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Abstract We measured the electrical resistivity of iron, Fe99C1, Fe3C, and Fe7C3 up to ~80 GPa using the
van der Pauw method in a diamond anvil cell. The electrical resistivity of disordered Fe99C1 at high
pressure shows a strong impurity resistivity of carbon. The ferromagnetic-paramagnetic transition in Fe3C
and Fe7C3 is associated with the flattening of the resistivity pressure gradient at ~6 GPa. Fe7C3 exhibits
the highest electrical resistivity among all iron-light element alloys, and Fe3C and Fe7C3 disobey the
Matthiessen’s rule by showing a lower electrical resistivity than a disordered iron-carbon alloy because of
chemical ordering. A comparison of the impurity resistivity between silicon, sulfur, nickel, and carbon shows
that carbon has an exceedingly stronger alloying effect than other elements. If the chemical ordering
observed in Fe-Si system is held true for the Fe-C system, the chemical ordering in Fe7C3 possibly increases
the thermal conductivity of the inner core and enlarges the thermal and electrical conductivity gap at the
inner-core boundary. Models of the thermal conductivity of liquid Fe70C30 with 8.4 wt % carbon show a low
thermal conductivity of 38 Wm�1 K�1 at the pressure-temperature conditions of the topmost outer core.
The corresponding heat flow of 6 TW at the core-mantle boundary is notably lower than previous electrical
resistivity results on Fe and Fe alloys. The alloying effect of carbon on the electrical and thermal
conductivity of iron can thus play a significant role in understanding the heat flux at the core-mantle
boundary and the thermal evolution of the core.

1. Introduction

Earth’s magnetic fields are generated in the outer core through dynamic motions of the molten iron alloy.
Secular cooling at the uppermost outer core solidifies the inner core, during which latent heat and incompa-
tible light elements are released from the inner core into the outer core. The thermal turbulence of the outer
core and compositional buoyancy due to the release of light elements are believed to provide the major
energy source required to power the geodynamo (Lay et al., 2008; Stevenson, 2008). Conductive heat flow
depends on temperature gradient and thermal conductivity of the iron alloy at the uppermost outer core
and constrains the energy of fluid alloy convection, which drove the geodynamo to generate the geomag-
netic field at least 3 billion years ago before the inner core was formed (Buffett, 2003). The thermal conduc-
tivity in the outer core is also closely correlated with the growth rate and age of the inner core, the presence
of radiogenic materials, and the formation of a stratified layer below the core-mantle boundary (CMB; Buffett,
2016; Lay et al., 2008; Lister & Buffett, 1998). Thus, knowing the thermal transport property of the candidate
iron alloys at conditions relevant to the Earth’s core is vital to understand the geomagnetic and geodynamic
conundrums of Earth’s core (Gomi et al., 2013; Nimmo, 2007; Olson, 2013). A recent direct measurement of
the thermal conductivity at high pressure and temperature (Konôpková et al., 2016) approaching Earth’s core
impugns the high value of the thermal conductivity determined by electrical measurement (Gomi et al., 2013;
Gomi & Hirose, 2015; Ohta et al., 2016; Seagle et al., 2013). These studies create new disputes on the available
energy source for Earth’s geodynamo, the total heat flow across the CMB, and thermal evolution and history
of the core (Dobson, 2016; Labrosse, 2015; Olson, 2013).

Based on geophysical and geochemical arguments, the Earth’s core also contains significant amounts of light
elements—approximately ~10 wt % for the outer core (Li & Fei, 2003) and ~3–8 wt % for the inner core (Alfè
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et al., 2007; Badro et al., 2007; Mao et al., 2012). Based on the cosmo-
chemical, geochemical, and geophysical evidence, several elements,
including H, C, S, O, and Si, have been suggested to alloy with iron in
the core (Li & Fei, 2003; Poirier, 1994). Previous studies employing
electrical resistivity measurements have investigated the pressure-
temperature effect (Ohta et al., 2016) and impurity resistivity of nickel
(Gomi & Hirose, 2015), silicon (Gomi et al., 2013, 2016; Seagle et al.,
2013), and sulfur (Suehiro et al., 2017). These experiments reveal the
significance of the thermal and light element effects that are capable
of significantly altering the high-pressure thermal conductivity of iron
alloys. However, the impurity effect of the remaining candidate light
elements in the core has not yet been investigated, though their great
impact on the physical properties of the core has been broadly
discussed (Hirose et al., 2013).

Carbon is considered a probable light element to be present in Earth’s
core because of its abundance in the solar system and in CI carbonac-
eous chondrites. Additionally, at the thermodynamic conditions rele-
vant to the Earth’s core, several iron-carbon alloys are stable (Liu et al.,
2016b; Poirier, 1994; Wood, 1993; Wood et al., 2013). A number of
iron-carbon alloys including Fe-rich Fe-C alloy, Fe3C, and Fe7C3 are sug-
gested by high-pressure experiments to be candidate carbon-bearing
phases in Earth’s core. Since the solubility of carbon in solid Fe is consid-
ered to be relatively low in Earth’s core conditions, intermediate Fe-C
compounds (Fe3C and Fe7C3) have been more extensively investigated
(Chen et al., 2012, 2014; Fei & Brosh, 2014; Gao et al., 2008, 2011; Liu
et al., 2016a; Lord et al., 2009). Cementite (Fe3C), a stable iron carbide
in the Fe-C system, is an intermediate compound with an orthorhombic
structure (Pnma), which undergoes a magnetic phase transition from a
ferromagnetic (FM) to a paramagnetic (PM) state at its Curie tempera-
ture of 483 K at 1 atm (Wood et al., 2004). This magnetic phase transition
can also be pressure-induced at 4.3–10 GPa and room temperature, as
determined by different X-ray spectroscopic methods (Duman et al.,
2005; Gao et al., 2008; Litasov et al., 2013; Prescher et al., 2012).
Theoretical approaches (Mookherjee, 2011; Vočadlo et al., 2002) also

