1961) formula, as implemented in
VASP by Desjarlais (Desjarlais et al. 2002). Lorenz parameters were obtained
as L=rk/oT.

The calculations were performed on supercells containing 490 atoms, with
total of 20 and 74 Fe atoms randomly substituted with Si atoms to obtain 4
% and 15 % alloying compositions. For the 15 mol % alloying composition,
we also checked convergence of the electrical and thermal conductivities with
respect to the size of the simulation supercell for the lowest temperature of
850 K. This was done by performing additional calculations with two supercells
including 768 and 972 atoms in which we substituted 115 and 146 Fe atoms with
Si respectively. We also checked that in all our simulations the system under

scrutiny remained solid throughout.
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3. Results

In Table |1| we report p data of pure solid iron as computed earlier (Pozzo
and Alfe, 2016a), also including x data and the Lorenz parameter L (Pozzo and
Alfe, 2016b). In Tables [2| and [3] we report p and x data computed in this work
for hep iron with 4% and 15% Si respectively (where compositions are given in
mol %).

The resistivity data for the three systems are also plotted in Fig. We
report our raw DFT data, as well as these data increased by 9%, which is the
likely correction due to lack of the EES contribution missing in our calculations,
as quantified in Pourovskii et al. (2020). Perhaps the most striking feature in
Fig. [1] is the large increase in the resistivity of the 15% Si mixture compared
with that of pure iron, and also compared with that of the system with 4% Si.
Interestingly, the resistivity of the 15% Si mixture is also almost independent on
temperature and rather shows a small negative temperature dependence. This
trend was observed at much lower and constant pressures in the solid state of
high silicon Fe-Si alloys by Baum et al. (1967) at 1 atm, and also in recent work
by Berrada et al. (2020) on solid Fe8.5wt%Si and increasingly so on Fel7wt%Si
at pressures in a 3-5 Gpa range. It was also reported for solid and lower silicon
Fed.5wt%Si by Silber et al. (2019) at pressures in a 3-9 GPa range.

As previously highlighted (Pozzo et al., 2011), large resistivities calculated
within the Kubo-Greenwood approach may be an artefact of the size of the
simulation cell, which must be large enough to accommodate the length of the
mean free path. For instance, we found that in liquid Na at ambient conditions
we needed to use simulation cells including at least 1000 atoms to obtain a
converged resistivity. This potential problem is of course more likely to appear
at low temperature, where the mean free paths are longer. For this reason,
in addition to the simulation performed with a 490-atom cell, we repeated the
calculation for the 15% Si mixture at 850 K using 768- and 972-atom cells. The
electrical and thermal conductivities computed with these larger cells were in-

distinguishable from those obtained with the smaller 490-atom cells, indicating
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T P p K L

K  GPa (10°Qm) (Wm K1) (10°5WQK?)
4350 97 0.716(2) 171(1) 2.81
3350 85  0.653(3) 141(1) 2.75
2350 73 0.527(4) 114(1) 2.56
1850 68 0.424(3) 105(1) 2.41
1350 63 0.321(3) 99(1) 2.35
850 59 0.200(2) 100(1) 2.35

Table 1: Temperature (T), pressure (P), resistivity (p), thermal conductivity (k) and Lorenz
parameter (L) for pure solid iron from Pozzo and Alfe (2016a, 2016b).

T P p K L

K GPa (107°Qm) (Wm'K™') (108 WQK™?)
4350 99 0.766(2) 154.3(5) 2.72

3350 86 0.730(2) 125.7(3) 2.74

2350 75 0.660(2) 93.4(2) 2.62

2050 72 0.626(2) 84.5(3) 2.58

1850 70 0.605(2) 77.5(3) 2.53

1350 65 0.529(2) 62.3(2) 2.44

850 61 0.455(2) 44.2(1) 2.36

Table 2: Temperature (T), pressure (P), resistivity (p), thermal conductivity (k) and Lorenz
parameter (L) for Feg.96Sig.04 solid (composition is given in mol %).

that the large resistivity found for this system is a real effect. The apparent
temperature independence of this resistivity also indicates that the determina-
tion of the mean free path is dominated by the presence of the Si impurities
rather than by temperature.

Experimental values for two similar Si composition mixtures (2 and 6.5 wt
%, corresponding to 4 and 12 mol %) from Inoue et al. (2020) are also plotted
in Fig. The lower temperature experimental point for the 4% Si mixture
(44 GPa, 1340 K) is in agreement with our corrected computed value (65 GPa,
1350 K), and the small difference in pressure between the two set of data is
not expected to affect the value of the resistivity appreciably (Secco, private
communication).

