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Abstract Earth's presently‐active magnetic field is thought to be generated by geodynamo via convection of
liquid outer core, primarily composed of Fe alloyed with Ni and light elements, for example, Si. Core thermal
conductivity critically controls its thermal evolution, dynamics, and available energy (thermal vs.
compositional) powering the geodynamo over Earth's history. Here we precisely measured thermal conductivity
of solid Fe0.85Ni0.06Si0.09 (Fe–7wt%Ni–5wt%Si) to 148 GPa/2950 K and Fe to 155 GPa/3246 K, respectively.
We show that a liquid outer core with Fe0.85Ni0.06Si0.09 has a moderate thermal conductivity of∼73Wm− 1 K− 1,
in the moderate zone over the previously reported broad range (∼20–250Wm− 1 K− 1) that includes various core
compositions. Such a modest isentropic, conductive heat flow at core‐mantle boundary (CMB) (∼11 TW) is
smaller than present‐day CMB heat flow (∼15 TW), suggesting a presently‐active thermally‐driven geodynamo
and a maximum inner core age of ∼0.8–1.3 billion‐years.

Plain Language Summary Earth's stable, global magnetic field prevents our planet from being
damaged by solar winds, a key feature for habitability compared to other terrestrial planets. The magnetic field is
generated by vigorous convection of fluid outer core that requires sufficient energy (e.g., thermal and
compositional convection) to operate. Core thermal conductivity plays a key role in determining the availability
and temporal evolution of these energy sources. We here experimentally pin down the thermal conductivity of
solid Fe0.85Ni0.06Si0.09 (Fe–7wt%Ni–5wt%Si), a representative core composition, to ∼86 W m− 1 K− 1 at
148 GPa and 2950 K. This suggests that the fluid outer core would have a moderate thermal conductivity of
∼73Wm− 1 K− 1 at its topmost region. The modest cooling implies a minimum heat flow of ∼11 TW required to
sustain thermally‐driven geodynamo. Given the present‐day heat flow across core‐mantle boundary of∼15 TW,
our findings suggest that both thermal and compositional convection contribute to Earth's presently‐active
magnetic field. The inner core could be as old as ∼0.8–1.3 billion‐years, comparable to the timing inferred from
increases in paleomagnetic field intensity.

1. Introduction
Efficiencies of heat transport by conduction and convection through Earth's core and into the mantle funda-
mentally control our planet's thermochemical and magnetic evolutions, including the core cooling rate, dynamics,
and available thermal and compositional energies powering convection‐driven geodynamo for magnetic field
(Hirose et al., 2013; Landeau et al., 2022; Q. Williams, 2018). To sustain a convective geodynamo with energy
and entropy balances, sufficient thermal and/or compositional energies are required (Cormier et al., 2021;
Labrosse, 2003, 2015; Landeau et al., 2022; Lay et al., 2008). Specifically, a pure thermally‐driven geodynamo
can be operated if the core‐mantle boundary (CMB) heat flow (QCMB) is larger than a minimum value—isentropic
heat flow by conduction at CMB (Qa), which is proportional to core thermal conductivity (∧core) at CMB. In
contrast, if core is highly thermally conductive with Qa larger than QCMB, a geodynamo can remain active as
compositional convection occurs. Such compositional convection can be driven by transport of released buoyant
elements via inner core solidification, or by exsolution/precipitation of light oxides, for example, MgO or SiO2,
from liquid outer core to CMB region (Badro et al., 2016; Hirose et al., 2017; O’Rourke & Stevenson, 2016). This
latter mechanism was proposed to drive Earth's ancient dynamo since ∼3.4 billion‐years ago (Ga) (Tarduno
et al., 2010), before inner core solidification.
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Integration of seismology, cosmochemistry, and mineral physics have conclusively indicated that Earth's core is
primarily composed of iron (Fe) alloyed with nickel (Ni) along with certain amounts (∼few wt%) of light ele-
ments, essentially silicon (Si), oxygen (O), sulfur (S), carbon (C), and hydrogen (H) (Cormier et al., 2021; Hirose
et al., 2013, 2021; Li & Fei, 2003). Though the exact core composition remains uncertain, based on seismic data,
mineral physics studies on the density, sound velocity, phase stability, and solubility of Fe‐Ni‐light element alloys
suggested that among the light elements, Si is a likely candidate with ∼4 wt% in liquid outer core (Cormier
et al., 2021; Hirose et al., 2013, 2021; Li & Fei, 2003). As heat conduction within the core is decisive for its
thermochemical evolution, precise determination of the thermal conductivity (∧) of Fe‐Ni‐Si alloys at relevant
core high pressure (P)‐temperature (T ) conditions is critically needed. This enables better assessing the age and
growth rate of inner core, available energy sources sustaining geodynamo, and evolution of geomagnetic fields.

