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Lattice thermal conductivity of ferropericlase and radiative thermal conductivity of iron bearing magne-
sium silicate perovskite (bridgmanite) – the major mineral of Earth’s lower mantle– have been measured
at room temperature up to 30 and 46 GPa, respectively, using time-domain thermoreflectance and optical
spectroscopy techniques in diamond anvil cells. The results provide new constraints for the pressure
dependencies of the thermal conductivities of Fe bearing minerals. The lattice thermal conductivity of
ferropericlase Mg0.9Fe0.1O is 5.7(6) W/(m * K) at ambient conditions, which is almost 10 times smaller
than that of pure MgO; however, it increases with pressure much faster (6.1(7)%/GPa vs 3.6(1)%/GPa).
The radiative conductivity of a Mg0.94Fe0.06SiO3 bridgmanite single crystal agrees with previously
determined values for powder samples at ambient pressure; it is almost pressure-independent in the
investigated pressure range. Our results confirm the reduced radiative conductivity scenario for the
Earth’s lower mantle, while the assessment of the heat flow through the core-mantle boundary still
requires in situ measurements at the relevant pressure–temperature conditions.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The thermal conductivity (k) of planetary materials is one of the
key parameters for heat transport models within planetary interi-
ors; it thus plays an important role in determining the temperature
profile and energy balance of our planet (Lay et al., 2008).
Furthermore, knowing the thermal conductivity of materials in
the Earth’s and other planetary interiors is critical for understand-
ing the thermal history and dynamics of the core and mantle. These
are all of direct relevance for planetary accretion and differen-
tiation processes (Stevenson, 1990), the time evolution of mantle
and core temperatures (Stacey and Loper, 1984), and the gen-
eration of Earth’s magnetic field (Stevenson, 2003).

One of the central questions regarding the thermal behavior of
the planet is the magnitude of the heat flux across the core-mantle
boundary (CMB) (Lay et al., 2008). The thermal boundary layer
above the CMB regulates the rate of heat transfer between the core
and mantle, providing one of the most important controls of ther-
mal evolution and dynamics of the Earth (Labrosse, 2003;
Labrosse et al., 2007; Stevenson, 2003). Knowledge of the depth-de-
pendent thermal conductivity of the Earth’s mantle would comple-
ment recent advances in mantle convection modeling, where a
range of possible dynamic structures are predicted using estimated
values for the thermal conductivity of the region (Dubuffet et al.,
1999; Naliboff and Kellogg, 2006; Tosi et al., 2010). Current
estimates of the thermal conductivity of mantle and core materials
often rely on extrapolations of experimentally determined values at
relatively low pressures and/or temperatures (P–T) (Hofmeister,
1999, 2010, 2014) and theoretical calculations (Cohen, 1998; de
Koker, 2009, 2010; Dekura et al., 2013; Haigis et al., 2012;
Stackhouse et al., 2010; Tang et al., 2014; Tang and Dong, 2009).
Experimental data are largely limited in P–T conditions of either
high pressures or high temperatures alone (Chai et al., 1996;
Earth’s
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Dalton et al., 2013; Hsieh et al., 2009; Imada et al., 2014;
Manthilake et al., 2011; Ohta et al., 2012; Osako and Ito, 1991) or
are not sufficiently accurate due to assumptions needed in the mod-
eling (Beck et al., 2007; Goncharov et al., 2010).

Other than our limited knowledge of the lattice thermal con-
ductivity, the role of the radiative thermal conductivity in heat
transport in the lower mantle remains controversial (Goncharov
et al., 2008; Hofmeister, 2014; Hofmeister and Yuen, 2007;
Keppler et al., 2008; Tang et al., 2014), because available estimates
continue to rely on extrapolations and assumptions. Knowledge of
the depth-dependent radiative thermal conductivity is important
for assessment of the evolution of the mantle, such as generation
and stability of thermo-chemical plumes in the lower mantle. At
high temperature (ca 1000 K), the radiative contribution of mantle
materials to the thermal conductivity may increase substantially
(Clark, 1956; Shankland et al., 1979). In situ measurements of the
optical properties of mantle minerals at relevant high P–T condi-
tions will directly address these controversies.

