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Thermal and compositional convection in Earth’s core are thought to be the main power sources driving 
geodynamo. The viability and strength of thermally and compositionally-driven convection over Earth’s 
history depend on the adiabatic heat flow across the core-mantle boundary (CMB) which is governed 
by the thermal conductivity of a constituent Fe-Ni-light element alloy at the pressure-temperature (P-T) 
conditions relevant to the core. Silicon is often proposed to be an abundant light element alloyed with 
Fe along with ∼5 wt% Ni, but the thermal transport properties of Fe-Ni-Si alloys at high P-T remain 
largely uncertain. Here we measured the electrical resistivities of Fe-10wt%Ni and Fe-1.8wt%Si alloys 
up to ∼142 GPa and ∼3400 K using four-probe van der Pauw method in laser-heated diamond anvil 
cell experiments. Our results show that the resistivities of hcp-Fe-1.8Si and Fe-10Ni display quasi-linear 
temperature dependence from ∼1500 to 3400 K at each given high pressure. Addition of ∼2 wt% Si in 
hcp-Fe significantly increases its resistivity by ∼25% at ∼138 GPa and 4000 K, but Fe-10wt%Ni has similar 
resistivity to pure hcp-Fe at near CMB P-T conditions. Using our measured values of electrical resistivities, 
we model thermal conductivities via the Wiedemann-Franz law, giving a nominal thermal conductivity of 
∼50 W m−1 K−1 for liquid Fe-5Ni-8Si alloy at the topmost outer core, implying an adiabatic (conductive) 
core heat flow of ∼8.0 TW. The outer core has a much lower thermal conductivity than the inner core 
due to light-element differentiation across the solidifying inner-core boundary. Our studies imply that 
the adiabatic core heat flow is low enough to enable thermal convection to drive the geodynamo over 
most and possibly all of Earth’s history, while the strength of compositional convection increases with 
the inner-core growth and accounts for ∼83% of the buoyancy flux to the present-day geodynamo.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Earth’s core continuously loses heat to the lower mantle, sec-
ularly cooling the core and potentially driving thermally-driven 
convection to power the geodynamo (Nimmo, 2015). When the liq-
uid core cooled below the melting temperature of the constituent 
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core alloy, the inner core began to solidify. Paleomagnetic records 
indicate that Earth’s magnetic field has existed for at least ∼3.45 
billion years (Tarduno et al., 2010), which has been maintained 
by the geodynamo through rigorous convective motions in the liq-
uid outer core (Nimmo, 2015). Geodynamo theory is widely ac-
cepted for the generation of the magnetic field, but there’s much 
less agreement on the nature of the energy sources that power 
the geodynamo over the history of Earth (Driscoll and Du, 2019). 
Typically, thermal and compositional convection are considered to 
be the main energy sources. A core cooling rate in excess of the 
conductive (adiabatic) heat flow will produce thermal buoyancy, 
driving thermal convection in the fluid core, while inner-core so-
lidification releases excess light elements to the outer core that 
are buoyant compared to the background liquid, driving compo-
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Table 1
Thermodynamic parameters used in this study.

Parameters Symbol Value used

Inner core radius ricb 1221 km
Core mantle radius rcmb 3480 km
Inner-core boundary temperature Ticb 5500 K
Core-mantle boundary temperature Tcmb 4000 K
Temperature gradient at the lowermost mantle �T 1300 K
Density at the topmost outer core ρ 9.90 kg m−3 (Dziewonski and Anderson, 1981)
CMB heat flow Q cmb 10.0 TW
Adiabatic CMB heat flow Q acmb 8.0 TW (This study)
Adiabatic ICB heat flow Q aicb 1.5 TW (This study)
Grüneisen parameter in the core γ 1.5 (Labrosse, 2015)
Temperature gradient at the topmost outer core dTa/dr 1.0 K km−1 (Labrosse, 2015)
Gravity at CMB gcmb 10.6823 m s−2 (Dziewonski and Anderson, 1981)
Gravity at ICB Gicb 4.4002 m s−2 (Dziewonski and Anderson, 1981)
Thermal conductivity at the lowermost mantle kmantle 10 W m−1 K−1 (e.g., Ammann et al., 2014; Hsieh et al., 2018)
Thermal conductivity at the topmost inner core kicb 138 W m−1 K−1 (This study)
Thermal conductivity at the topmost outer core Kcmb 50 W m−1 K−1 (This study)
Heat capacity in the core C p 650 J kg−1 K−1

Thermal expansivity in the core α 1.53 × 10−5 K−1
sitional convection (Driscoll and Du, 2019). Besides, other energy 
sources have also been proposed, such as the exsolution of light 
constitution (e.g., magnesium) before the inner core formation or 
tidally driven flows (Badro et al., 2016; O’Rourke and Stevenson, 
2016). However, the relatively large uncertainty of the thermody-
namic state of the core makes it difficult to estimate the relative 
contributions of these various mechanisms (Driscoll and Du, 2019). 
Regardless of the specific energy source, the thermal conductiv-
ity of the core that is fundamental to understanding the energetic 
state of the core remains uncertain.

The heat flow out of the core into the mantle (core-mantle 
boundary heat flow, Q cmb) is controlled by the thermal conduc-
tivity of the lower mantle and the temperature gradient in the 
lowermost mantle, while the adiabatic (conductive) core heat flow 
(Q acmb) is controlled by the thermal conductivity of the con-
stituent liquid Fe-Ni and its alloys with candidate light elements 
(Nimmo, 2015). Higher thermal conductivity of the core would 
lead to larger adiabatic heat flux and make thermal convection 
more difficult. According to Schwarzschild’s criterion, thermal con-
vection only happens when the Q cmb is greater than the Q acmb
(Schatten and Sofia, 1981). The present-day Q cmb is estimated to 
be ∼10 TW based on the thermal conductivity of the Earth’s low-
ermost mantle materials (∼10 W m−1 K−1) (e.g., Ammann et al., 
2014; Hsieh et al., 2018) and a temperature drop of ∼1300 K 
across the lowermost ∼190 km of the mantle (see Table 1 and 
details in Supplementary Material Note-2). For years Q acmb was 
estimated to be around 3–5 TW according to a modeled ther-
mal conductivity of the core (∼30 W m−1 K−1) (Stacey and Loper, 
2007). Consequently, thermal convection was commonly assumed 
to maintain the geodynamo back in deep time. Recent upward 
revisions of the thermal conductivity of the core to 130–200 
W m−1 K−1 indicate a larger adiabatic heat flow of 13–16 TW and 
larger values of Q cmb to avoid a deep stratified layer. Larger val-
ues of Q cmb lead to younger inner core nucleation ages of ∼0.7 
Ga (Ohta et al., 2016; Pozzo et al., 2012). However, higher thermal 
conductivity may also imply thermal stratification prior to inner 
core nucleation. This raises the “core paradox” that the geodynamo 
did not have an energy source before inner core formation but pa-
leomagnetic evidence indicates the magnetic field is much older 
than the inner core (Olson, 2013). To address this debate and re-
duce uncertainty in the energetic state of the core, the thermal 
conductivity of liquid iron alloys at Earth’s core conditions needs 
to be precisely determined.