In the past decade, ∧core with various potential compositions at high P‐T conditions have been extensively
investigated. First‐principles calculations have coherently indicated a highly thermally conductive core
(∧core ∼ 90–300 W m− 1 K− 1), for example, (de Koker et al., 2012; Kleinschmidt et al., 2023; Pourovskii
et al., 2020; Pozzo et al., 2012, 2014; Xu et al., 2018), though (Pozzo et al., 2022) recently reported a modest ∧core

of∼80Wm− 1 K− 1 at CMB. In addition, electrical resistivity measurements have also been extensively performed
and then used to infer the ∧core via Wiedemann‐Franz (WF) law with ideal Lorenz number, for example, (Berrada
& Secco, 2021; Gomi et al., 2013, 2016; Ohta et al., 2016; Seagle et al., 2013; Yin et al., 2024; Y. Zhang
et al., 2020, 2022). Similarly, the inferred ∧core typically ranges from ∼90 to ∼250Wm− 1 K− 1. In contrast, direct
thermal conductivity measurements have been rare due to experimental challenges. Hsieh et al. (2020) reported
∧core ∼ 20 W m− 1 K− 1 based on Fe0.85Si0.15 alloy, Konôpková et al. (2016) showed ∧core ∼ 25–35 W m− 1 K− 1

based on Fe‐light elements, Saha et al. (2020) predicted ∧core∼ 40Wm− 1 K− 1 based on pure Fe, while Hasegawa
et al. (2024) suggested ∧core∼ 184Wm− 1 K− 1 based on pure Fe. Obviously, previous studies on the ∧core is yet to
reach a consensus. The discrepancy among literature results could be due to the reliability of different experi-
mental and computational methods, the validity of WF law with ideal Lorenz number when converting electrical
resistivity into thermal conductivity, as well as the uncertain effects of different light elements and melting on the
thermal conductivity. Note that a highly thermally conductive core with rapid cooling would imply a short‐lived
thermally‐driven geodynamo, yet an inner core as young as few hundred million years old, leading to the new core
paradox (Olson, 2013). To reconcile the observed temporal evolution of paleomagnetic intensity since Archean or
even Hadean (Biggin et al., 2015; Bono et al., 2019; Tarduno et al., 2010, 2015), a very high initial CMB
temperature (TCMB) or an early geodynamo powered by compositional convection via exsolution of light oxides,
as mentioned above, would be required.

In this work, we combined an ultrafast optical pump‐probe method with laser‐heated diamond anvil cells
(LHDAC) to precisely measure the thermal conductivity of solid Fe0.85Ni0.06Si0.09 (Fe–7wt%Ni–5wt%Si), a
representative core composition, to 148 GPa/2950 K and Fe to 155 GPa/3246 K, respectively. Our results
represent the first direct measurements that pin down the ∧ of a solid Fe‐Ni‐Si alloy to ∼86 W m− 1 K− 1 at the
outermost core conditions, suggesting, in turn, a moderate ∧ (∼73 W m− 1 K− 1) for liquid outer core. Such a
modest cooling rate of core would allow a presently‐active thermally‐driven geodynamo, along with a maximum
inner core age of ∼1 billion‐years (Gyrs).

2. Materials and Methods
2.1. Starting Materials and Sample Preparation

Single‐crystalline pure Fe were from the same batch of samples we previously studied (Hsieh et al., 2020) (from
Princeton Scientific Corporation). Polycrystalline powder of Fe0.85Ni0.06Si0.09 were from the same batch of
samples in Ikuta et al. (2021). We determined their chemical composition to be Fe and Fe0.85Ni0.06Si0.09,
respectively, by electron probe micro‐analyzer.