Based on our previously developed technical methodology
(Beck et al., 2007; Dalton et al., 2013; Goncharov et al., 2009,
2008, 2006, 2010), here we report on direct measurements of the
lattice and radiative thermal conductivity of mantle minerals with
extended compositional parameters under the relevant pressure
conditions using optical spectroscopy and pulsed laser techniques
in diamond anvil cells (DAC). A companion paper in the same vol-
ume (McWilliams et al., 2014) will be devoted to addressing the
development of the flash laser heating technique, which combines
pulsed and continuous heating methods. This technique is used for
in situ measurements of the thermal conductivity of metals (e.g.,
Fe) or minerals sandwiched by metallic layers at high P–T condi-
tions to better understand the thermal transport and temperature
profile near the CMB.

2. Experimental techniques

Thermal conductivity measurements involve determination of
heat fluxes through the examined material. This can be achieved
either in the temporal or in the spatial domain depending on the
nature and magnitude of the effects recorded. Thermal conduc-
tivity measurements at extreme P–T conditions are challenging
because the spatial scale that can be probed in the DAC cavity is
very small, thereby making accurate measurements difficult. It is
also difficult to extend the results of such measurements to the
conditions of the Earth’s interior, which has much larger space
and time scales as well as different chemical and morphological
characteristics than samples studied in the DAC.

The methodology for measuring the thermal conductivity in a
DAC has been described in our previous publications (Beck et al.,
2007; Dalton et al., 2013; Goncharov et al., 2006, 2010), and is thus
not reiterated in this paper. Here and in the companion publication
of (McWilliams et al., 2014) we focus on the discussion of the use
of two new technical developments: (1) an updated flash heating
method for measuring combined lattice and electrical thermal con-
ductivity of metals, which uses a superposition of continuous and
pulsed laser heating; (2) use of a supercontinuum laser light source
method in optical spectroscopy of materials for derivation of the
radiative conductivity.

Lattice thermal conductivity (or combined lattice and electrical
conductivity in metals) measurements rely on temporal and/or
spatial determination of the temperature gradient across the sam-
ple in transient and steady-state experiments, respectively. Since
measuring temperature of the sample using a thermocouple
attached to the heated sample in a DAC is practically problematic,
the temperature in thermal conductivity experiments is usually
obtained by thermoradiometry (Beck et al., 2007; Konôpková
et al., 2011) or thermoreflectance methods (Hsieh et al., 2009;
Please cite this article in press as: Goncharov, A.F., et al. Experimental study o
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Yagi et al., 2011). The latter technique, which is based on the deter-
mination of very small changes in sample reflectivity due to
changes in its temperature, is in principle more accurate, but it is
also much more difficult to handle correctly, especially at high
temperature conditions relevant to the deep Earth. On the other
hand, the flash heating technique suffers from non-reproducibility
and time-drifting due to chemical degradation of the sample
(Goncharov et al., 2010). Time-domain thermoreflectance (TDTR)
in a DAC using ultrafast laser pulses (cf. the technique with the
same name in a ls time scale of Imada et al., 2014; Yagi et al.,
2011) arguably remains the most accurate method (Chen et al.,
2011; Dalton et al., 2013). The drawback of this technique is the
necessity to prepare samples with a laser transducer that has an
ideal optical surface and is in good thermal contact with the mate-
rial of interest. Measurements at high P–T conditions, especially
using laser heating, remain a challenge because of the P–T depen-
dent opto-acoustic coupling and the thermal stability of the trans-
ducer. Moreover, the presence of the pressure medium with a
thermal conductivity comparable to the sample can significantly
influence the measurements, making the derived thermal conduc-
tivity less accurate. Below, we present preliminary TDTR measure-
ments of Mg0.9Fe0.1O ferropericlase to 30 GPa at 300 K, which
complement recently reported measurements of MgO to 60 GPa
(Dalton et al., 2013).