There are two common ways to obtain the thermal conductivity 
of Fe and Fe alloys at the pressure-temperature (P-T) conditions of 
the core. One is to measure their electrical resistivity using an elec-
2

trode method at high P-T (e.g., Inoue et al., 2020; Ohta et al., 2016; 
Zhang et al., 2020). The measured electrical conductivity may be 
converted to thermal conductivity through the Wiedemann-Franz 
law which assumes that both electrical and thermal transport 
are dominated by the free electrons in metals. The second way 
is to model thermal conductivity using a flash transient heating 
technique (Konôpková et al., 2016) or a time-domain thermore-
flectance technique (Hsieh et al., 2018). Several studies have been 
performed to obtain the electrical and/or thermal conductivities 
of Fe and Fe alloys at high P-T using laser-heated Diamond Anvil 
Cells (DACs) and shock-wave compression (e.g., Gomi et al., 2016, 
2013; Konôpková et al., 2016; Matassov, 1977; Ohta et al., 2016; 
Zhang et al., 2020). However, these results were inconsistent: for 
example, the thermal conductivity of Fe varied by a factor of ∼7 
from ∼30 to 226 W m−1K−1 at relevant P-T conditions of the 
CMB (Williams, 2018). The discrepancies in experiments might be 
due to the use of sample geometry (four-probe van der Pauw 
method vs. pseudo-four probe), sample irregularity, leaser-heating 
issues, and/or the uncertainty of experimental extrapolation (e.g., 
Dobson, 2016; Zhang et al., 2020). For example, previous resistiv-
ity measurements in laser-heated DAC experiments by Ohta et al. 
(2016) used pseudo-four probe method (or two-probe electrodes) 
in which the electrical conductivity measurements can be signif-
icantly influenced by sample shape and thickness. In addition, it 
has been discussed in recent studies that the heterogeneous tem-
perature distribution of the sample in previous laser-heated DAC 
experiments can contribute to an underestimate of the resistivity 
of iron at high P-T (Inoue et al., 2020; Zhang et al., 2020).

A recent study applied homogeneous flat-top laser-heating to 
an hcp-Fe sample with a suitable geometry and measured its elec-
trical resistivity by a four-probe van der Pauw method at the rele-
vant P-T conditions of the core in laser-heated DACs (Zhang et al., 
2020). The measured resistivity in hcp-Fe at high P-T agrees with 
first-principles computations that consider both electron-phonon 
and electron-electron scattering through first-principles lattice dy-
namics (FPLD) and density functional perturbation theory (DFPT) 
(Xu et al., 2018), which is significantly larger than theoretical cal-
culations if electron-electron contribution is neglected (de Koker 
et al., 2012; Pozzo et al., 2012, 2014). The thermal conductivity of 
hcp-Fe is determined to be ∼100 W m−1 K−1 near CMB conditions 
(∼136 GPa and ∼4000 K) through the Wiedemann-Franz law in 
both experiments and theory.

The Earth’s core is composed of Fe-Ni alloy with some amount 
of light element(s), such as Si, S, O, C, and H (Li and Fei, 2014). 
5–10 wt% Ni is suggested in the core according to chondritic bulk 
Earth models (Li and Fei, 2014). As suggested by the partitioning 



Y. Zhang, M. Hou, P. Driscoll et al. Earth and Planetary Science Letters 553 (2021) 116614
of light elements between silicates and iron melt and the velocity-
density comparisons between geophysical modeling and seismic 
studies of the core (e.g., Badro et al., 2015, 2014; Siebert et al., 
2012), O and Si are the two leading candidate light elements to 
be abundantly present in the core. Here we use Si as a repre-
sentative light element to investigate its effects on electrical and 
thermal conductivity of iron at high P -T because it is readily sol-
uble in iron at ambient pressure and remains soluble and stable in 
hcp-Fe structure at the relevant P -T conditions of the inner core 
(Komabayashi et al., 2019; Lin et al., 2009). High-pressure mineral 
physics suggests Fe alloyed with approximately 8–10 wt% and 2–5 
wt% Si may satisfy the density deficit of the outer and inner core, 
respectively, assuming that the Earth’s core is predominantly an 
Fe-Si alloy (see Supplementary Material Note-1) (e.g., Fischer et al., 
2014; Mao et al., 2012). Therefore, Ni and light element effects on 
the electrical and thermal conductivity should be quantified to un-
derstand the energetics of the core. A recent study measured the 
electrical resistivities of hcp-Fe-2wt%Si at ∼44 GPa up to ∼1400 K, 
Fe-4wt%Si at ∼46 and 99 GPa up to ∼3100 K, and Fe-6.5wt% Si at 
∼99 GPa up to 1900 K in an internally heated DAC (Inoue et al., 
2020). This study indicates that the resistivity of Fe-Si alloys may 
approach saturation at high P-T relevant to the top of the outer 
core, suggesting that the thermal conductivity of an Fe-Si core 
may be high enough to induce a rapid growth of the inner core. 
However, high P-T time-domain thermoreflectance experiments in-
dicate that Si can significantly lower the thermal conductivity of 
iron (Hsieh et al., 2020), which suggests a low thermal conductiv-
ity of the core. Furthermore, the experimental conditions by Inoue 
et al. (2020) are still lower than the relevant P-T conditions of the 
topmost outer core and the reported saturation effect is inconsis-
tent with theoretical predictions (Pozzo and Alfè, 2016; Pozzo et 
al., 2014; Zhang et al., 2020). Therefore, the combined effects of Ni 
and Si on the transport properties of iron at high P-T remain to be 
investigated.

In this study, we used a four-probe van der Pauw method in 
laser-heated DACs to directly measure the electrical resistivity of 
Fe-10wt%Ni (Fe-10Ni) and Fe-1.8wt%Si (Fe-1.8Si) alloys in the hcp
structure from ∼80 to ∼140 GPa and up to ∼3400 K. The exper-
imental results are then used to model the thermal conductivity 
of the alloys at the relevant P-T conditions of the core using the 
Wiedemann–Franz law. Our results show that the thermal conduc-
tivity of iron is significantly lowered by the light element Si, in-
dicating a lower adiabatic core heat flow than previous estimates. 
Besides, light element segregation at the inner-core boundary (ICB) 
can result in a higher thermal conductivity in the inner core, caus-
ing a super-adiabatic temperature in the inner core. Our study 
provides constraints on the strength of thermal and compositional 
convection to maintain the geodynamo and its evolution over the 
geological time.