predicted that, at 60 GPa, Fe3C would transform from a PM to a nonmagnetic (NM) phase, and a high-spin
to low-spin transition without major structural transformation was experimentally observed by synchrotron
Mössbauer spectroscopy (SMS; Prescher et al., 2012) at 22 GPa and X-ray emission spectroscopy (Lin et al.,
2004) at 25 GPa. Cementite was first proposed to be a potential carbon-bearing compound in the Earth’s core
due to it high P-T stability (Wood, 1993). Sound velocity studies on Fe3C provide further evidence of this con-
clusion (Gao et al., 2008, 2011; Mookherjee, 2011). Another carbon-bearing phase, Fe7C3, is increasingly sug-
gested to be a more stable inner-core phase by recent theoretical and experimental studies (Liu et al., 2016b;
Lord et al., 2009; Mookherjee, 2011; Nakajima et al., 2011). Fe7C3 can take on two different crystal structures at
such conditions: a hexagonal structure (h-Fe7C3) with the space group P63mc and an orthorhombic structure
(o-Fe7C3) with a possible space group of Pnma, Pmcn, or Pbca (Liu et al., 2016a). Like cementite, Fe7C3 goes
through a magnetic transition from FM to PM at its Curie temperature of 523 K (Tsuzuki et al., 1984). Based on
changes in its compression curve and axial ratio, the FM to PM transition at 300 K was determined to take
place at 18 GPa (Nakajima et al., 2011)—similar to the value of 16 GPa determined via a combined X-ray pow-
der diffraction (XRD) and SMS study (Prescher et al., 2015). A smaller value of 5.5–7.5 GPa for the FM-PM tran-
sition and a PM-NM transition at 53 GPa were determined using XRD and SMS (Chen et al., 2012, 2014). An
elastic softening associated with FM-PM transition was also observed by XRD experiments at 7–20 GPa (Liu
et al., 2016a). A theoretical study (Mookherjee, 2011) determined that the PM-NM transition occurred at
67 GPa, corroborating an experimental study, which observed the transition at 70 GPa (Prescher et al.,
2015). In sound velocity measurement studies, Fe7C3 displays a high Poisson’s ratio and a shear softening

Figure 1. High-pressure electrical resistivity measurements of iron and iron-
carbon alloys in a diamond anvil cell (DAC). (a) Schematics of the sample
chamber configuration for a four-probe measurement in a DAC.
(b) Photograph of the sample chamber with iron at 0.5 GPa taken with a
reflected light source. The figure insert in (b) is a focused ion beam
micrograph of a representative cross section of the quenched Fe3C sample
from 50.7 GPa. The quenched sample measured 4.8 μm thick at ambient
pressure, which was used with its equation of state to evaluate the electrical
resistivity of the sample at high pressures. A cubic boron nitride (cBN)
insert was used as the electrical insulation, while dried NaCl was used as the
pressure medium. Four pieces of Au foil were placed on cBN and used as
electrodes in contact with the sample for the electrical resistivity experi-
ments based on the van der Pauw method.
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at Earth’s core conditions, conforming to seismic observations that
support Fe7C3 as a candidate phase in the inner core (Chen et al.,
2014; Prescher et al., 2015).

To provide new insight on the thermal conduction of iron alloys in the
Earth’s core, we investigated the light element effect of carbon on the
resistivity of iron at high pressures. We conducted van der Pauw four-
probe measurements on iron-carbon alloy (Fe99C1) and carbides (Fe3C
and Fe7C3), as well as pure iron using a high-pressure diamond anvil cell
(DAC) up to ~80 GPa. We then established several models for the electri-
cal resistivity of the pure iron, iron-carbon alloys, and iron carbides and
the thermal conductivity of different iron alloys along with a representa-
tive core geotherm. Together with previous electrical resistivity and
thermal conductivity results on Fe, Fe-Ni, Fe-Si, and Fe-Si-S alloy, we
made a thorough comparison of the alloying effects of these different
elements on the transport properties and analyzed the magnitude and
variation of the thermal conduction along the pressure and temperature
paths in the Earth’s core. With this knowledge of the light element
effects on thermal conductivity, the Fe-C system gives a new insight into
the controversy about the amount of heat conduction produced from
the core. We demonstrate that a thermal conductivity model with differ-
ent light element compositions provides significant constraints for
determining the age and thermal evolution of Earth’s core.

2. Experiments

The Fe3C starting sample was synthesized from a mixture of iron and
graphite powder (>99.99% purity) in an atomic ratio of 3:1 at the
Institute for Planetary Materials, Okayama University at Misasa. The mix-
ture was packed into an MgO capsule and then loaded into a piston
cylinder apparatus and left to equilibrate at 1,373 K and ambient pres-
sure for 18 hr. The same sample was used in Liu et al. (2016b) for a melt-
ing and phase transition study. Fe7C3 was synthesized by a carbon
diffusion method to avoid the appearance of an additional phase
caused by a weighing error. The Fe rod (99.5% purity) was placed in a
graphite capsule (Ibiden Co. T-5) insulated by MgO from the LaCrO3

heater. The sample was annealed at 14 GPa and 1,773 K for 2 hr in a
Kawai-type multianvil press at the Institute for Planetary Materials,
Okayama University at Misasa. Fe7C3 was formed by carbon diffusion
into iron. After annealing, the sample was cooled to 1,473 K and kept

for 1 hr. The sample was removed from the surrounding diamond. All iron carbide samples were analyzed
using XRD and electronic microprobe analyses to confirm their composition and structure. Fe99C1 (contains
0.2 wt % carbon) was purchased commercially from the National Institute of Standards and Technology. Fe3C
and Fe7C3 were both confirmed to be polycrystalline single phases in the orthorhombic structure (space
group: Pnma), while Fe99C1 was confirmed to have a body-centered cubic (bcc) structure at ambient condi-
tions. Based on XRD analysis, the lattice parameters of Fe3C are a = 5.092 Å, b = 6.751 Å, and c = 4.514 Å and
a = 4.536 Å, b = 6.892 Å, and c = 11.915 Å for Fe7C3. These results are consistent with previous reports (Li et al.,
2002; Nakajima et al., 2011). A tungsten carbide drill bit was used to break off some of the sample pellets into
small pieces of a few tens of μm in diameter. A few pieces of the iron carbide sample were then selected and
compressed between two flat 200-μm culets in a DAC to make flat disks of ~5–10 μm thick with homogenous
thickness and smooth surfaces. These are required for reliable electrical conductivity measurements using
the van der Pauw method (Seagle et al., 2013; van der Pauw, 1958).

Four-probe electrical resistivity experiments were performed in high-pressure DACs with either a pair of 400
or 200-μm flat culets at the Key Laboratory of Extreme Conditions Physics, Institute of Physics, Chinese

Figure 2. Electrical resistivity of (a) Fe99C1 and (b) Fe at high pressures and
room temperature. As shown by the vertical gray dashed lines, Fe99C1
undergoes a bcc-hcp transition at ~8.0 GPa, while pure Fe undergoes the
transition at ~10.9 GPa. The solid green and red lines are the modeled fits to
the experimental data in this study (solid circles) for hcp-Fe99C1 and hcp-Fe,
respectively. Previous experimental diamond anvil cell results for Fe
(purple and orange circles) with modeled fits are also shown here for
comparison (Gomi et al., 2013; Seagle et al., 2013). The equation used for
the modeling is shown in the box insert.
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Academy of Sciences. A stainless-steel gasket was pre-indented to
approximately 25 GPa with a thickness of 50 μm with 400-μm culets
or 30 μm with 200-μm culets. Nearly four-fifth of the pre-indented area
was drilled out with a YAG laser. Subsequently, a cubic boron nitride
(cBN) gasket insert was packed into the drilled hole and onto the area
of the gasket surrounding the indentation and compressed to approxi-
mately 25 GPa. The second hole with a diameter of approximately
30 μm was then drilled on the compacted cBN insert, which served as
the sample chamber. Dried NaCl (sodium chloride) was put into the
chamber as a layer of pressure transmitting medium. Then, a piece of
the flattened sample was placed onto NaCl layer, and a ruby sphere
was placed near the sample as the pressure calibrant (Figure 1). Four
gold foils in a wedged-shape were laid onto the cBN insert and slightly
compressed between the diamond anvils to make good contact with
the sample. The use of the cBN gasket insert also provided good electri-
cal insulation to avoid possible contact of the stainless-steel gasket with
the gold electrodes and the sample (Figure 1). The pressure of the sam-
ple chamber was monitored by the ruby fluorescence (Mao et al., 1986).