Thermal conductivities for the 4% and 15% Si mixtures are plotted in Figs.
and We report our raw DFT data, as well as these data reduced by 24%,

which is the likely correction due to lack of the EES contribution missing in

10
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T P p K L
K GPa (107%Qm) (WmTK1) (1078WQK™?)

4350 103 0.928(2) 120.2(2) 2.56
3350 92 0.930(2) 95.0(2) 2.64
3000 144 0.883(2) 90.5(2) 2.66
3000 106  0.916(2) 87.1(2) 2.66
2500 106 0.917(2) 72.1(2) 2.65
2350 81 0.946(2) 65.5(1) 2.64
2200 79 0.947(2) 61.4(1) 2.64
1850 76 0.951(2) 50.0(1) 2.57
1350 72 0.965(2) 35.4(1) 2.53
850 67  0.967(2) 21.5(1) 2.45

Table 3: Temperature (T), pressure (P), resistivity (p), thermal conductivity (x) and Lorenz
parameter (L) for Fe.g5Sip.15 solid (composition is given in mol %).

our calculations. In both figures we also report the experimental data of Hsieh
et al. (2021). They note that temperature values are average measurement
temperatures. They do not provide an uncertainty value, but from the caption
of their Supplementary Table 5 we can infer that it is likely to be of the order
of 550 K. In the case of Feg g6Sig.04, Hsieh et al. (2021) report values of x at
different pressures but at the same temperature of 2050 K. From Fig. [2]it is clear
that our calculated « at 2050 K and 72 GPa is higher than the corresponding
experimental value (2050 K and 70 GPa, blue square), but agreement is reached
after taking into account the effect of EES contributions (see dotted line) plus
the experimental measurement uncertainties.

Similarly, our calculated values for k of the Feg g5Sig.15 mixture are higher
than experimental ones (Hsieh, 2021), as shown in Fig. |3| In this case the two
sets of results could be still compatible for at least some of the data (e.g. 2500
and 3000 K at 106 GPa) once the possible EES effect (although as suggested by
Zhang et al. (2020) this error should decrease with decreasing temperature) and
the experimenal measurements uncertainties are taken into account. We also
note that the experimental data are quite scattered, indicating the likely size of
the error. At high pressure (144 GPa and 3000 K) the experiments report very
low thermal conductivity values, which are incompatible with our calculated

ones. We note that x experimental measured values increase for increasing

11
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Figure 1: Electrical resistivity (p) of pure solid Fe, Feg.96Si0.04 and Feg.g5Si0.15 as a function

of temperature (T). Calculations have been performed at constant volumes and so pressures
increase with temperature, as indicated in the legend for the respective cases. Also shown
present calculations increased by 9% (dotted lines), which is an estimate of the possible error
due to absence of EES contributions (see text). Experimental values for similar mixtures
from Inoue et al. (2020) are also shown. The blue filled diamond is from present calculations
at similar PT as used in experiments (44 GPa, 1340 K); the corresponding computed value
increased by 9% is shown as an open diamond (see text for details).

temperature at every given pressure as predicted by our computational results
until 106 GPa. At higher pressures, experimental values are not following the
expected behaviour, since they do not increase for increasing temperature values,
making us wonder if this could be due to the presence of (partial) melt in the
experimental samples.

Another important aspect to consider is the onset of the saturation effect. As
shown in Fig. [I] the onset of saturation behaviour for Feg 96Sig.g4 solid is clearly
visible at temperatures above 2500 K. We previously noticed the same effect
for pure solid Fe (Pozzo and Alfe, 2016a). This seems to be in contradiction
with recent findings by Zhang et al. (2020) on the resistivity of solid Fe up to
~ 3000 K, who point to an apparent almost linear dependence on temperature.