We started the sample preparation by first polishing each sample down to ∼10 μm thick and depositing an
∼90 nm‐thick aluminum (Al) film on the sample. We then loaded the sample of interest, together with a few ruby
spheres as pressure calibrants, into a symmetric piston‐cylinder diamond anvil cell equipped with a pair of 200 μm
or 150–300 μm beveled culets and a rhenium gasket. For high pressure and room temperature measurements, we
used silicone oil (CAS No. 63148‐62‐9 from ACROS ORGANICS) as the pressure medium. For simultaneously
high P‐T LHDACmeasurements to∼3250 K, we usedMgO nanopowder (CASNo. 1309‐48‐4 fromMerck with a
typical grain size ≤50 nm) as the pressure medium and thermal insulating layer. We measured the pressure within
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the sample chamber at room temperature (cold pressure) based on ruby's R1 fluorescence peak (Shen et al., 2020)
with a typical uncertainty of <2%. At P > ∼50 GPa, we also collected the Raman spectrum of diamond anvil
(Akahama & Kawamura, 2004) as an alternative pressure calibrant, which is in line with the pressure charac-
terized by ruby fluorescence with a typical difference <3–5 GPa.

The heating‐induced thermal pressure alters the effective pressure applied to the sample. We didn't in situ
characterize the thermal pressure in our LHDAC experiments. Nevertheless, the thermal pressure ΔPth is
approximated as αKΔT, where α,K, and ΔT are the thermal expansion coefficient, bulk modulus, and temperature
change of the heated material, respectively (J. S. Zhang et al., 2015). The ΔPth is thus empirically estimated to be
∼few to 10 GPa (∼few % of the initial cold pressure) in our high P‐T measurement range (Dobrosavljevic
et al., 2022; Hasegawa et al., 2024; J. S. Zhang et al., 2015). Such heating‐induced pressure uncertainty has been
taken into account in our data analysis, see Section 2.2 below. Details of the experimental setup, sample geometry,
collected thermal radiation spectra, and modeled temperature profile for LHDAC experiments are presented in
Text S1 and Figures S1–S3 in Supporting Information S1. Note that after the high P‐T measurements, using
energy‐dispersive X‐ray spectroscopy we confirmed the composition of recovered samples remains essentially
the same with a slight variation of <1–2 at%.

2.2. Thermal Conductivity Measurements

We coupled time‐domain thermoreflectance (TDTR) with LHDAC to precisely measure the thermal conductivity
of solid pure Fe and Fe0.85Ni0.06Si0.09 at variable high P‐T conditions up to ∼155 GPa/3246 K and ∼148 GPa/
2950 K, respectively, with a typical temperature uncertainty of ∼150 K (Supplementary Materials). In brief, in
our TDTR system, we split the output of a Ti:sapphire laser into pump and probe beams. (The laser's central
wavelength was set at 785 nm, under which the Al film coated on the sample has large thermoreflectance signal.)
The pump beam, electro‐optically modulated at 8.7 MHz, passed through a mechanically‐moving stage that
changed the pump beam's travel distance to the sample, and eventually heated up the Al film coated on the sample,
changing its optical reflectivity. The probe beam then detected the temporal variations in Al's reflectivity, which is
associated with the sample's thermal conductivity via thermoreflectance. Details of the TDTR principle along
with the analyses of data and uncertainty under high P‐T conditions were discussed in Cahill (2004), Chien
et al. (2024), Hsieh, Ishii, et al. (2025), Hsieh et al. (2009, 2022) and references therein.