A four-probe system consisting a source meter (Keithley 2400) and a
nanovoltage meter (Keithley 2182A) with an output current of
~1–5 mA was used for the electrical conductivity measurements at high
pressure and room temperature. The four-probe method was used to
minimize the resistivity contribution from the electrical leads and con-
tact resistance (Seagle et al., 2013; van der Pauw, 1958) and to reliably
determine the resistivity of an arbitrary-shaped sample with an even
thickness (van der Pauw, 1958). A detailed description of the method
and calculation of the electrical resistivity from the four-probe measure-
ments can be found in the previous literature (Seagle et al., 2013;
van der Pauw, 1958). The electrical resistance of the sample was
measured upon compression and decompression up to ~40 GPa for
pure Fe and ~80 GPa for Fe99C1, Fe3C, and Fe7C3. In previous studies
the geometry of the sample was reported to deform under compression
(Gomi et al., 2013; Seagle et al., 2013). We present and compare our data
(Figure S1 in the supporting information) during both compression and
decompression in the supporting information but have only used the
data on decompression here (Figures 2 and 3) for further evaluation
and analysis of the samples’ resistivity at high pressures to be consistent
with the approach used in previous studies (Seagle et al., 2013). To
determine the thickness of the samples, the decompressed and
recovered samples in gasket chambers were cut and analyzed using
the focused ion beam (FIB Model: FEI Versa 3D) at the Center for High

Pressure Science and Advanced Technology (HPSTAR), Shanghai (Figure 1b). These measured sample
thicknesses were then used with the equation of state of the samples, respectively, to evaluate each sample’s
thickness and electrical conductivity at high pressures (Dewaele et al., 2006; Li et al., 2002; Nakajima
et al., 2011).

3. Results on the Electrical Resistivity of Iron Carbon Alloys at High Pressure

The variation in electrical resistivity with the increasing pressure of Fe99C1 is similar to that of pure iron
(Figure 2). However, the electrical resistivity of Fe99C1 is ~10–15 μΩ cm larger than that of Fe at ambient con-
ditions and in the hcp phase at approximately 12 GPa (Figure 2b). Such a large electrical resistivity of Fe99C1 at
high pressures might be due to the previously reported frustration of the local magnetic ordering in the Fe-C
alloy (Medvedeva et al., 2010). The increase in resistivity during decompression at ~11 GPa, followed by a sud-
den drop at 8 GPa, is indicative of the back transition of the hexagonal close-packed (hcp) to bcc phase in the

Figure 3. Electrical resistivity of (a) Fe7C3 and (b) Fe3C at high pressures and
room temperature. As shown by the vertical gray dashed lines, Fe7C3 and
Fe3C undergo the ferromagnetic to paramagnetic (PM) transition at ~6 GPa,
respectively, such that the resistivity of each state has been modeled
independently (shown as solid magenta and blue lines). The modeled
results of the PM state are used for further high-pressure modeling of Earth’s
core P-T conditions. Circles: Fe7C3 (solid magenta circles), first run (solid blue
circles), and second run (green open circles) for Fe3C in this study; orange
triangle: Fe3C at ambient conditions (Lee & Simkovich, 1987); red squares,
purple circles, and black diamond: previous calculated electrical resistivity of
Fe3C at ambient conditions (Häglund et al., 1991; Helsing & Grimvall, 1991;
Radcliffe & Rollason, 1958).
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alloy. This has also been reported for iron-rich iron-silicon and iron-
nickel alloys (Gomi et al., 2016; Gomi & Hirose, 2015). The resistivity of
Fe99C1 is considered higher than pure iron over the entire pressure
range—a clear sign of the alloy effect (Figure 2). Our hcp-Fe electrical
resistivity values are in-between two recent electrical resistivity mea-
surements of iron using a DAC (Gomi et al., 2013; Seagle et al., 2013;
Figure 2b). The discrepancy between our result and previous works is
considered normal and within experimental uncertainty. A jump in the
resistivity of iron is observed at ~11 GPa on decompression, which can
be attributed to the hcp to bcc phase transition. By comparing the
electrical resistivity of iron during compression and decompression
(Figure S1a), the known sluggish phase transition of iron between bcc
and hcp is manifested by the drastic change of electrical resistivity.
Under compression, the forward transition from bcc to hcp starts at
~14 GPa and finishes at ~18 GPa. Upon decompression, the reverse tran-
sition from hcp to bcc starts at ~11 GPa and finishes at ~6 GPa. The hys-
teresis caused by incomplete relaxation during compression and
decompression agrees with previous reports (Giles et al., 1971). Similar
hysteresis in the electrical conductivity across the bcc-hcp transition
has also been observed in the Fe99C1 alloy during compression and
decompression (Figure S1b). However, a comparison of the electrical
resistivity values of the hcp phase for the iron and Fe-C alloys during
compression and decompression shows that these two sets of results
do not deviate from each other too much (Figure S1). Specifically, we
did not observe noticeable deviations of the resistivity in successive
measurements of different time intervals from the modeled curves.
Therefore, we conclude that hysteresis for the hcp-Fe and hcp-Fe99C1
phase under decompression does not have a noticeable effect in the
reported electrical resistivity values and thus does not affect further data
analysis and modeling. Systematic error in electrical resistivity using
van der Pauw method was estimated by considering the propagation
of uncertainty from sample thickness and error due to displacement of
electrodes in relation to sample edge as shown in Figures 2 and 3
(Seagle et al., 2013; van der Pauw, 1958).