2. Materials and methods

Polycrystalline Fe-10(±0.5)wt%Ni (Fe-10Ni) and Fe-1.8(±0.1)
wt%Si (Fe-1.8Si) alloys initially in bcc structure were used as the 
starting materials. Fe-10Ni alloy was the same one used in the 
previous work (Lin et al., 2002), which was obtained from Dr. 
William A. Basset at Cornell University. The Fe-1.8Si alloy was ob-
tained from Dr. Leonid Dubrovinsky at the University of Bayreuth, 
which was synthesized from a mixture of powder iron and silicon 
with a starting atomic ratio of 96.4:3.6. Fe-10Ni and Fe-1.8Si alloys 
were compressed to thin foil with an initial thickness of less than 
∼2(0.3) μm. They then were shaped into a uniform Greek cross 
shape with a diameter of ∼6 μm at the center using a Focused 
Ion Beam (FIB: FEI Versa 3D) at the Center for High Pressure Sci-
ence and Technology Advanced Research (HPSTAR). Diamond anvils 
with 100-300 μm beveled culets with a beveled angle of 9 de-
3

grees were used to generate high pressures in diamond anvil cells 
(DACs). The sample was loaded into the sample chamber of the 
DACs and sandwiched between two dried SiO2 layers as shown in 
Fig. 1a. The loaded samples were compressed to targeted pressures 
and were subsequently heated using a flat-top double-sided laser 
heating system as Figs. 1a and 1b show. The complete experimen-
tal details were previously discussed in the literature (Zhang et al., 
2020).

Analyses of the quenched samples after high P-T experiments 
using Scanning Electron Microscopy/Energy Dispersive X-Ray Spec-
troscopy (SEM/EDS) in FIB (FEI Verse 3D) showed a chemical 
composition of Fe with 1.85(10) wt% Si for Fe-1.8Si and Fe with 
9.84(0.52) wt% Ni for Fe-10Ni alloy (Figs. 1c and 1d; Tables S1 
and S2). These analyses show that the samples were chemically 
homogeneous without observable chemical contaminations within 
analytical uncertainties (Supplementary Material Tables S1 and 
S2). The recovered Fe-1.8Si and Fe-10Ni alloys were ∼1.5 μm and 
∼1.3 μm in thickness (Figs. 1c and 1d), respectively.

Resistivity measurements of Fe-10Ni and Fe-1.8Si alloys were 
performed at high pressures from ∼80 to ∼140 GPa and high tem-
peratures up to ∼3400 K at the 13-IDD beamline station at the 
GeoSoilEnviroConsortium for Advanced Radiation Sources (GSE-
CARS) of the Advanced Photon Source (APS). We measured the 
electrical resistivity of Fe-10Ni and Fe-1.8Si alloys by a van der 
Pauw method using a Multimeter source (Keithley 6221 model) 
and an ultra-low voltmeter (Keithley 2182A model) during laser 
heating in Fig. 1b. A constant direct current of 5–10 mA was ap-
plied in the resistivity measurements. The voltage was measured 
between probes C and D and between A and D when the direct 
current passed through the sample from leads A to B and from 
B to C, respectively. An average value of measured voltages was 
used to obtain the resistance (R). The resistivity at high temper-
atures was obtained using ρ = ρ0(R/R0)(V /V 0)

1/3 (Gomi et al., 
2013), where R0 and V 0 are the resistance and volume at high 
pressure and room temperature, respectively, and V is the mea-
sured volume by in situ X-ray diffraction (XRD) at high pressure-
temperature. In situ synchrotron XRD patterns were collected by a 
Pilatus 1M CdTe detector before, during, and after the laser heat-
ing, respectively, at GSECARS. Thermal radiation spectra from the 
heated areas were collected to determine the temperatures of the 
samples. Care was taken to ensure that the Greek cross shape area 
was heated homogeneously; the temperature variation across the 
region was typically within 5% of the measured temperatures.

The experimental P-T conditions in the electrical resistivity 
measurements for Fe-1.8Si and Fe-10Ni alloys are shown in Fig. 
S2 in the Supplementary Material. Only hcp structure in both Fe-
10Ni and Fe-1.8Si was observed over the investigated P-T range, 
consistent with previous works (Komabayashi et al., 2019; Lin et 
al., 2002), as examples in Figs. S3 (Fe-10Ni) and S4 (Fe-1.8Si). 
The pressure was determined from the measured lattice parameter 
of hcp-Fe-10Ni and hcp-Fe-1.8Si by in situ XRD and their thermal 
equation of state (Asanuma et al., 2011; Lin et al., 2002). Ther-
mal pressures in the experiments are modeled from the thermal 
equation of states of hcp-Fe and Fe alloys (Fei et al., 2016). Col-
lected XRD patterns show evenly distributed intensity in the caked 
diffraction lines in both hcp-Fe-10Ni and hcp-Fe-1.8Si over our in-
vestigated P-T range in Figs. S3 and S4, indicating that the sample 
had no significant texture due to compression or crystal growth at 
high temperatures in the experiments.

3. Results

3.1. Electrical resistivity of Fe-1.8Si alloy at high pressures

Electrical resistivities of polycrystalline Fe-1.8Si alloy were mea-
sured up to ∼138 GPa at room temperature upon compression and 
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Fig. 1. Electrical resistivity measurements of Fe alloys in a laser-heated DAC and SEM microphotographs of recovered samples. (a) Representative image of an experimental 
assembly for the electrical resistivity measurements using the four-probe van der Pauw method in a LHDAC. The image shows an Fe-1.8Si alloy loaded in a sample chamber 
with cBN gasket insert, SiO2 insulator, and four Pt leads at ∼138 GPa and 300 K. (b) The cross heart area of Fe-1.8Si alloy was double-side heated to ∼1978 K at ∼138 GPa 
by continuous laser-heating with a laser spot size of ∼10 μm in diameter on both sides of the sample. Analysis of the measured thermal radiation spectra shows homogenous 
temperature distributions on both sides of the sample. (c) Recovered Fe-1.8Si alloy sample with a thickness of around 1.5 μm at ambient pressure (white dashed-line) after 
FIB cutting. (d) Recovered Fe-10Ni alloy sample with a thickness of around 1.3 μm at ambient pressure (white dashed line). The white dots in (c) (points 1-8) and (d) (points 
9-17) show the locations of the SEM/EDS analyses of the samples and surrounding thermal insulator (silica). The analysis results are listed in Supplementary Material Tables 
S1 and S2.
decompression, respectively (Fig. S1 in the Supporting Material). 
With increasing pressure up to ∼12 GPa, the resistivity decreases 
in bcc-Fe-1.8Si. A bcc to hcp phase transition happens in Fe-1.8Si 
at between ∼12 and ∼17 GPa with a resistivity jump, similar 
to that in pure iron (Gomi et al., 2013). The resistivity increases 
from ∼16.7 to ∼30.0 μ� cm with the phase transition. With fur-
ther increasing pressure above ∼17 GPa, the resistivity gradually 
diminishes. After high pressure-temperature experiments, we de-
compressed the sample and measured its resistivity as well. The 
measured resistivities upon compression and decompression do 
not deviate from each other. The hcp returns to bcc phase hap-
pening at around 8 GPa on decompression, where it shows a 
maximum resistivity of ∼36.0 μ� cm. Our pressure-dependent re-
sistivity is consistent with previous measurements in Fe-Si systems 
(Gomi et al., 2016), where the resistivity of Fe-1.8Si is gener-
ally located between the Fe-1Si and Fe-2Si at high pressures. The 
pressure-dependent resistivity in hcp-Fe-1.8Si becomes flattened at 
high pressures above ∼80 GPa, showing that the pressure effect on 
the resistivity is getting weaker with increasing pressure.