Figures S4 and S5 in Supporting Information S1 illustrate representative TDTR spectra for Fe0.85Ni0.06Si0.09 at
100.5 GPa/300 K and 95 GPa/2221 K, respectively, compared with calculations of a bi‐directional thermal model
that enable the derivation of its thermal conductivity. In our data analysis, the most critical parameters affecting
the derived thermal conductivity of the sample are the thickness of Al film and the heat capacity of sample. The
thickness of Al under an experimental high P‐T condition was estimated following our recently developed method
detailed in Hsieh, Chang, et al. (2024) and Hsieh, Ishii, et al. (2025). The heat capacity of pure Fe at high P‐T
conditions was taken from Hsieh et al. (2020); because the heat capacity of Fe0.85Ni0.06Si0.09 at high P‐T con-
ditions is not known, we assumed it is similar to that of the Fe0.85Si0.15 (Hsieh et al., 2020). This assumption is
based on the fact that several properties of Fe and Ni are quite similar to each other, including atomic weight and
radius, melting point, thermal conductivity, and most importantly specific heat. Consequently, the replacement of
Fe with 7 wt% Ni is expected to have minor effects on the heat capacity, that is, the heat capacity of Fe–7wt%Ni–
5wt%Si (Fe0.85Ni0.06Si0.09) should be similar to that of Fe–8wt%Si (Fe0.85Si0.15), where the effect of 3 wt%
difference in Si is expected to be minor. We emphasize that the uncertainty of sample's thermal conductivity is
primarily resulted from data analysis (i.e., the uncertainties propagated by the thermal model parameters), not
from the measurements, since the raw data are of high quality and precise (Figures S4 and S5 in Supporting
Information S1). Moreover, as the thermal conductivities of Fe and Fe0.85Ni0.06Si0.09 are both weakly dependent
on temperature (Results section), their uncertainties caused by the uncertainty in measurement temperature
(∼150 K) due to, for example, collection and analysis of thermal radiation or temperature gradient over the probed
spot on the sample (Text S1 and Figure S3 in Supporting Information S1), are expected to be minor. As we discuss
in Figures S6 and S7 in Supporting Information S1 (Cahill &Watanabe, 2004; X. Zheng et al., 2007), we estimate
that the thermal conductivity uncertainty is <10% at P < 30 GPa/300 K, ∼10–15% at P = 30–100 GPa/300 K, as
well as ∼15% at P∼100–150 GPa/∼2000–3000 K.
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3. Results
3.1. High‐Pressure, Room‐Temperature Thermal Conductivity of Pure
Fe and Fe0.85Ni0.06Si0.09

Figure 1 presents the pressure dependence of thermal conductivity of pure Fe
(∧Fe) to 155 GPa and Fe0.85Ni0.06Si0.09 (∧Fe‐Ni‐Si) to 148 GPa at room tem-
perature. The ∧Fe (red stars) is overall in reasonable agreement with literature
data (Hasegawa et al., 2024; Hsieh et al., 2020), reaching 115 W m− 1 K− 1 at
155 GPa. On the other hand, the combined alloying effect of Ni and Si
significantly reduces the ∧Fe‐Ni‐Si and alters its pressure dependence as
compared to the Fe. ∧Fe‐Ni‐Si (black symbols) starts from ∼22 W m− 1 K− 1,
only ∼28% of the ∧Fe, at ambient conditions, and increases with compression
until P ∼ 20 GPa, where a structural transition from body‐centered‐cubic
(bcc) to hexagonal‐close‐packed (hcp) structure occurs (Morrison
et al., 2018). Interestingly, ∧Fe‐Ni‐Si in the hcp structure has a fairly weak
pressure dependence, saturating to∼40–45Wm− 1 K− 1. This is similar to that
of the binary Fe‐Si alloys, for example, Fe0.96Si0.04 (green dashed line in
Figure 1), which also saturates to∼40Wm− 1 K− 1, yet at P >∼40 GPa (Hsieh
et al., 2020).

3.2. Thermal Conductivity of Pure Fe and Fe0.85Ni0.06Si0.09 at
Simultaneously High Pressure‐Temperature Conditions

We further combined TDTR with LHDAC to measure the ∧Fe and ∧Fe‐Ni‐Si at
simultaneously high P‐T conditions, which allows us to better evaluate the
∧Fe and ∧Fe‐Ni‐Si under relevant core P‐T conditions. As presented in
Figure 2a for Fe, both sets of measurements show that the ∧Fe has a positive,

but fairly weak temperature dependence. The ∧Fe starting at an ambient cold pressure of 61 GPa (black circles)
increases from 69 W m− 1 K− 1 at 300 K to ∼90 W m− 1 K− 1 at 2051 K, in reasonable agreement with previous
results at comparable P‐T conditions (Hasegawa et al., 2024; Kleinschmidt et al., 2023; Saha et al., 2020),
considering the measurement and computational uncertainties. In addition, the ∧Fe starting at 155 GPa and 300 K
(red squares) is ∼115 W m− 1 K− 1 and gently increases with temperature, reaching ∼145 W m− 1 K− 1 at 3246 K,
again, in line with those reported by Hasegawa et al. (2024), Kleinschmidt et al. (2023), and Xu et al. (2018) at
similar P‐T conditions when uncertainties are included. Nevertheless, our two sets of data (61 and 155 GPa) both