To describe the pressure-dependent electrical resistivity of iron, we
employed a model from previous studies (Seagle et al., 2013; Stacey
& Anderson, 2001). The electrical resistivity ρe of metals is modeled

as ρe∝Θ
�n
D V�n=3, where ΘD is the Debye temperature and is assumed

to be only volume-dependent, V is the volume, and n is a fitting parameter. For hcp-Fe, the model can
be written as

ρe ¼ ρ0e
ΘD

Θ0
D

� ��n VFe Pð Þ
V0
Fe Pð Þ

� ��n=3

(1)

where the zero in the superscript indicates a reference state at 1 bar and 300 K. A detailed theoretical
deduction of the model and its validity test on the resistivity of gold can be found elsewhere (Seagle
et al., 2013). Using equation (1) and the equation of state of hcp-Fe (Dewaele et al., 2006) to model the
thickness of sample, as well as our high-pressure electrical resistivity measurements, we found the follow-
ing for hcp-Fe: n = 3.2 ± 0.1 and ρ0e ¼ 24:7±1:0 μΩ cm (R2 = 0.969). Compared to previous studies, our
values for the electrical resistivity of iron are most consistent with Seagle et al. (2013). The results by
Gomi et al. (2013) are much higher than what we observed at pressures below ~40 GPa. Nevertheless,
the pressure-dependent resistivity of hcp-Fe is flattened at higher pressures such that, at pressures above
~60 GPa, the modeled curves for these studies are almost indistinguishable from each other within experi-
mental uncertainties. We also found the following electrical resistivity of hcp-Fe99C1 up to ~80 GPa

Figure 4. First-order pressure derivative of the electrical resistivity of
(a) Fe7C3 and (b) Fe3C (dρ/dP) at high pressures. The drastic change in the
derivative for Fe7C3 and Fe3C at approximately 6 GPa is attributed to the
ferromagnetic to paramagnetic (PM) transition reported previously (Chen
et al., 2012, 2014; Duman et al., 2005; Gao et al., 2008; Litasov et al., 2013;
Prescher et al., 2012). The flattening of the pressure derivative in the PM state
indicates that the high-pressure effect on the electrical resistivity
significantly decreases with increasing pressure.
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(Figure 2a): n = 2.4 ± 0.029 and ρ0e ¼ 43:8±1:0 μΩ cm (R2 = 0.999). The
ρ0e of hcp-Fe99C1 is bigger than that of hcp-Fe, revealing the light ele-
ment effect of carbon.

The electrical resistivity of Fe7C3 and Fe3C at high pressures up to
~80 GPa was also evaluated using the thickness of the quenched sam-
ples and the equation of state of Fe7C3 (Nakajima et al., 2011) and
Fe3C (Li et al., 2002; Figure 3). The high-pressure electrical resistivity of
Fe7C3 has not been previously determined experimentally, so no com-
parison of the same material was made. Our derived electrical resistivity
of Fe3C at 1 bar is in good agreement with a previous experimentally
determined value by Lee and Simkovich (1987) within experimental
uncertainties. However, we should also note that calculated results of
47–140 μΩ cm exist for Fe3C at ambient conditions (Häglund et al.,
1991; Helsing & Grimvall, 1991; Radcliffe & Rollason, 1958), which are
much lower than our result and the previous experimental value. Such
a discrepancy may be due to the lack of understanding in accounting
for the contribution of the electron interactions in the Fe-C system.
Analysis of our high-pressure results shows that the pressure gradient
of the resistivity for both Fe7C3 and Fe3C changes drastically at approxi-
mately 6 GPa (Figure 4), which is attributed to the FM to PM transition
reported in previous studies for Fe3C (Duman et al., 2005; Gao et al.,
2008; Litasov et al., 2013; Prescher et al., 2012) and for Fe7C3 (Chen
et al., 2012, 2014). The electrical resistivity and its pressure derivative
do not show a noticeable change above this pressure, including in the
range of ~22–25 GPa, where a high-spin to a low-spin transition of
Fe3C is reported experimentally in previous reports (Lin et al., 2004;
Prescher et al., 2012).

4. Discussion and Implications
4.1. Alloying Effects of C and Si on the Resistivity of Fe at High Pressure

To understand the alloying effects of candidate light elements and Ni on the electrical resistivity and thermal
conductivity of iron at high pressures, we compared the electrical resistivity of hcp-Fe96Si4 (Gomi et al., 2013),
hcp-Fe84Si16 (Seagle et al., 2013), hcp-Fe89.3Si5.7S5 (Suehiro et al., 2017), and hcp-Fe90Ni10 (Gomi & Hirose,
2015) with the results from hcp-Fe, hcp-Fe99C1, PM-Fe3C, and PM-Fe7C3 in this study (Figure 5). The FM-
Fe7C3 has the highest electrical resistivity from 1 bar to 150 GPa among all the Fe alloys that have been inves-
tigated. At Earth’s core pressures, the electrical resistivity of Fe7C3 is nearly 27 times that of pure iron, showing
an ultra-strong alloying effect of carbon on the electrical resistivity of iron. Since the thermal conductivity of
iron alloys is inversely proportional to the electrical resistivity, the addition of a few atomic percent carbon is
expected to significantly reduce the thermal conductivity. Comparison of the results shows that the resistivity
of iron alloys considered in this study decreases with increasing pressure and eventually becomes flat at pres-
sures approximately above 100 GPa, indicating that the applied pressure would have a decreasing effect on
the resistivity.

The total resistivity of iron alloys can be described in two parts: The first is the resistivity of pure iron as a func-
tion of pressure and temperature (equation (1)), and the second is the characteristic term of the element i,
which is the residual resistivity and is only dependent on volume (Seagle et al., 2013). Matthiessen’s rule
(Matthiessen & Vogt, 1864) gives a reasonably good description of the residual resistivity of alloy elements,
which takes the following form:

ρFe�i V; Tð Þ ¼ ρFe V; Tð Þ þ
X
i

ρi Vð Þ� χi (2)

where i denotes the alloying elements, ρi(V) is the compositionally dependent unit resistivity, and χi is the
concentration of the alloying elements in atomic percent. Recent experimental studies have shown that
Matthiessen’s rule is applicable for evaluating the electrical resistivity of Fe-Si alloy and the Fe-Ni alloy

Figure 5. Pressure-dependent electrical resistivity of Fe-light element alloys
at high pressure. Experimental data of hcp-Fe (red solid circles), hcp-Fe99C1
(green solid circles), paramagnetic (PM)-Fe3C (dark blue solid circles), and
PM-Fe7C3 (magenta solid circles) in this study are plotted for comparison to
better understand the light element alloying effects on the electrical
resistivity at high pressures. Light blue solid circles: hcp-Fe96Si4 alloy (Gomi
et al., 2013); purple solid circles: hcp-Fe90Ni10 alloy (Gomi & Hirose, 2015);
gray solid circles: hcp-Fe89.3Si5.7S5; orange solid circles: hcp-Fe84Si16 alloy
(Seagle et al., 2013). The solid lines represent model fits to respective
experimental data. The right vertical axis shows the thermal conductivity of
the alloys converted from their respective electrical conductivity using
Wiedemann-Franz law at 300 K.
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system at high pressure (Gomi et al., 2013, 2016; Gomi & Hirose, 2015;
Seagle et al., 2013). For F99C1, we fitted the residual resistivity to the fol-
lowing equation used in a previous study (Seagle et al., 2013):