3.2. Electrical resistivity of Fe-1.8Si alloy at high P-T

Electrical resistivities of hcp-Fe-1.8Si were measured up to 
∼3400 K at 88(3), 106(3), 120(4), and 138(4) GPa in double-sided 
laser-heated DACs along with in situ XRD measurements. XRD 
showed the sample being in hcp structure in the investigated P-T
range as shown in Fig. S3 in the Supplementary Material. The mea-
surements at these given pressure points show that the resistivity 
of Fe-1.8Si increased quasi-linearly with increasing temperature up 
to 3400 K (red solid circles, Fig. 2). Temperature dependence of the 
resistivity in hcp-Fe-1.8Si can be given by the Bloch-Grüneisen for-
mula above the Debye temperature (θD ) with a residual resistivity 
(ρ0):
4

ρFe-1.8Si (V , T ) = ρ0 + ρBG (V , T )

= ρ0 + D (V )

(
T

θD (V )

)n

×
θD (V )/T∫

0

[
zn

(ez − 1)
(
1 − e−z

)
]

dz (1)

where ρ0 is a constant value when the temperature (T ) of the 
metal or alloy is sufficiently reduced so that all the phonons are 
frozen. Fitting the measured resistivities at high P-T simultane-
ously yielded ρ0, n, and D(V ) constants. In the case of pure Fe, 
ρ0 is assumed to be 0 � m for simplicity as the true residual 
value at close to 0 K is much smaller than that at high P-T con-
ditions. We should also note that the ρ0 depends not only on the 
metal but also on its impurity concentration. The fitted parame-
ters for the Bloch-Grüneisen formula in hcp-Fe-1.8Si alloy at high 
P-T are shown in Table 2. The fitted residual resistivity ρ0 in hcp-
Fe-1.8Si is between ∼6 and ∼12 μ� cm at 88-138 GPa and near 
0 K. The temperature response in resistivity of hcp-Fe-1.8Si be-
comes weaker with increasing pressure from 88 to 138 GPa as the 
parameters “n” and “D(V )” are reduced upon compression. The 
temperature-dependent resistivity in hcp-1.8Si alloy does not show 
significant resistivity saturation up to 3400 K at high pressures. 
Our experiments were limited to ∼3400 K because of the fast re-
crystallization and degradation of the sample. As such, theoretically 
predicted non-linear behavior of iron or iron alloy at temperatures 
above ∼4000 K (Pozzo and Alfè, 2016) will need to be further 
tested in the future.

The resistivity of Fe-2Si alloy was recently measured at ∼44 
GPa and up to ∼1400 K in a resistance-heated DAC (black squares, 
Fig. 2a) (Inoue et al., 2020). Even though the temperature response 
of the resistivity in hcp-Fe-2Si is similar to our results in Fe-1.8Si 
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Fig. 2. Temperature-dependent electrical resistivity of hcp-Fe-1.8Si alloy at high pressures. Electrical resistivity of the Fe-1.8Si alloy was measured up to: (a) 1976(40) K at 
88(3) GPa; (b) 2690(67) K at 106(3) GPa; (c) 3005(152) K at 120(4) GPa; and (d) 3402(250) K at 138(4) GPa. Within experimental uncertainties, the measured resistivities 
quasi-linearly increase with increasing temperature (red circles with crosses) and can be well modeled using the Bloch-Grüneisen formula (red lines). Previous experimental 
results of hcp-Fe at 105 GPa and 142 GPa (open circles and dashed lines) by Zhang et al. (2020) and at 106 GPa (open squares and short-dash line) by Ohta et al. (2016), 
respectively, are also plotted for comparisons. The resistivities of hcp-Fe-2Si at ∼44 GPa and up to ∼1400 K by Inoue et al. (2020) (closed black squares) are also compared. 
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Table 2
Parameters for the Bloch-Grüneisen formula in the resistivity of hcp-Fe-1.8Si alloy 
at high P-T.

Pressure 
(GPa)

θD

(K)
ρ0

(μ� cm)
D(V ) n

88(3) 630 9.2(1.8) 19.07(0.72) 0.74(0.03)
106(3) 656 6.9(0.8) 18.32(0.27) 0.67(0.03)
120(4) 675 6.3(1.6) 19.19(0.56) 0.65(0.05)
138(4) 698 11.6(1.4) 15.55(0.46) 0.63(0.05)

Debye temperature (θD ) was assumed to the same with hcp-Fe (Dewaele et al., 
2006).

at 88 GPa, our data at higher temperatures do not show the “re-
sistivity saturation” that was inferred for hcp-Fe-2Si in Inoue et al. 
(2020) using limited P-T data. It is likely that the four-probe van 
der Pauw method with a homogeneously heated sample helped 
reduce the sample shape, thickness, and temperature variation ef-
fects in electrical conductivity measurements. On the other hand, 
the resistivity saturation reported by Ohta et al. (2016) and Inoue 
et al. (2020) using the pseudo four-probe method could be an ar-
tifact of the aforementioned factors.

We compared the measured temperature-dependent resistivity 
in hcp-Fe-1.8Si with that of hcp-Fe at similar pressures of ∼106 
GPa and ∼138 GPa by Ohta et al. (2016) and Zhang et al. (2020)
in Figs. 2b and 2d, respectively. As discussed above, the results by 
Ohta et al. (2016) likely underestimated the resistivity of hcp-Fe 
at high P-T because of the experimental issues (e.g., temperature 
distribution and uncontrolled sample geometry) (Fig. 2b). Here we 
have mainly compared our results with that of iron reported by 
Zhang et al. (2020) because both studies had used the same exper-
imental methods and the quasi-linear resistivity results by Zhang 
et al. (2020) are confirmed by most recent first-principles calcula-
5

tions that considered both electron-electron and electron-phonon 
scattering effects at high P -T (Xu et al., 2018). These results show 
that adding 1.8 wt% Si into hcp-Fe can significantly increase its 
resistivity up to 3400 K at high pressures. When we apply the 
Bloch-Grüneisen formula to extrapolate the measured resistivity to 
higher temperatures, the resistivity in hcp-Fe-1.8Si is around 100 
μ� cm at the relevant conditions of the topmost outer core (∼138 
GPa and 4000 K), which is approximately 25% higher than that in 
hcp-Fe (∼80 μ� cm) (Fig. 2d).