Figure 1. Thermal conductivity of Fe and Fe0.85Ni0.06Si0.09 at high pressure
and room temperature. The ∧Fe (red stars) is in reasonable agreement with
previous results (Hasegawa et al., 2024; Hsieh et al., 2020). As for the
∧Fe‐Ni‐Si, three individual runs of measurements (each represented by a
black symbol shape) show consistent results to ∼148 GPa. The error bars
indicate uncertainty of data analysis. Literature results for Fe (red dashed
line) and binary compositions of Fe0.96Si0.04 (green dashed line) and
Fe0.85Si0.15 (orange dashed line) to ∼120 GPa (Hsieh et al., 2020) are
plotted for comparison.

Figure 2. Laser‐heated diamond cell measurements on the thermal conductivity of (a) Fe and (b) Fe0.85Ni0.06Si0.09 at high pressures and temperatures to ∼3246 and
∼2950 K, respectively. Both ∧Fe and ∧Fe‐Ni‐Si have a positive, yet weak temperature dependence. By modeling the ∧Fe and ∧Fe‐Ni‐Si that were assumed to scale with Tm,
mFe = 0.09 for Fe at P ∼ 155 GPa and T = 300–3246 K (red squares), while mFeNiSi = 0.25 for Fe0.85Ni0.06Si0.09 at P ∼ 148 GPa and T = 300–2950 K (green triangles).
Dashed curves are fit to each data set for their respective temperature dependence.
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report values of ∧Fe larger than those measured by Konôpková et al. (2016), who showed that ∧Fe ranges from
∼20 to ∼45 W m− 1 K− 1 at comparable P‐T conditions.

Ikuta et al. (2021) recently found that the presence of Ni and Si alters the high P‐T phase stability field of
Fe0.85Ni0.06Si0.09: at P = 40–160 GPa the Fe0.85Ni0.06Si0.09 is in hcp structure between 300 and ∼2400 K, while a
two‐phase mixture of B2 (an ordered derivative of bcc structure) and hcp structure appears at T > ∼2400 K. Our
present experiments further indicate that the combined alloying effect of Ni and Si also substantially decreases the
thermal conductivity at high temperatures, see Figure 2b. Interestingly, three sets of measurements show
consistent results with a temperature slope larger than the ∧Fe within the P‐T conditions we studied. At a cold
pressure of 83 GPa (blue spheres), ∧Fe‐Ni‐Si increases from ∼41 W m− 1 K− 1 at 300 K to ∼62 W m− 1 K− 1 at
2288 K; starting at 99 GPa (orange stars) ∧Fe‐Ni‐Si is ∼40 W m− 1 K− 1 at 300 K and reaches ∼67 W m− 1 K− 1 at
2221 K. Importantly, at a cold pressure of 148 GPa (green triangles), ∧Fe‐Ni‐Si starts from ∼45 W m− 1 K− 1 at
300 K and raises to ∼80 Wm− 1 K− 1 at 2950 K, representing a direct measurement on the thermal conductivity of
a representative core composition based on Fe0.85Ni0.06Si0.09 at high P‐T conditions close to Earth's core. We did
not observe an abrupt, significant change in ∧Fe‐Ni‐Si across the potential hcp–two‐phase mixture transition at
∼2400 K.

We now further derive the temperature dependence of ∧Fe and ∧Fe‐Ni‐Si at high P‐T conditions by assuming that
Λ(T ) can be empirically modeled as Λ(T ) = Λ0T

m, where Λ0 is a referenced thermal conductivity at a certain
temperature and the m value is obtained by linearly fitting the lnΛ‐lnT plot. We find that for ∧Fe, mFe = 0.13
(±0.03) at 61 GPa and mFe = 0.09(±0.01) at 155 GPa (Figure 2a), while for ∧Fe‐Ni‐Si, mFeNiSi = 0.19 (±0.02) at
83 GPa and mFeNiSi = 0.25(±0.03) at 99 GPa (Figure 2b). For ∧Fe‐Ni‐Si at 148 GPa, again, since ∧Fe‐Ni‐Si does not
abruptly change across the potential phase transition at ∼2400 K, we assume the appearance of B2 phase has
minor effects, thereby obtaining mFeNiSi = 0.25(±0.01) at 148 GPa. These temperature dependences are critical
for modeling the ∧Fe and ∧Fe‐Ni‐Si at core P‐T conditions, see Discussions below.