ρC Vð Þ ¼ ρ0C
e VFe�C Pð Þ=V0

Fe�C Pð Þ½ � � 1
e� 1

 !2

(3)

where e is the natural exponential function, the subscripted C stands
for carbon, and VFe�C Pð Þ=V0

Fe�C Pð Þ is the unit cell volume ratio of the
Fe-C alloy. This equation allows us to evaluate the resistivity of the
Fe-C alloy with different carbon concentrations. For Fe99C1, where
χC = 1 at % , the best fit produced ρ0C ¼ 19:1±2:0 μΩ cm=at %ð Þ.
We did not apply this method for Fe3C and Fe7C3 since the electrical
resistivity should not behave in the samemanner with increasing impur-
ity concentration when the stoichiometric compositions of Fe3C and
Fe7C3 are formed due to chemical ordering (Figure 6). The electrical
resistivity as a function of the impurity concentration in the Fe-Si system
shows an anomalous local minimum in Fe3Si (Secco, 2017; Figure 6).
Similar behavior has also been observed in the Cu-Au system for
Cu3Au and CuAu (Johansson & Linde, 1936), leading to a lower atomic
residual resistivity for these compositions. Since the electrical resistivity
of Fe-C alloys at a higher carbon concentration has not been measured
yet, the electrical resistivity of Fe-C alloys can increase in two manners:
(1) It behaves like Fe-Si system in which a local minimum appears in
Fe3C (Figure 6) or (2) the electrical resistivity has a linear relationship
with the carbon concentration. However, fitting our four Fe-C alloy data
points to a linear function shows significant misfits. We thus adopt the
local minimum model in this study.

Gomi et al. (2016) reviewed the saturation theory associated with the
impurity effect of Si and Ni at high-pressure following their previous

works (Gomi et al., 2013; Gomi & Hirose, 2015) and the high-temperature effect (Ohta et al., 2016). They con-
cluded that Matthiessen’s rule would become invalid at high impurity concentration or high temperature due
to the saturation effect. According to their calculation, the chemically induced saturation effect will only
lower the impurity resistivity of Si by 5% at 5,000 K and 169 GPa, yielding a comparatively small influence
on the resistivity of iron alloy. However, the linearity of the electrical resistivity of the iron-silicon alloy with
respect to the atomic concentration of silicon (up to ~45 at%) in Figure 6 contradicts the saturation theory
for the impurity effect of silicon (Gomi et al., 2016) and therefore proves the validity of Matthiessen’s rule
up to higher concentrations.

In Figure 7, the residual electrical resistivity of carbon, silicon, sulfur, and nickel in iron alloys at high pressures
has been compared to illustrate the alloying effects of these elements on the resistivity of iron. The residual
electrical resistivity of each element is calculated by subtracting the resistivity of iron from the resistivity of
the iron alloy. The difference is divided by the atomic or weight percentage of the element in the alloy to
make the comparison more quantitative by the per weight percent (Figure 7a) and per atomic percent
(Figure 7b). As a transitionmetal, nickel expectedly has the lower residual resistivity across the entire pressure
range considered. That nickel has a slight residual resistivity as an alloying element in iron agrees well with
the conclusions that nickel plays a minor role in constraining other properties of iron alloy (Lin et al., 2003;
Mao et al., 1990). In Figure 7a, the electrical resistivity per weight percent of carbon overrides that of silicon,
sulfur, and nickel for the entire pressure range considered, which indicates that an Fe-C binary composition
would have higher electrical resistivity than other Fe-light element compositions. In Figure 7b, carbon is
shown to have the highest residual resistivity per atomic percent at low pressure. At approximately
85 GPa, the residual resistivity of carbon drops below that of silicon and remains an intermediate between
hcp-Fe96Si4 (Gomi et al., 2013) and hcp-Fe84Si16 (Seagle et al., 2013) at higher pressures. The residual resistiv-
ity of silicon estimated from the two different studies is reasonably close and within experimental

Figure 6. The electrical resistivity of the iron-silicon and iron-carbon alloys as
a function of the atomic percent of the alloying element at ambient pressure.
The blue and green circles (Varga et al., 2002), diamonds, triangles, and
squares indicate the electrical resistivity of the disordered (blue color) and
ordered iron-silicon (green color) alloy, respectively (Secco, 2017). The blue
solid line represents a linear fit of resistivity data for disordered iron-silicon
alloys according to Matthiessen’s rule (Matthiessen & Vogt, 1864). The blue
dashed line guides the eye for ordered iron-silicon alloy data. The valley of
the iron-silicon alloy at 25 at % indicates Fe3Si ordering (Varga et al., 2002).
Red circles: electrical resistivity of Fe and Fe99C1 from this study; pink circles:
electrical resistivity of Fe3C and Fe7C3. Linear extrapolations of the electrical
conductivity with Fe and Fe99C1 (red solid line) show that the electrical
conductivity of Fe3C and Fe7C3 is well below the value predicted by
Matthiessen’s rule. The red dashed line is a visual guide for the ordered iron
carbon compounds, which schematically show a valley at approximately
Fe3C with 25 at % C.
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uncertainty. Comparison of the resistivity of the Fe-C and Fe-Si systems
at high pressures shows that carbon exhibits a higher residual resistivity
per weight percent and an equally strong residual resistivity per atomic
percent. Given the strength of the alloying effect of different light ele-
ments and the theoretical concentration of the two light elements, a
core composition of iron-carbon alloy will distinguish itself by a much
lower thermal conductivity than an Fe-Si composition.

4.2. Electrical Resistivity and Thermal Conductivity of Fe and its
Alloys in Earth’s Outer Core

The Bloch-Grüneisen formula describes a linear relationship between
temperature and electrical resistivity and takes the following form:

ρBG V; Tð Þ ¼ D Vð Þ T
ΘD Vð Þ
� �n

∫
ΘD Vð Þ

T

0

zn

exp zð Þ � 1ð Þ 1� exp zð Þð Þ dz (4)

in which ρBG is the ideal resistivity of a metal, D(V) is a volume-
dependent material constant, and n is usually considered an integer
determined by the correlation of electrons at high temperature
(T > 0.4ΘD). A recent laser-heated DAC study found that the electrical
resistivity of iron deviates negatively from the linear increase at tem-
peratures from 1,000 K to 4,500 K (Ohta et al., 2016), while the electrical
resistivity is well described by the empirical shunt resistor model
(Wiesmann et al., 1977) as follows:

1
ρe

¼ 1
ρBG

þ 1
ρsat

: (5)

where ρsat is the Ioffe-Regel value (ρsat = 168 μΩ cm proposed by
Bohnenkamp et al., 2002). The negative deviation from the Bloch-
Grüneisen formula implies that the electrical resistivity will finally
approach the Ioffe-Regel value instead of increasing infinitely because
the mean-free path of free electrons becomes close to the interatomic
distance as temperature increases. This high-temperature suppression
of electrical resistivity is called the aforementioned saturation effect
(Gunnarsson et al., 2003; Ohta et al., 2016).