3.3. Electrical resistivity of Fe-10Ni alloy at high P-T

Similar experiments on electrical resistivity and in situ XRD 
measurements in the hcp-Fe-10Ni alloy were conducted up to 
∼3000 K at high pressures from ∼86 to 143 GPa (Fig. S4 in the 
Supplementary Material). The results show three main features at 
varied temperatures (Fig. 3): (1) the minimum resistivity at low 
temperatures (below ∼1500 K) due to resonant impurity scattering 
(ρ imp); (2) the residual resistivity (ρ0); (3) the quasi-linear slope 
of the resistivity (ρBG ) at moderate temperatures above approx-
imate 1500 K due to electron-phonon scattering (Boekelheide et 
al., 2009). We use the following formula to describe these features 
in the measured resistivity of hcp-Fe-10Ni alloy as a function of 
temperature:

ρFe-10Ni (V , T ) = ρ imp (T ) + ρ0 + ρBG (V , T ) (2)

The temperature-dependent resonant impurity term can be 
taken from the following form (Volkov, 1984):

ρ imp (T ) = ρ
imp
0

1 + (
T /θ

)2
(3)
imp



Y. Zhang, M. Hou, P. Driscoll et al. Earth and Planetary Science Letters 553 (2021) 116614

Fig. 3. Temperature-dependent electrical resistivity of hcp-Fe-10Ni alloy at high pressures. Electrical resistivity of the Fe-10Ni alloy was measured up to: (a) 2060(150) K 
at 86(2) GPa; (b) 2362(140) K at 102(2) GPa; (c) 2476(100) K at 125(3) GPa; and (d) 3006 (178) K at 143(3) GPa. The measured resistivities within uncertainties (blue 
squares with crosses) increase almost quasi-linearly with increasing temperature at above 1500 K and are close to that of pure iron at high P-T. Blue curves are fitted using 
Bloch-Grüneisen formula and temperature-dependent resonant impurity resistivity. Previous experimental results of hcp-Fe at 105 GPa and 142 GPa (open black circles and 
black dashed lines) by Zhang et al. (2020) and at 106 GPa (open squares and short-dash line) by Ohta et al. (2016), respectively, are also plotted for comparisons.

Table 3
Parameters for the Bloch-Grüneisen formula in the resistivity of hcp-Fe-10Ni alloy at high P-T.

Pressure 
(GPa)

θD

(K)
ρ0

(μ� cm)
D(V ) n ρ

imp
0

(μ� cm)
θimp

(K)

86(3) 627 3.26(2.03) 15.97(0.76) 1.07(0.07) 24.5(4.4) 452(80)
102(3) 650 9.70(0.84) 13.00(0.28) 0.74(0.17) 15.1(3.1) 420(60)
125(4) 681 11.94(1.04) 11.49(0.37) 0.43(0.27) 12.5(1.5) 318(90)
143(4) 704 9.24(0.97) 11.67(0.32) 0.68(0.14) 14.2(1.3) 526(50)

Debye temperature (θD ) was assumed to the same with hcp-Fe (Dewaele et al., 2006).
where ρ imp
0 is the maximum of the resonant impurity scattering 

and θimp is a parameter related to the energy width of the localized 
states leading to resonant impurity scattering and the energy dif-
ference between these states and the Fermi energy. This impurity 
resistivity varies as T −2, increasing as the temperature decreases. 
Therefore, the total resistivity of hcp-Fe-10Ni could be written as a 
sum of multiple terms:

ρFeNi (V , T ) = ρ
imp
0

1 + (
T /θimp

)2
+ ρ0 + D (V )

(
T

θD (V )

)n

×
θD (V )/T∫

0

[
zn

(ez − 1)
(
1 − e−z

)
]

dz (4)

The measured resistivity in hcp-Fe-10Ni was fitted by a least-
squares equation at each given pressure point (blue curves in Fig. 3
and Table 3). The modeled resistivity of Fe-10Ni shows non-linear 
relation between resistivity and temperature from room tempera-
ture to ∼1500 K, and quasi-linear relation between ∼1500 K and 
∼3000 K, indicating a strong resonant impurity scattering in Fe-
10Ni alloy. In comparison, the hcp-Fe-1.8Si does not significantly 
show the impurity scattering resistivity, which is possibly because 
6

the Si concentration is still small. The measured resistivity of hcp-
Fe-10Ni is higher than that of hcp-Fe at room temperature (Ohta 
et al., 2016; Zhang et al., 2020) (Figs. 3b and 3d). With increas-
ing temperature, the resistivities in hcp-Fe-10Ni and hcp-Fe by 
Zhang et al. (2020) become close to each other because the ρ imp in 
hcp-Fe-10Ni is depressed by high temperatures. Therefore, adding 
10wt% Ni into iron only has a minor effect on its resistivity when 
considering the measurement uncertainty at near CMB P-T condi-
tions (∼143 GPa and ∼4000 K).

3.4. Electrical resistivity and thermal conductivity of the core 
constituent

We modeled the resistivity of Fe-5wt%Ni-8wt%Si (Fe-5Ni-8Si) 
as a candidate outer-core composition and Fe-5wt%Ni-4wt%Si (Fe-
5Ni-4Si) as a candidate inner-core composition (e.g., Fischer et al., 
2014; Mao et al., 2012; Zhang et al., 2018) at the relevant P-T
conditions of the core based on the measured resistivities of hcp-
Fe-10Ni and hcp-Fe-1.8Si alloys. For simplicity, we consider that 
the Fe-5Ni-4Si and Fe-5Ni-8Si remain in the hcp phase, although 
for a Si-rich Fe alloy (such as Fe-8Si alloy), it may undergo a phase 
transition from hcp to bcc (or a mixture of hcp and bcc phases) 
at high P-T conditions (Fischer et al., 2014). The electrical resistiv-
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Fig. 4. Electrical resistivity and thermal conductivity of Fe alloys at the relevant P-T
conditions of the topmost outer core. (a) Experimentally measured resistivities of 
hcp-Fe and hcp-Fe alloys. Matthiessen’s rule is used to model resistivities of hcp-
Fe-5Ni-4Si (solid magenta curve with gray uncertainty region) and hcp-Fe-5Ni-8Si 
(solid orange curve with gray uncertainty region) at ∼140 GPa and high tempera-
tures. Experimental results of Fe-4Si at ∼142 GPa (solid black triangles) and Fe-9Si 
at ∼134 GPa (solid black circles) under shock loading (Matassov, 1977) and theo-
retical calculation of liquid Fe-6.7Si (open diamonds) by DFT (de Koker et al., 2012) 
are also plotted for comparisons. Recent resistivity results of hcp-Fe-4Si at 99 GPa 
and up to ∼3100 K (black asterisks) (Inoue et al., 2020) are lower than the modeled 
resistivities of hcp-Fe-5Ni-4Si. (b) Thermal conductivity of hcp-Fe-5Ni-4Si (magenta 
dashed-line with gray uncertainty region) and Fe-5Ni-8Si (orange short dashed-line 
with gray uncertainty region) at ∼140 GPa and high temperatures. Wiedemann-
Franz law is used to convert electrical conductivities of Fe-Ni-Si alloys to thermal 
conductivities using Lorenz number calculated by de Koker et al. (2012). Our mod-
eled thermal conductivity of Fe-Ni-Si alloy is lower than the theoretical calculation 
of liquid Fe-6.7Si (open diamonds) at the similar P-T conditions (de Koker et al., 
2012).

ity arising from independent scattering terms is additive using the 
Matthiessen’s rule:

ρhcp-Fe alloy = ρhcp-Fe +
∑

n

ρi,n · xn (5)

where ρhcp-Fe alloy, ρhcp-Fe, ρi,n , and xn are the resistivities of hcp-Fe 
alloy, hcp-Fe, the alloying resistivity of element n for one per-
cent, and the atomic concentration of element n in hcp-Fe, respec-
tively. The modeled resistivities of hcp-Fe-5Ni-4Si (blue line) and 
hcp-Fe-5Ni-8Si (orange line) at ∼140 GPa are shown as a func-
tion of temperature and compared with previous experiments by 
shock compression (Matassov, 1977) and first-principles calcula-
tions (de Koker et al., 2012) in Fig. 4a. Our model adopts the 
quasi-linear temperature-dependent resistivity and the linear im-
purity effects, and provides the upper bounds of the resistivity of 
Fe-Ni-Si alloy at the relevant P-T conditions of the topmost outer 
core. However, a saturation effect on high-temperature resistivity 
of hcp-iron above ∼4000 K has been reported in recent theoret-
ical calculations (Pozzo and Alfè, 2016). Additionally, in the Fe-Si 
system, the Matthiessen’s rule could be violated at higher Si con-
tents up to ∼9 wt% due to the collapse of the large portion of the 
Fermi surface (Gomi et al., 2016). These could then lead to thermal 
7

conductivity increase with depth higher than that predicted by our 
model.