However, from our results (Pozzo and Alfe, 2016a) at the pressure values studied

12
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Figure 2: Thermal conductivity of Fegp 96Sig.04 solid as a function of temperature. Present
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Table . Also shown present calculations reduced by 24% (dotted line), which is an estimate
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for the same mixture from Hsieh et al. (2021) are plotted in different coloured symbols as
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PT experimental conditions (70 GPa, 2050 K); the corresponding computed value reduced by

24% is shown as an open diamond.
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Figure 3: Thermal conductivity of Fegp g5Sig.15 solid as a function of temperature. Present
calculations (black filled circles) cover 67-103 GPa in the 850-4350 K temperature range (see
Table . Also shown present calculations reduced by 24% (dotted line), which is an estimate
of the possible error due to absence of EES contributions (see text). The experimental data for
the same mixture from Hsieh et al. (2021) are plotted in different coloured symbols as shown
in the inset legend. Filled diamonds are present calculations at the same PT experimental
conditions, plotted with corresponding colours; computed values reduced by 24% are shown
as open diamonds.
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by Zhang et al. we would expect the onset of the saturation behaviour to start
at about 3600 K, which is well above their maximum experimental working
temperature. By contrast, Inoue et al. (2020), despite sampling temperatures
up to 3120 K only, were able to detect the onset of the saturation behaviour
for hep Fe-2, 4 and 6.5 wt.% Si. From our Feq g6Sig.o4 solid results, we can see
that in the case of a 4% mixture the onset of the saturation behaviour starts
at a lower temperature of about 2500 K and it was indeed detected by Inoue et
al. Therefore we argue that the resistivity saturation behaviour in Fe and iron
alloys should be easily detected in experimental investigations, providing these

sample a temperature range up to large enough values.

4. Geophysical implications

The results presented in Section [3] show that experimental and theoretical &
values are consistent within uncertainties when compared directly at overlapping
P-T-C conditions. Previously, we calculated values of 107, 99 and 101 W m™!
K~! at the top of the outer core for Fe-O-Si mixtures along three different
adiabatic profiles, at temperatures of 5700, 5500 and 5300K respectively (Pozzo
et al.,, 2013; Davies et al. , 2015). Here we would like to revisit the errors
on those values by taking into account a possible 24% correction due to EES
contributions. Therefore, we propose to replace our previous values at CMB
conditions with a range of values spanning from 107, 99 and 101 W m~* K—!
to 81, 75 and 77 W m~! K~! respectively.

To investigate the implications of these new k values for Earths’s core we
estimate its thermal history using the model described in Davies (2015). Briefly,
we integrate the core energy and entropy balances backwards in time for 3.5
Gyrs. The energy balance determines the core cooling rate by relating the CMB
heat flow Q¢pmp to the power sources in the core. We do not consider precipitation
of oxides (e.g. O’Rourke and Stevenson, 2016; Hirose et al., 2017) because the
onset and rate of precipitation are currently poorly constrained (Davies and
Greenwood, 2022). Adding precipitation of MgO could increase the predicted

inner core age by a factor of 1.1-2 (Davies and Greenwood, 2022). In addition,
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we omit terms due to compressional heating and heat of reaction since they are
tiny compared to the leading terms (Gubbins et al, 2003; Davies, 2015; Nimmo,
2015). The final energy equation is then a balance between CMB heat flow
and secular cooling, radiogenic heating, latent heat and gravitational energy
release that accompany inner core growth. Dynamo activity is assessed using
the entropy balance, which relates the entropy sources from secular cooling,
radiogenic heating, latent heat and gravitational energy release to the entropy
of thermal conduction (which depends on &), and the dynamo entropy F; that
defines the entropy production due to dynamo action.

All parameter values except x are taken from Davies et al. (2015). The
main uncertainty in the calculation is the density jump Ap at the ICB, which
sets the core composition and melting temperature. We use the three values of
Ap =0.6,0.8 and 1.0 gm/cc that span the uncertainties determined from normal
mode studies (Masters and Gubbins, 2003) together with the corresponding
compositions and temperature profiles in Davies et al. (2015). Following Nimmo
(2015) we prescribe Qcmp during the period of inner core growth and the entropy
production E; prior to inner core formation. This assumption generates a
plausible variation of CMB heat flow with time. We vary the present Qcpmp
value such that the model produces an E; prior to inner core formation that
is marginally positive, which is required to satisfy paleomagnetic predictions of
continuous dynamo activity back to 3.5 Ga (Tarduno et al., 2010; Davies et al.,
2022) and also yields a conservatively low core cooling rate and hence inner core
age and ancient CMB temperature. All models are also required to match the
present ICB radius of 1221 km.