The thermal conductivity of a metal is primarily contributed by its electronic component (Λe) and described by
WF law via Λe = L × T/ρ, where L is the Lorenz number, T the absolute temperature, and ρ the electrical re-
sistivity, for example, (Hsieh, Lin, et al., 2024; X. Zheng et al., 2007; Q. Zheng et al., 2017) and references
therein. As the experimental temperature is comparable or higher than its Debye temperature, the metal's ρ can be
approximated as ρ0 + α + βT, where ρ0 is the residual resistivity due to scattering with impurities, α a
temperature‐induced resistivity shift, and β a temperature coefficient (W. Williams, 1998; Q. Zheng et al., 2017),
that is, Λe ∼ L × T/(ρ0 + α + βT ). Because our measurement temperature range (from 300 to ∼3000 K) is
comparable or higher than the Debye temperature of Fe and Fe0.85Ni0.06Si0.09 (∼420 K) (Ashcroft & Mer-
min, 1976), the impurities of Ni and Si (particularly Si) enhance the residual resistivity and make the term (ρ0+ α)
larger than βT (Hsieh, Deschamps, et al., 2024; Q. Zheng et al., 2017), resulting in an increasing Λe of
Fe0.85Ni0.06Si0.09 with increasing temperature as well as a temperature dependence larger than that of the pure Fe.
Similar effects that the impurity enhances the temperature dependence of Λe has been observed in Fe‐S alloys
(Hsieh, Deschamps, et al., 2024).

4. Discussions and Geophysical Implications
4.1. Modeling the Thermal Conductivity of Fe and Fe0.85Ni0.06Si0.09 at Core P‐T Conditions

Our experimental results (Figures 1 and 2) allow us to better pin down the ∧Fe and ∧Fe‐Ni‐Si at Earth's core P‐T
conditions, which, in turn, offer significant insights to the thermal evolution and dynamics of core, energy budget
powering geodynamo, as well as the maximum age of inner core. To this end, we first modeled the thermal
conductivity of solid Fe and Fe0.85Ni0.06Si0.09 at P‐T conditions of the outermost core (P ∼ 136 GPa and
T ∼ 4000 K from Hirose et al. (2013)). As ∧Fe and ∧Fe‐Ni‐Si both have a fairly weak pressure dependence at
P > 120 GPa (Figure 1), it's expected that the changes in ∧Fe and ∧Fe‐Ni‐Si around the outermost core P‐T con-
ditions are predominantly caused by the temperature effect (assuming that Λ(T ) follows the Tm scaling that we
derived in Figure 2), rather than the pressure effect. Therefore, at the outermost core conditions, ∧Fe in solid phase
is ∼152(±22) W m− 1 K− 1, while ∧Fe‐Ni‐Si in solid phase is ∼86(±13) W m− 1 K− 1 (the uncertainty includes that
from the data analysis and modeling). Each of them, in turn, sets an upper bound for their thermal conductivity in
liquid phase relevant to the liquid outer core. Prior studies have suggested that upon melting, the thermal con-
ductivity of solid Fe and Fe alloys are expected to decrease by ∼10%–20% (e.g., Hsieh et al., 2020; Konôpková
et al., 2016; Ohta et al., 2016; Pozzo et al., 2014; Silber et al., 2018, 2019; Xu et al., 2018). As such, if the Earth's
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liquid outer core is majorly composed of Fe0.85Ni0.06Si0.09, it has a moderate thermal conductivity of ∼73(±11)
W m− 1 K− 1 at its top region (assuming a 15% reduction upon melting). For comparison, a liquid outer core with
pure Fe composition is much more thermally conductive—∧Fe ∼ 129(±19) W m− 1 K− 1 at its top region. This
value is in reasonable agreement with those calculated by de Koker et al. (2012) and Pozzo et al. (2012) and
indicates a strong compositional effect on the core thermal conductivity when compared to ∧Fe‐Ni‐Si. Given their
relatively weak temperature dependence of thermal conductivity, the uncertainty in the modeled values of ∧Fe and
∧Fe‐Ni‐Si due to the potential uncertainty in core temperature (adiabat) is essentially negligible. Finally, we note
that a larger reduction of thermal conductivity by∼20%–40% upon melting had also been suggested, for example,
(Saha & Mukherjee, 2023), which, if correct, will further strengthen our finding—a moderate thermal conduc-
tivity of liquid Fe0.85Ni0.06Si0.09 at the top of outer core.