Here we consider the thermal effect on the resistivity at high pressures
using the shunt resistor model to take the saturation effect into account
(Ohta et al., 2016). The solid to liquid transition of iron was proposed to

have a negligible effect on the thermal or electrical conductivity of iron (Nishi et al., 2003; Secco & Schloessin,
1989; Stacey & Anderson, 2001). However, we note that there are experimental measurements at 1 bar, which
show that the electrical resistivity of iron increases on melting by ~7–8% (Güntherodt et al., 1975; Van
Zytveld, 1980). The increase above in electrical resistivity onmelting could suggest a decrease in thermal con-
ductivity by 7–8% at ambient pressure if the Lorenz number remains constant. However, we did not attempt
to take the melting effect into account in our calculation because of the uncertain pressure-temperature
effects and Lorenz number at the relevant core conditions.

After our resistivity modeling, we applied the Wiedemann-Franz law to calculate the thermal conductivity
along a recent adiabatic temperature profile of the Earth’s outer core (Figure 8) (Anzellini et al., 2013). In
this modeling, the thermal conductivity of the iron and iron alloys was determined by the electrical con-
ductivity at high pressure via the Wiedemann-Franz law: ke = LσT, where ke is the thermal conductivity
contributed by electrons (which, for a metal, is generally a good estimate of the total thermal conductivity
k), σ is the electrical conductivity (which is inversely proportional to the electrical resistivity ρe), and L is the

Figure 7. Residual resistivity of carbon, silicon, sulfur, and nickel in their Fe
alloys as a function of pressure at room temperature. Figure 7a shows the
resistivity per weight percent of each light element, while Figure 7b is for per
atomic percent. The residual resistivity of carbon (green) was calculated from
the difference between Fe99C1 and Fe. The residual resistivity of silicon was
estimated from Fe96Si4 (Gomi et al., 2013; orange) and Fe84Si16 (Seagle et al.,
2013; blue). The residual resistivity of sulfur (gray) was estimated from
Fe89.3Si5.7S5 (Suehiro et al., 2017), while the residual resistivity of nickel
(purple) was estimated from Fe90Ni10 (Gomi & Hirose, 2015). The corre-
sponding thermal conductivity of these alloys is shown in the right vertical
axis using Wiedemann-Franz law for the conversion from the electrical con-
ductivity to the thermal conductivity.
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Lorenz number (which has an ideal value of L0 = 2.44 × 10�8 WΩK�2).
The Lorenz number was found to depend on the temperature and
composition for iron and iron-silicon liquids in the range of
2.2 � 2.4 × 10�8 WΩK�2 by theoretical calculations (de Koker et al.,
2012; Pozzo et al., 2013). In a recent study, the Seebeck coefficient
of iron was investigated experimentally at T < 2,100 K and
P < 6 GPa and was observed to contribute less than 1% to L0.
However, the lattice component of the thermal conductivity was
found to be nonnegligible for the iron-silicon alloy and iron at high
temperature or in a liquid state, which is embodied by the L varying
as a function of temperature and silicon content (Secco, 2017).

There is a lack of a systematic study on the Lorenz number at high pres-
sure and temperature for the iron alloys, especially for iron-carbon
alloys. Therefore, we used the Lorenz number with the ideal value
(L0 = 2.44 × 10�8 WΩK�2) here to be consistent with previous studies
(Gomi et al., 2013, 2016; Gomi & Hirose, 2015; Ohta et al., 2016; Seagle
et al., 2013). That said, the Lorenz number of iron-silicon alloys can be
relatively high at ~3.0–4.0 L0. At high temperatures and different silicon
concentrations, it can be as low as ~1.5–1.7 L0 (Secco, 2017). This indi-
cates that the thermal conductivity of iron-carbon alloys in this study
and the previous literature values calculated with L = L0 could be under-
estimated. The electrical resistivity of hcp-Fe at relevant CMB conditions
(136 GPa and 4,050 K) is 48 μΩ cm, corresponding to a thermal conduc-
tivity of 207 Wm�1 K�1. This value is close to that reported by Ohta et al.
(2016) (226 Wm�1 K�1 at 140 GPa and 3,750 K) but higher than the first
principle estimations of 144 Wm�1 K�1 (Pozzo et al., 2012) and ~130–
140 Wm�1 K�1 (de Koker et al., 2012). On the other hand, a laser
pump-and-probe spectroscopic study reported the thermal conductiv-
ity of iron to be 33 Wm�1 K�1 at the topmost outer core conditions
(Konôpková et al., 2016), which is much lower than laser-heated DAC
resistivity measurements and first-principles calculations (Ohta et al.,
2016; Pozzo et al., 2012) but close to the previous theoretical estimation
of 46 Wm�1 K�1 (Stacey & Anderson, 2001; Figure 8).

To understand and compare the effects of C and Si on the thermal con-
ductivity of iron in the outer core, we modeled the thermal conductivity
of iron-carbon alloys in this study and previously reported experimental

data for iron-silicon alloys at relevant outer core conditions. Fe77.5Si22.5 (12.7 wt % Si) and Fe70C30 (8.4 wt % C)
were suggested to account for the 10% density deficit in the outer core, making these alloys candidate outer
core compositions (Sata et al., 2010). The resistivity of Fe70C30 and Fe77.5Si22.5 was calculated using equa-
tions (2) and (3) with χC = 0.30 and 0.225, respectively. Our modeled resistivity of Fe77.5Si22.5 is 92 μΩ cm
at the CMB (136 GPa, 4,050 K), yielding a thermal conductivity of 108 Wm�1 K�1 (Figure 9). This value is very
close to previous estimates for the thermal conductivity of Fe-Si alloy at CMB conditions (Gomi et al., 2013;
Gomi & Hirose, 2015; Seagle et al., 2013). We calculated the resistivity of Fe70C30 to be much higher than that
of Fe77.5Si22.5—with a value of 249 μΩ cm and hence a thermal conductivity of 40 Wm�1 K�1. This result is
smaller than most of the results estimated from pure iron and iron-silicon alloys but agrees well with the the-
oretical estimations supporting a low thermal conductivity of the core (Stacey & Anderson, 2001).

4.3. Implications for CMB Heat Flux and Geodynamo

The thermal dynamics and evolution of the Earth’s core are closely related to our understanding of the
thermal conductivity of candidate iron alloys in the region. To understand the consequences of light ele-
ment alloying with iron on the conductive heat flux at CMB and geodynamics in the outer core, we also
evaluated the conductive heat along an adiabatic temperature gradient for the Fe-Si and Fe-C systems.