Figure [4] shows the predicted inner core age and CMB temperature at 3.5
Gyrs ago for the three values of Ap and three sets of x values: an old and low &
value of 46 W m~! K~ (green symbols) inferred by Stacey and Anderson (2001);
the DFT-only x values (purple) reported in Pozzo et al. (2013) and Davies et
al. (2015); and the new values (red). We also run models with the addition
of 30 ppm %K as suggested by Xiong et al. (2018), which confirm that such

a small amount of radiogenic heating has a negligible impact on the results.
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In all cases higher Ap increases the inner core age and decreases the ancient
CMB temperature because enhanced gravitational power allows the dynamo to
operate at lower cooling rate. As expected, the new results sit in-between the
two older datasets, with a predicted inner core age of 400-700 Myrs. This range
is broadly consistent with previous thermal history models that included high
thermal conductivity (e.g. Driscoll and Bercovici, 2014; Labrosse, 2015; Davies
et al., 2022). Maintaining the geodynamo with such a young inner core requires
a rapid cooling rate over most of Earth’s history, which implies that the core
formed hot. All models predict that the ancient CMB temperature far exceeded
estimates of the lower mantle solidus, suggesting an early molten lower mantle
permitting effcient thermal and chemical exchange with the core (Davies et al.,
2020).

Our calculations estimate the present-day adiabatic heat flow at the CMB
to lie in the range 10-12 TW. Estimates of the total present CMB heat flow
range from 7-17 TW (Nimmo, 2015) with recent work favouring Qcmb ~15
TW (Frost et al, 2022). It is therefore possible that the top of the core is
presently sub- or super-adiabatic, though the numbers above favour the former
scenario. Nevertheless the sub-adiabatic case is of interest because independent
geomagnetic (Buffett, 2012) and seismic (Helffrich and Kaneshima, 2010) ob-
servations have been used to infer the presence of a stratified layer atop the
core. Sub-adiabatic conditions require the presence of a region below the CMB
that is stable to thermal convection, though it may not be stable to convection
overall since the destabilising chemical buoyancy arising from inner core growth
renders the region susceptible to double-diffusive instabilities. Considering the
minimum CMB heat flow of 7 TW, calculations with k¥ = 70 W/m/K, similar to
our values, estimated the maximum thickness of the thermally stable region to
lie in the range 400-500 km (Davies and Greenwood, 2022). The corresponding
strength of thermal stratification is, however, too weak to match the model of
Helffrich and Kaneshima (2010). This discussion suggests that any stratification
in the upper core owes its existence to chemical (rather than thermal) effects,

such as incomplete mixing during core formation (Landeau et al, 2017; Bouffard
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Figure 4: Predicted inner core age and CMB temperature at 3.5 Gyrs ago from thermal
history models for Ap = 0.6,0.8 and 1.0 gm/cc and three sets of « values: 46 W m~! K—1
(green symbols) as inferred by Stacey and Anderson (2001); our previous DFT-only x values
(purple) reported in Pozzo et al. (2013) and Davies et al. (2015); and our new proposed
values from this study (red). Data from our current models also including 30 ppm 49K are
shown as red open symbols.

et al, 2020) or mass exchange with the mantle or basal magma ocean (Buffett

and Seagle, 2010; Davies et al, 2020).

5. Conclusions

In this paper we have presented new DFT calculations of the thermal con-
ductivities and electrical resistivities of two solid iron alloys, Feg.965ig.04 and
Feg.g55ig.15, to replicate experimental determinations made at the same pres-
sure, temperature and alloy concentrations. We see the onset of resistivity
saturation for the 4% mixture, whereas the 15% mixture has already reached

its saturated value at the lowest temperature investigated and the resistivity
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is almost independent of temperature. We compare our thermal conductivity
values with direct measurements available in literature. Our DFT calculations
do not include EES contributions, which as shown recently could result in an
overestimation of the thermal conductivity of up to ~ 24% (Pourovskii et al.,
2020).

Once both computational and experimental uncertainties are taken into ac-
count, we find agreement in x values for both mixtures for at least some of the
data. In particular, for the 4% Si mixture, our corrected s value of 64 W m™!
K~! at 72 GPa and 2050 K agrees with the experimental value of 50 =15 W
m~! K~! measured by Hsieh et al. (2021) at 70 GPa and 2050 K. For the
15% Si mixture, we find a corrected x value of 66 W m~! K~! at 106 GPa and
3000 K, which is in very good agreement with the value of 60 =17 W m—! K~!
measured by Hsieh et al. (2021) at the same PT conditions. The comparisons
presented in the present work should lend confidence to previously calculated
thermal conductivity values at Earth’s core conditions, albeit augmented with
a larger error estimate due to possible EES processes. Considering this ~ 24%
reduction in thermal conductivity, our new thermal history models predict a
young inner core (400-700 Myrs old) which is still very hot at ancient times,

suggesting a basal magma ocean interaction for most of Earth’s history.
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