Our modeled resistivities of hcp-Fe-5Ni-4Si and hcp-Fe-5Ni-8Si 
are generally consistent with the measured resistivities of Fe-4Si 
and Fe-9Si alloys within uncertainty, respectively, at the similar 
P-T conditions by shock-wave experiments (Matassov, 1977). How-
ever, the modeled resistivities of hcp-Fe-5Ni-4Si are higher than 
the recently measured hcp-Fe-4Si (at ∼99 GPa and up to ∼1900 
K) (black asterisks, Fig. 4a) (Inoue et al., 2020). Our experimen-
tal data constrain the electrical resistivity of hcp-Fe-5Ni-4Si and 
hcp-Fe-5Ni-8Si to be ∼ 126+5

−17 μ� cm and ∼ 177+5
−25 μ� cm at 

∼4000 K and ∼140 GPa, respectively, close to the CMB conditions 
(Komabayashi et al., 2019; Zhang et al., 2018). Since the outer core 
is liquid, a ∼7–10% resistivity increase upon melting in Fe or Fe-Si 
alloy has been suggested (Silber et al., 2019; Xu et al., 2018) and 
is also considered for the electrical resistivity of liquid Fe-5Ni-4Si 
and Fe-5Ni-8Si at outer core P-T conditions.

We have also applied the Wiedemann-Franz law to convert the 
electrical resistivity (ρ) to thermal conductivity (κ = LT /ρ , L is 
Lorenz number). At the top of the outer core conditions, the Lorenz 
number is reported to be ∼2.2–2.3×10−8 W� K−2 in liquid Fe-
Si alloy by first-principle calculations (de Koker et al., 2012). If 
we use the calculated Lorenz number for the Fe-Ni-Si alloys, the 
temperature-dependent thermal conductivity can be obtained at 
∼140 GPa in Fig. 4b, which generally increase 20–30% with in-
creasing temperature from 2000 to 4500 K. Consequently, the ther-
mal conductivities of hcp-Fe-5Ni-4Si and hcp-Fe-5Ni-8Si are esti-
mated to be 73+11

−3 and 52+8
−2 W m−1K−1 at the relevant conditions 

of the CMB, respectively. The thermal conductivity of liquid Fe-5Ni-
8Si can be then constrained to be ∼50 W m−1 K−1 at the top of 
the outer core. Our determined thermal conductivity of an Fe-Ni-
Si core lies between the estimates of high (90–130 W m−1 K−1) 
(de Koker et al., 2012; Ohta et al., 2016; Pozzo et al., 2012, 2014) 
and low (18–30 W m−1 K−1) (Hsieh et al., 2020; Konôpková et al., 
2016; Stacey and Loper, 2007) values. As discussed in the intro-
duction, the core may also contain other light elements such as O 
and S, so the thermal conductivity of the core would certainly de-
pend on the exact identities and amounts of these elements. As an 
example, the thermal conductivity of Fe-O alloy could be drasti-
cally different from Fe-Si alloy system because O likely substitutes 
for the interstitial sites of iron, instead of Si replacing hcp-Fe lat-
tice positions (Williams, 2018). The effects of O on the thermal 
conductivity of Fe and Fe-Ni-Si alloy in the core need to be inves-
tigated by future high P-T experiments in order to address these 
open questions.

4. Discussion

4.1. Adiabatic heat conduction out of the core

Heat conduction from the Earth’s core to the lower mantle over 
time leads to the secular cooling of the molten Fe core, causing 
liquid Fe alloy to crystallize to form a solid inner core. According 
to our preferred thermal conductivity value of ∼50 W m−1 K−1 for 
an Fe-5Ni-8Si liquid alloy at the top of the outer core (κtoc), the 
adiabatic Q acmb is approximately 8.0 TW when taking the CMB 
temperature of ∼4000 K and adiabatic temperature gradient of 
∼1.0 K km−1 (Labrosse, 2015) (see Table 1 and Supplementary Ma-
terial Note-3). It is ∼20% less than the suggested heat flow across 
the core-mantle boundary (Q cmb , ∼10 TW). Our results show that 
the cooling rate of the Earth’s core is most likely super-adiabatic 
(Q cmb > Q acmb); therefore, thermal convection can happen and 
contribute to the present-day geodynamo.

Venus as a near twin to Earth in size and mass, however, lacks 
a present-day magnetic field or continental-scale plate tectonics 
(Taylor et al., 2018). It remains an open question as to why Earth’s 



Y. Zhang, M. Hou, P. Driscoll et al. Earth and Planetary Science Letters 553 (2021) 116614
core supports a dynamo but the interior of Venus does not. Venus’s 
stagnant lid likely reduces the cooling rate of its interior, which 
may imply a hotter core and lower CMB heat flow and makes dy-
namo action less likely (Driscoll and Bercovici, 2014). However, 
a low estimate of core thermal conductivity (20-40 W m−1 K−1) 
again raises the possibility of thermal convection in Venus’s core. 
Although we still do not know the exact state and composition of 
the Venus’s core, it is reasonable to assume an Fe-Ni-Si core and 
thus a similar thermal conductivity of ∼52-73 W m−1 K−1. In this 
case, the cooling rate of the Venus’s core must be sub-adiabatic, 
which would prevent a present-day dynamo if the inner core of 
Venus is also not growing fast enough to overcome the thermal 
stratification (Driscoll and Bercovici, 2014), or the core may be 
completely solid (O’Rourke et al., 2018).

4.2. Thermal conductivity in the outer and inner cores

The thermal conductivity (κ ) decreases with radius (r) in the 
core, which can be assumed along the adiabat using a quadratic 
variation with radius (Labrosse, 2015):

κ (r) = κ0

(
1 − Aκ

r2

L2
ρ

)
(6)

Lρ =
√

3K0

2πGρ2
0

(7)

where κ0 is the thermal conductivity at the Earth’s center that 
varies with temperature and composition, which was taken from 
our modeled thermal conductivity of Fe-Ni-Si alloy, Ak is a con-
stant of radial dependence of conductivity (2.39) (Gomi et al., 
2013), ρ0 is the density at the center of the core, G is the grav-
itational constant. Following Labrosse (2015), K0 and Lρ are es-
timated to be 1403 GPa and 8039 km for a 4-order polynomial 
least-squares fit of the density from PREM, respectively. The in-
ner core is relatively depleted in light element(s) with respect to 
the outer core, making it more conductive; we, therefore, consid-
ered the light-element release effect on the thermal conductivity 
between the outer and inner core. The thermal conductivity for an 
Fe-5Ni-8Si outer core and an Fe-5Ni-4Si inner core can be mod-
eled along the outer and inner core adiabat in Fig. 5a. The results 
show that the thermal conductivity jumps from ∼101 to ∼138 
W m−1 K−1 across the inner-core boundary due to the exclusion 
of some light element Si from the inner core.