Figure 8. Thermal conductivity of Fe and Fe alloys along an expected
geotherm of the Earth’s outer core. A representative geotherm proposed
by Anzellini et al. (2013) is used for the modeling of the thermal conductivity
of the Fe, Fe-C, and Fe-Si alloys. The red solid, dashed, and dash-dot lines are
the thermal conductivity model for Fe70C30, orthorhombic Fe7C3, and
orthorhombic Fe3C, respectively; blue solid line: Fe77.5Si22.5 model (Gomi
et al., 2013); blue dotted line: ab initio results of Fe75Si25 (de Koker et al.,
2012); black dotted line: ab initio results of Fe (Pozzo et al., 2012); black open
triangle: high pressure-temperature electrical resistivity result of Fe at
140 GPa and 3,750 K (Ohta et al., 2016); black solid triangle: modeled results
with parameters from high pressure-temperature electrical resistivity mea-
surements (Ohta et al., 2016); open circles: direct thermal conductivity mea-
surement of Fe at core-mantle boundary (CMB) and inner-core boundary
(ICB; Konôpková et al., 2016); open diamond: shock wave data of pure Fe at
208 GPa and 5,330 K (Bi et al., 2002); open square: theoretical estimation of
thermal conductivity at the CMB and ICB (Stacey & Anderson, 2001). The solid
black line is to guide the eye through a modeled thermal conductivity profile
of iron in the core, based on experimental results shown in the open and
solid triangles. Fe-C alloy in the core is expected to exhibit relatively low
thermal conductivity.
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The adiabatic conductive heat flow (Qa) can be calculated using the
following equation (Davies et al., 2015):

Qa ¼ �4πr2k
∂T
∂r

� �
r¼r0

(6)

where k is the thermal conductivity, T is temperature, and r is the radius
of Earth’s core. Using the following thermal dynamic relation,

∂T
∂r

� �
s

¼ �gγT=ϕ; (7)

where γ = 1.51 is a constant Grüneisen parameter (Hernlund & Labrosse,
2007), g is gravity acceleration, and ϕ is a seismic parameter, the adia-
batic heat flow can be written as

Qa ¼ �4πr2k
gγT
ϕ

: (8)

We obtained r, g, and ϕ at the CMB from the PREMmodel (Dziewonski &
Anderson, 1981), T from a previous adiabatic profile (Anzellini et al.,
2013), and k from the modeled results in this study. We estimated the
conductive heat flow at CMB to be 6 TW for Fe70C30 and 16 TW for
Fe77.5Si22.5. The total heat flow at the CMB is estimated to be 8–16 TW
from previous studies (Lay et al., 2008; Nimmo, 2007; Wu et al., 2011).
Therefore, the conductive heat flow estimated from the thermal con-
ductivity of iron-carbon alloy is lower than the total heat flow budget
in geodynamics modeling.

Values of the thermal conductivity of core constituents have a radical
impact on the evolution and dynamics of the core. The inner core age
was calculated to be less than 1 billion years according to the high ther-
mal conductivities reported (Gomi et al., 2013, 2016; Labrosse, 2015),
despite the early existence of the geomagnetic field revealed by mag-

netism recorded in terrestrial minerals up to 3.4–4.2 billion years in age (Tarduno et al., 2014, 2015). A strati-
fied layer at the top of the core, which is detectable by decadal variation of day length and geomagnetic
secular variation, has been shown to correlate with higher thermal conductivity; a CMB heat flow as low as
13 TW can engender the layer (Buffett, 2014; Lister & Buffett, 1998). However, under the circumstance where
conductive heat flow is lower than CMB heat flow, the stratified layer can also be stabilized by a composi-
tional flux from the mantle (Lister & Buffett, 1998). The high heat flow across the CMB by the thermal conduc-
tion casts doubt on the energy balance of the outer core and the possibility of the thermal convection
powering the geodynamo alone, before inner core nucleation (Buffett, 2003; Olson, 2013). Additional energy
sources such as a radiogenic heat source (Buffett, 2003) and the precipitation of magnesium-bearingminerals
(O’Rourke & Stevenson, 2016) may account for this energy deficit. The low iron-carbon thermal conductivity
and resulting low conductive heat flow (~6 TW) obtained from iron-carbon alloy provide new insight into this
controversy, as the value is less than the total CMB heat flow estimation (8–16 TW), yet more plausible than
the value of ~16 TW obtained for the iron-silicon alloy. A low thermal conductivity enhances an older
inner-core age and early origin of the geomagnetic field. The lower conductive heat flow at the CMB also mar-
ginalizes the additional energy sources, such as radioactive heat and other mechanisms whose capability
remains uncertain.

4.4. Electrical Resistivity and Thermal Conductivity of the Inner Core

Earth’s inner core distinguishes itself from the outer core by a solid composition and lower concentration of
light elements. The transition from the outer to the inner core brings discontinuity of physical properties (e.g.,
density and sound velocity) at the inner-outer core boundary. The electrical resistivity and thermal conduc-
tivity at the top of the inner core are crucial properties regarding constraining the thermal convection and
geomagnetic stability of the inner core (Dharmaraj & Stanley, 2012).

Figure 9. Modeled thermal conductivity of iron and Fe alloys at pressure-
temperature conditions of the outer and inner core. The gray dashed
vertical line indicates inner-core boundary (ICB). The solid red line: hcp-Fe
mixture with 71% orthorhombic Fe7C3 (o-Fe7C3) in volume; solid magenta
line: hcp-Fe mixture with 50% orthorhombic Fe3C (o-Fe3C) in volume; red
dash-dot line: pure orthorhombic Fe7C3 (with 8.4 wt % carbon in Fe); red
dashed line: liquid Fe70C30; blue dashed line: theoretical calculation results
of Fe82Si10O8 for the outer core (Pozzo et al., 2013) and Fe92Si8 for the inner
core (Pozzo et al., 2014); black dash-dot line: hcp-Fe; red square: disordered
Fe82C18 alloy at ICB conditions. The red and magenta shadow area repre-
sents the uncertainty of the thermal conductivity of Fe and Fe7C3 mixture
and Fe and Fe3C mixture.
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Thermal convection in the solid inner core is proposed to be the driving force of crystal alignment and there-
fore results in inner core anisotropy (Jeanloz & Wenk, 1988). It is superior to the driving force from the outer
core for its higher stress level and lateral variation capability. The change in the inner core convection pattern
could also help explain the variation in the seismically observed anisotropy with depth (Buffett, 2009).
Thermal conductivity determines the heat conducted down the temperature gradient in the solid core,
and the total heat flow at the ICB is required to surmount the conduction heat to permit thermal convection
(Pozzo et al., 2014). A previous study on the thermal conductivity of the inner core that considered iron-silicon
compositions Fe83Si7 and Fe82Si8 in the solid state reported an increase of thermal conductivity by ~45–56%
compared to previous estimations at the bottom of the outer core (Pozzo et al., 2013). The corresponding
higher conduction heat through the ICB suggests that thermal convection is less likely in the inner core
(Pozzo et al., 2014).