4.2. Geophysical Implications on Core Thermal Evolution and Geodynamo

Prior studies have reported a wide range of thermal conductivity at the top region of liquid core,
∼20–250Wm− 1 K− 1, where the large uncertainty is presumably due to the reliability of distinct experimental and
computational methods as well as the different, yet uncertain effects of light elements (e.g., Berrada &
Secco, 2021; Hsieh et al., 2020; Landeau et al., 2022; Pozzo et al., 2022 and references therein). The moderate
thermal conductivity, ∼73(±11) W m− 1 K− 1, that we constrain for a liquid core with Fe0.85Ni0.06Si0.09 compo-
sition falls within the moderate zone over such a broad spectrum of thermal conductivity, reconciling the con-
troversy on the available energy powering geodynamo over the Earth's history. To sustain a thermally‐driven
geodynamo, a minimum power required to be extracted from the core is set by the core thermal conductivity. With
such a moderate core conductivity of ∼73(±11) W m− 1 K− 1, the isentropic core heat flow Qa, defined as the
product of core thermal conductivity and isentropic temperature gradient at the outermost core (∼1 K km− 1

(Greenwood et al., 2021)), is estimated to ∼11(±1.6) TW. This lower bound heat flow running thermal con-
vection for geodynamo is smaller than (or comparable to) QCMB, which is controlled by mantle convection and
estimated to ∼15 TW at present (Frost et al., 2022), although a broad range of ∼5–17 TW has also been proposed
(Jaupart et al., 2015).

Importantly, the heterogeneous structures at the base of mantle with regionally distinct thermal conductivity
(Guerrero et al., 2024; Hsieh, Chang, et al., 2024; Hsieh, Ishii, et al., 2025; Hsieh et al., 2017, 2018) would result
in a laterally regional heterogeneity in QCMB. Figure 3 illustrates this situation with a snapshot of a model of
thermochemical convection in spherical annulus geometry. The setup of this model is similar to that in Guerrero
et al. (2024), with differences that here the resolution is higher (2,048 × 256 points) and the temperature
dependence of mantle thermal conductivity is assumed to be T − 0.2, which is close to the lower end temperature
dependence reported for mantle minerals (Manthilake et al., 2011) and leads to a QCMB close to 15 TW. Other
model parameters include a density contrast between primordial and regular material fixed to 142 kg m− 3

(equivalent to a buoyancy ratio of 0.23), and an internal heating rate in primordial material assumed to be 10 times
higher than in the rest of mantle and leading to a total internal (radiogenic) heating rate equivalent to 11 TW. This
simulation features, in particular, stable piles of dense, hot primordial material (Figure 3b) modeling the large‐
low‐velocity‐provinces (LLVPs) observed by seismic tomography. Its average CMB heat flux (ΦCMB) is
93.5 mW m− 2 (corresponding to a total QCMB of 14.2 TW), but the local heat flux varies between 1.2 mW m− 2

(i.e., well below the isentropic core heat flux,Φa, of 73 mWm− 2, suggested by our estimate of core conductivity)
and 365 mWm− 2 (Figure 3d). More specifically, theΦCMB falls belowΦa throughout the piles of dense material,
where temperature is much higher than average, suggesting that, in the real Earth, ΦCMB may be substantially
lower than the Φa under part or most of LLVPs.