We compared the modeled electrical resistivities and thermal 
conductivities of Fe-Ni-Si alloys with the calculated results in liq-
uid Fe-6.7Si (wt%) at the outer core conditions (de Koker et al., 
2012) and solid hcp-Fe-4.2Si (wt%) at the inner core conditions 
(Pozzo et al., 2014) by first-principles molecular dynamics with the 
Kubo-Greenwood formula. Our modeled resistivities in Fe-Ni-Si are 
significantly higher than the calculations in liquid Fe-6.7Si (open 
diamonds, Fig. 4a), and the thermal conductivities in the core are 
systematically 40–50% lower than the calculated results (in Fig. 5a). 
The modeled thermal conductivity at the inner-core boundary is 
also considerably smaller than the recently calculated thermal con-
ductivities of hcp-Fe-11Ni-5.3Si (inverted triangles in Fig. 5a) and 
hcp-Fe-11.3Ni-8.1Si alloys (triangles in Fig. 5a) at ∼330 GPa and 
5500 K by using the SPR-KKR-package (spin-polarized relativis-
tic Korringa-Kohn-Rostoker) and the Kubo-Greenwood formula (Zi-
dane et al., 2020). The possible reason is that the calculated re-
sistivities and thermal conductivities of Fe-Si/Fe-Ni-Si alloys only 
considered electron-phonon scattering contribution to the trans-
port properties, but recent work shows that the electron-electron 
scattering effect cannot be neglected in Fe and Fe alloys (Xu et al., 
2018), especially at high temperatures. As a result, the previous 
calculations might overestimate the thermal conductivity, so more 
8

Fig. 5. Thermal conductivity (κ ), heat flux (q), and temperature profiles for Earth’s 
core with Fe-Ni-Si alloy. (a) Modeled thermal conductivities of Fe-5Ni-4Si in the in-
ner core and Fe-5Ni-8Si in the outer core, respectively. The outer and inner cores are 
modeled to be composed of ternary Fe-5Ni-8Si and Fe-5Ni-4Si alloys, respectively 
(Fischer et al., 2014; Mao et al., 2012; Zhang et al., 2018). The solid and dashed 
red lines represent modeled thermal conductivities of Fe-5Ni-8Si and Fe-5Ni-4Si at 
Earth’s outer and inner core conditions, respectively. DFT calculations for the ther-
mal conductivities of Fe-6.7Si liquid (de12) (de Koker et al., 2012) at the outer core 
conditions (solid gray line) and Fe-4.2Si alloy (Po14) (Pozzo et al., 2014) at the inner 
core conditions (gray dashed-line) are also plotted for comparisons. Open triangle 
and inverted triangle represent the calculated thermal conductivity of hcp-Fe-11Ni-
5.3Si and hcp-Fe-11.3Ni-8.1Si at the ICB conditions (∼330 GPa and 5500 K) by ab 
initio method (Zidane et al., 2020). Calculated heat flux (b) and temperature profile 
(c) using modeled thermal conductivities in (a) and Q cmb = 10.0 TW. In the model, 
the total ICB heat flow Q icb is ∼6.0 TW, including the secular cooling of Q aicb = 1.5 
TW in this study, and the heat flow and gravitational energy of ∼4.5 TW (Labrosse, 
2015; Zhang et al., 2020). The heat flux densities and temperature profiles of the 
core are derived through heat balance (solid red lines) and adiabat (black dashed 
lines), respectively.

theory studies are needed to include the electron-electron scatter-
ing contributions. Based on our experimentally determined ther-
mal conductivities at the topmost inner core (ktic), the adiabatic 
heat condition out of the inner core (Q aicb) can be constrained to 
be ∼1.5 TW (see Table 1 and Supplementary Material Note-3). The 
adiabatic Q aicb contributes ∼19% of the total adiabatic heat con-
duction out of the core (∼8.0 TW).

4.3. Heat flux and thermal structure of the core

We calculated the heat flux and thermal structure (tempera-
ture profile) of the core using the determined ICB temperatures, 
the thermal conductivity of the core, and the heat flow throughout 
the lowermost mantle (Q cmb). The temperature at the ICB is de-
fined by the melting temperature for the outer core liquid, which 
is estimated to be around 5500 K for a core with ∼8 wt% Si ac-
cording to the measured melting temperatures of Fe-Ni-Si alloys 
(Komabayashi et al., 2019; Zhang et al., 2018). The heat flux was 
then obtained from the heat balance of the core using a single 
volumetric model in Fig. 5b (see Supplementary Material Note-
4). Considering the compositional energy of ∼4.5 TW from latent 
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heat and gravitational energy associated with the inner-core solid-
ification for a CMB heat flow of ∼10.0 TW (Labrosse, 2015), the 
heat flux of the outer core shows a dramatic increase from ∼65 to 
∼321 mW m−2 towards the lowermost outer core. Compared with 
the adiabatic heat flux of ∼38 mW m−2 at the lowermost outer 
core (dashed-line, Fig. 5b), the heat flux is approximately 8 times 
super-adiabatic due to the compositional energy. While the heat 
flux drops down to ∼80 mW m−2 across the ICB.

We further estimated the temperature profiles of the outer and 
inner core through the heat balance (Fig. 5c) (see Supplementary 
Material Note-4). Taking the temperature of 5500 K at the ICB 
(Komabayashi et al., 2019; Zhang et al., 2018), the outer core tem-
perature profile derived from the heat balance is consistent with 
an adiabatic profile that is ∼4000 K at the CMB (Fig. 5c). While, 
the temperature of the core center derived from the heat balance 
is about 5820 K, and is approximately 120 K hotter than the adi-
abatic estimate (∼5700 K). A super-adiabatic temperature profile 
in the inner core indicates that thermal convection in the inner 
core is possible, especially during the initial growth of the inner 
core (Buffett, 2010). Inner core convection will not have an effect 
on the geodynamo, but it might contribute to lateral variations in 
heat flow and thus cause heterogeneity in seismic anisotropy ob-
served at the top of the inner core (Buffett, 2010).