With different electrical resistivity behavior at high pressures between the iron-carbon alloy (Fe99C1) and the
stoichiometric and chemically ordered iron-carbon compound (Fe3C and Fe7C3), we consider that a solid sys-
tem composed of iron and carbon should take into account the difference between the ordered and disor-
dered states when addressing transport properties (Figure 6). The transformation from a disordered liquid
solution to an ordered compound is expected to contribute to the discontinuity of transport properties at
the ICB. As aforementioned, the difference of electrical resistivity has been shown for the iron-silicon system
(Figure 6; Varga et al., 2002). Iron-silicon alloys processed with two different coolingmethods (furnace cooling
and quenching) can adopt either ordered (Fe3Si and Fe5Si3) or disordered (Fe-Si alloy) atomic distributions,
which exhibit different electrical resistivity (Varga et al., 2002). The ordered alloy has a much lower electrical
resistivity compared with the disordered alloy, whose electrical resistivity increases linearly with the atomic
concentration of silicon (Figure 6).

We modeled the thermal conductivity of the inner core and show the discontinuity of thermal conductivity
contributed by the chemical ordering of iron carbides (Figure 9). Previous work shows that the mixture of
54.5% to 86.4% (by volume fraction) Fe7C3 and hcp-Fe for the ICB temperature from 5,000 K to 7,000 K con-
forms to the density of the inner core (Nakajima et al., 2011). Similar results were derived for 71–84% at
6,000 K as well (Chen et al., 2012). For Fe3C, a volume fraction of approximately 50% mixed with hcp-Fe is
most commonly proposed to satisfy the inner core density (Gao et al., 2008, 2011; Litasov et al., 2013). The
electrical conductivity of a binary metallic mixture is expressed as follows (Landauer, 1952):

σm ¼ 1
4

3x1 � 1ð Þσ1 þ 3x2 � 1ð Þσ2 þ 3x1 � 1ð Þσ1 þ 3x2 � 1ð Þσ2ð Þ2 þ 8σ1σ2
h i1

2

� �
(9)

where σm is the electrical conductivity of the mixture, σ1 and σ2 are the electrical conductivity of two metals,
respectively, and x1 and x2 are their volume fraction. A detailed explanation and discussion of various metallic
systems of this equation can be found in Landauer (1952). We modeled the thermal conductivity of the
mixture of Fe7C3 and hcp-Fe with a 71% volume fraction of Fe7C3, which is a lower bound of a previous
estimation (Chen et al., 2014). The derivation using equation (9) assumes that all the regions within the
mixture are spherical, and for the mixture containing a needle or disk-shaped region, it gives an approximate
estimation (Landauer, 1952). Since iron alloys typically have dendritic structures, we calculated the
uncertainty of applying equation (9) to the mixture of Fe and Fe-C compounds (Figure 9; Landauer, 1952).
Here the model with a maximum iron percent can be used to manifest the huge difference in thermal
conductivity between the disordered iron-carbon alloy (Fe82C18) and themixture of Fe7C3 and Fe as amodeled
composition of the inner core along the same pressure and temperature profile employed for outer core
thermal conductivity (Anzellini et al., 2013; Dziewonski & Anderson, 1981; Figure 9). The thermal conductivity
at the ICB of a mixture of 50% Fe3C and hcp-Fe and Fe82C18, which can account for the 4.5–4.9% density deficit
in the region, is shown as well.

The thermal conductivity of the Fe7C3 and hcp-Fe mixture ranges from 170 Wm�1 K�1 (84%) to
198 Wm�1 K�1 (71%) at 329 GPa and 5,526 K corresponding to σ=1.3–1.5 × 106 Ω�1 m�1. The magnetic dif-
fusivity is calculated to be η= 0.54–0.64 m2 s�1. The magnetic diffusion time in the inner core that determines

the periods needed for diffusion in the solid iron alloy to alter the magnetic field is tη ¼ r2IC=η (Pozzo et al.,

2014), and for an inner core radius of r2IC ¼1,221 km, the magnetic diffusion time assumes 74–87 kyr. The ther-
mal conductivity and magnetic diffusion time calculated from the mixture of Fe7C3 and hcp-Fe are close to
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previous estimations (Pozzo et al., 2014) that support a high conduction heat at the ICB and therefore sup-
press the possibility of the inner core convection and a longer magnetic diffusion times compared to that
of the outer core, but whether this could stabilize the magnetic field remains debatable (Alfè et al., 2007;
Dharmaraj & Stanley, 2012; Pozzo et al., 2014). The Fe3C and hcp-Fe model gives a rather high thermal con-
ductivity of 298 Wm�1 K�1 and corresponding electrical conductivity of 2.2 × 106 Ω�1 m�1. In contrast,
Fe82C18 gives a low thermal conductivity of 128Wm�1 K�1 and an electrical conductivity of 1.0 × 106Ω�1m�1.
Recent studies support Fe7C3 instead of Fe3C as the inner-core carbon-bearing phase for its strong stability at
relevant conditions—experiments have observed that Fe3C melts incongruently into the iron-rich Fe7C3 alloy
and a liquid at high pressure and temperature (Chen et al., 2012; Liu et al., 2016b; Lord et al., 2009;
Mookherjee, 2011; Nakajima et al., 2011). The high Poisson’s ratio and shear softening exhibited at high pres-
sure strengthen the argument for the presence of Fe7C3 in the inner core (Chen et al., 2014; Prescher et al.,
2015). Additionally, the solubility of carbon in solid iron decreases with increasing pressure to less than 2.7
at% at 44 GPa (Lord et al., 2009), in which case the composition of Fe82C18 under inner core pressures is less
plausible. Above all, the Fe7C3 and hcp-Fe mixture is a competent candidate inner core composition that dis-
plays a relatively high thermal conductivity, which provides evidence against the thermal convection of the
inner core and supports a high electrical conductivity that results in a long-term magnetic diffusion (Pozzo
et al., 2014). The thermal and electrical conductivity gap at the ICB depends on the parameters considered.
For a liquid outer core composed of liquid iron-carbon alloy and a solid inner core composed of iron and
Fe7C3 mixture, the gap would be almost ~2.6 times larger than that of a core composed of iron-silicon alloy
(Figure 9). Based on the argument that the inner core condition is favorable for large-size grain growth and
the time span for grain growth is long enough (Yamazaki et al., 2017), ordered iron silicide or iron carbide
should be formed, for example, Fe3Si and Fe5Si3, or Fe3C and Fe7C3, rather than disordered solid alloys, result-
ing in a greater gap of thermal and electrical transport properties at the ICB, whichmay influence the dynamo
motion and geomagnetic morphology (Pozzo et al., 2014).
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