In case ΦCMB at a certain region becomes smaller than Φa (subadiabatic) during core thermochemical evolution
(e.g., under the hot piles interiors), a laterally and regionally heterogeneous thermal stratification layer at the
topmost core could be formed (Mound et al., 2019). The thickness of such stratified layer may vary from tens to
hundreds of kilometers, depending on the spatiotemporal evolution of ΦCMB and Φa (Gomi et al., 2013; Lab-
rosse, 2015; Pozzo et al., 2022). Nevertheless, the global geodynamo can still be active at greater depth, if
compositional convection occurs due to the inner core solidification that releases buoyant light elements.
Interestingly, very recent 1D numerical modellings by Nakagawa et al. (2025) show that with a present‐dayQCMB

of ∼13–15 TW, a core thermal conductivity of ∼77–121 W m− 1 K− 1 could lead to an ∼50 km‐thick stratified
layer at the top of core, while a long‐term stable magnetic field can coexist since ∼4 Ga. Our present findings
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suggest that, unless the present‐day QCMB is overestimated, both the thermal and compositional convections
contribute to operate the present geodynamo (Landeau et al., 2022), avoiding the new core paradox (Olson, 2013).

Moreover, based on core thermal evolution model that considers a pure thermally‐driven geodynamo before inner
core growth and sets QCMB always equal to Qa (Gomi et al., 2013; Hsieh et al., 2020; Labrosse, 2015), our
moderate core conductivity,∼73(±11)Wm− 1 K− 1, would infer a maximum inner core age of∼0.8–1.3 Gyrs (this
range could vary slightly with different thermal evolution models and parameter settings). Paleomagnetic studies
have reported increases in the geomagnetic field strength at∼0.565 Ga (Bono et al., 2019) and∼1–1.5 Ga (Biggin
et al., 2015), often attributed to inner core growth, although more reliable data are required to draw convincing
conclusions. Considering the uncertainties in the modellings and experiments, our inferred maximum age of inner
core falls in‐between and reasonably covers the timing proposed by paleomagnetic studies. Alternatively, it may
imply that the composition of liquid core is primarily Fe0.85Ni0.06Si0.09 with some amounts of other light ele-
ments, for example, O, S, or C, that could slightly change the thermal conductivity and thus the inferred inner core
age. Future experimental and computational studies are needed to better quantify the effects of various light
elements on Fe‐Ni alloy's thermal conductivity. Finally, the modest cooling rate of core implies a minimum initial
TCMB of ∼4500–5000 K (Gomi et al., 2013; Hsieh et al., 2020; Labrosse, 2015), which would have caused
extensive melting of the lowermost mantle in early Earth (Gomi et al., 2013; Labrosse, 2015), supporting the
presence of a proposed basal magma ocean at the bottom of mantle (Labrosse et al., 2007).

Figure 3. Snapshot of a model of thermochemical convection. (a) Temperature and (b) primordial material fields. (c) Altitude
of piles of primordial material, hpiles, and (d) core‐mantle boundary (CMB) heat flux, ΦCMB, as a function of longitude. In
panel (d), the orange dashed line represents the average heat flux for a CMB power of ∼15 TW (Frost et al., 2022), and the
green dashed line shows the isentropic core heat flux, Φa, based on our estimate of the core conductivity. The gray shaded
areas indicate regions where ΦCMB < Φa, which mostly correspond to hot piles interiors.
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5. Conclusion
With our high P‐T LHDAC measurements and data modeling, we have pinned down the thermal conductivity of
liquid outer core with Fe0.85Ni0.06Si0.09 composition to ∼73(±11) W m− 1 K− 1 at its top region. Such a moderate
value suggests a modest cooling that would allow a long‐lived thermal geodynamo and a maximum inner core age
of∼0.8–1.3 Gyrs. Though direct high P‐Tmeasurements are extremely challenging, they are critically required to
further quantify the thermal conductivity of liquid phase, or at least the effects of melting, of other elements, for
example, O, S, and C. Since the presence of impurities typically suppresses transport of electrical and thermal
energy, future studies on Fe‐Ni‐multiple light elements could further support our present finding of a moderately
(or even poorly) thermally conductive core. Future collaborations between experiments and numerical modellings
on core thermal evolution and dynamics may then be able to resolve the long‐term controversy on the energy
budget for geodynamo, and significantly advance our understanding of the complex thermochemical and
geomagnetic evolutions over Earth's history.
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