4.4. Sources of convection driving the geodynamo

The solid inner core is expected to form around ∼1.5 Ga ac-
cording to thermal evolution models of the core based on the 
determined heat flow across the CMB in this study (Gomi et al., 
2013; Labrosse, 2015), significantly younger than the oldest pale-
omagnetic record of the Earth (∼3.45 Ga) (Tarduno et al., 2010). 
Therefore, sustaining the ancient geomagnetic field prior to in-
ner core nucleation (ICN) requires a continual source of convection 
prior to the compositional source driven by inner core growth. The 
presence of core convection requires that the total core buoyancy 
flux (Fc) is positive. We calculated the total buoyancy flux contain-
ing thermal (F T ), conductive (Fa), and light element (Fχ ) buoyancy 
fluxes (see Table 1 and Supplementary Material Note-5) (Driscoll 
and Bercovici, 2014),

Fc = F T + Fχ − Fa (8)

where the conductive buoyancy flux is subtracted because it rep-
resents thermal stratification and must be overcome to drive con-
vection. For a heat flow Q cmb of ∼10.0 TW and a core thermal 
conductivity of ∼50 W m−1 K−1 at present-day CMB, the buoyancy 
fluxes were calculated as a function of the CMB temperature from 
∼4300 to 3850 K in Fig. 6a. The CMB temperature gradually de-
creases with the cooling of the core, where for the early core, such 
as at ∼3.0 Ga, it is estimated to be around 4300–4400 K (Labrosse, 
2015). For simplicity, we assumed a constant CMB heat flux, so the 
thermal buoyancy flux is a constant value of ∼1.4 × 10−12 m2 s−3

(see Table 1 and Supplementary Material Note-5). This is likely an 
underestimate at higher TCMB because a hotter core should cool 
faster.

Our results show that the total buoyancy flux is positive, in-
dicating the validity of a convective-driven geodynamo in this 
CMB temperature range in Fig. 6a. Specifically, the determined 
adiabatic heat flow satisfies the Schwarzschild’s criterion for ther-
mal convection over geological time (Schatten and Sofia, 1981). 
The total buoyancy flux gradually increased from ∼0.7 × 10−13

to 1.5 × 10−13 m2 s−3 with the cooling of the liquid core be-
fore inner-core nucleation, and the operation of the geodynamo 
depended entirely on thermal convection. At the onset of inner 
core growth (∼1.5 Ga and ∼4150 K at the CMB), the composi-
tional buoyancy flux quickly increases. Within approximately 100 
9

Fig. 6. Thermally versus compositionally-driven geodynamo over geological time. (a) 
Comparisons of thermal and compositional buoyancy fluxes in the core when taking 
CMB heat flow Q cmb = 10.0 TW and present-day adiabatic heat flow Q acmb = 8.0 
TW. The core is fully liquid and thermally convective (F T > Fa) at the range of CMB 
temperature Tcmb > ∼4150 K. Compositional convection occurs with the inner-core 
growth and drives the geodynamo together with thermal convection at the Tcmb

between ∼3850 and 4150 K. The present-day Tcmb = ∼4000 K and the core will 
be mostly solidified when Tcmb reaches below ∼3850 K. The melting temperature 
of the residual fluid at the CMB will drop over geological time as the inner core 
grows and releases light elements into the outer core. This leads to melting point 
suppression and thus additional cooling needed for the solidification of the residual 
core fluid, especially at the end of the inner core growth. (b) Evolution of adia-
batic heat flow (Q acmb) and geodynamo models with the cooling of the core over 
geological time. The geodynamo was mainly driven by thermal convection (black 
curved-arrow, thermal dynamo) with possible additional energy sources such as ra-
diogenic heating (blue curved-arrow) or precipitation of chemical material out of 
the liquid core (Badro et al., 2016; O’Rourke and Stevenson, 2016) (black upward 
arrow) before ICN (∼1.5 Ga). After ICN, it has been driven by both thermally (black 
curved-arrow) and chemically compositional (red curved-arrow) convection and is 
named thermocompositional dynamo. Even though the present-day inner core ac-
counts for only about 4.3 volume % of the whole core, it plays a significant role in 
the thermal evolution of the Earth. Orange and red areas represent the liquid and 
solid core, respectively.

million years after ICN with a Tcmb decrease of ∼10 K (Driscoll 
and Bercovici, 2014), it rises to ∼10−12 m2 s−3, comparable with 
the thermal buoyancy flux (∼1.4 × 10−12 m2 s−3). As the inner 
core continuously grows the compositional buoyancy flux increases 
to above 2 × 10−11 m2 s−3, which contributes above ∼83% of the 
total buoyancy flux (∼2.4 × 10−11 m2 s−3) to power the present-
day geodynamo. This implies that both thermal and compositional 
convection drive the present-day geodynamo and that composi-
tional convection driven by the release of light elements at the ICB 
plays a dominant role (Fig. 6b). Our results show that the buoy-
ancy flux of a thermal geodynamo is only about one-tenth of a 
thermocompositional geodynamo (Fig. 6a). It has been proposed 
that some additional energy sources, such as the precipitation of 
magnesium in the early liquid core (Badro et al., 2016; O’Rourke 
and Stevenson, 2016), might supplement the internal energy to 
power the early geodynamo before the inner-core formation. Ad-
ditionally, the ohmic dissipation due to ohmic heating in the core 
could be another source to consider, but we should note that it 
is neglected in Equation (8). The magnitude of the ohmic dissi-
pation remains largely uncertain (Nimmo, 2015), but could be as 
large as an adiabatic heat flow or above ∼3 TW in one recent 
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study (Labrosse, 2015; Stelzer and Jackson, 2013). If the ohmic 
dissipation is substantial, the sum of the adiabatic heat flow of 
∼8 TW and the ohmic dissipation energy is required to power 
the geodynamo. In this scenario, even more power from compo-
sitional and/or radiative energy sources may be necessitated to 
sustain the geodynamo over geological time. Our results support 
thermal convection throughout the present outer core and do not 
support a thick thermal stratified layer at the top of the outer core 
based on the estimated convective flux (Takehiro and Sasaki, 2018). 
Nevertheless, we should note that a chemically stratified layer of 
∼60-70 km at the top of the outer core can possibly be formed be-
cause of the influx of oxygen from the lowermost mantle, perhaps 
through chemical interactions between an early magma ocean and 
the outer core (Brodholt and Badro, 2017), even if the heat flow is 
super-adiabatic.

5. Conclusions

The electrical resistivities of hcp Fe-10Ni and Fe-1.8Si alloys 
have been measured at the relevant P-T conditions of the Earth’s 
core by a four-probe van der Pauw method coupled with in situ
X-ray diffraction in laser-heated DACs. The temperature responses 
of the resistivities in hcp-Fe-1.8Si and Fe-10Ni alloys are quasi-
linear between ∼1500 to 3400 K at high pressures of 80-140 GPa. 
Our results indicate that adding 1.8 wt% Si into hcp-Fe can signif-
icantly increase its resistivity by ∼25% at ∼140 GPa and 4000 K, 
but adding 10 wt% Ni into Fe only has a minor effect on its re-
sistivity at near CMB P-T conditions. The thermal conductivity of 
Fe-5wt%Ni-8wt%Si as a candidate outer-core composition and Fe-
5wt%Ni-4wt%Si as a candidate inner-core composition have been 
modeled based on the measured resistivities and the Wiedemann-
Franz law. Consequently, the adiabatic heat flow out of the core 
is constrained to be ∼8 TW. Our study implies that the ther-
mal conductivity of an Fe-Ni-Si core is low enough to support 
a geodynamo driven by thermal convection over Earth’s history. 
Additionally, both thermal and compositional convection drive the 
present-day geodynamo and the latter contributes predominantly.
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