Determination of the radiative thermal conductivity is critically
dependent on the optical properties of minerals (Clark, 1957). The
optical system which we use for these studies is optimized for DAC
operation and designed to avoid chromatic aberrations (due to the
use of all-mirror optics) and to perform glitch-free measurements
in a broad spectral range from near ultraviolet (UV) to mid infrared
(IR). The inevitable chromatic aberrations due to the presence of
diamond anvils in the optical system are small (�4 lm for the
spectral range probed) compared to the probed area dimensions
(�15 lm). Moreover, these aberrations have been partially com-
pensated by using the standard spectrum measured through the
same diamond anvils.

The latest modification of the optical spectroscopy system
includes the use of an off-shelf turn-key supercontinuum light
source for measurements in the spectral range from visible to near
IR. This increases the signal-to-noise ratio, improves the spatial
resolution up to submicron level, and enables measurements at
high temperatures well above 1000 K in the laser heated DAC
due to the much larger instantaneous brightness (at least by 6
orders of magnitude compared to a conventional halogen/D2 light
source), which had been a problem previously.
3. Lattice thermal conductivity of ferropericlase Mg0.9Fe0.1O to
30 GPa

These measurements have been aimed at clarifying the depen-
dence of the lattice thermal transport on Fe substitution in MgO,
especially the part which is responsible for the density depen-
dence. Experimental and theoretical works undoubtedly show that
mass substitution reduces the lattice thermal conductivity
(Manthilake et al., 2011; Morton and Lewis, 1971), but the differ-
ence between a pure and a substituted material is expected to
become smaller at high temperatures (Manthilake et al., 2011;
Tang et al., 2014). However, the pressure (or volume) dependence
of the thermal conductivity in such mass substituted materials
remains uncertain as there is no experimental data, while theore-
tical calculations (Dalton et al., 2013) suggest a smaller pressure
coefficient than that for the pure MgO endmember.

Ferropericlase samples of approximate Mg0.9Fe0.1O composition
were synthesized in a gas-mixing furnace at high temperature and
1 atmosphere using Mg–Fe interdiffusion between single-crystal
f thermal conductivity at high pressures: Implications for the deep Earth’s
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MgO and pre-reacted Mg0.8Fe0.2O powder surrounding the crystal.
Single crystals were polished to 15 lm thickness using grinding
wheels with a 3 lm diamond grit, followed by 0.3 lm alumina
powder. The samples were heated to 1200 K for 15–30 min under
vacuum to remove hydroxides and other volatile hydrocarbons
from the polished surface (Dalton et al., 2013). One side of each
sample was then coated with an 80 nm Al film via magnetron
sputtering.

The sample and a small ruby chip were loaded into the DAC
with either Ar or 1 cSt silicone oil (Sigma–Aldrich octamethyldis-
iloxane 98%) as the pressure medium so that the Al film was
positioned between the Mg0.9Fe0.1O sample and the pressure-
transmitting medium. The silicone oil has a smaller thermal
conductivity than Ar, which helps in determining the thermal con-
ductivity of the sample more accurately. The thermal conductivity
of Mg0.9Fe0.1O was measured at room temperature using the TDTR
pump–probe technique (Chen et al., 2011; Dalton et al., 2013;
Hsieh et al., 2009), which determines the change in reflectivity of
Al due to the temperature evolution caused by the incidence of
an ultrashort (<200 fs) pump laser pulse. The change in reflectivity
(proportional to temperature) is detected by a probe beam, which
is part of the same laser output of a mode-locked Ti:Sapphire oscil-
lator (800 nm wavelength) but is time-delayed with respect to the
pump beam. The probe pulses thereby monitor, as a function of
time delay, the pump heating and subsequent cooling due to heat
transfer to surrounding media. The pump and probe laser spot
dimensions were approximately 12 lm in diameter; since the
thermal penetration depth of the experiment was about 1 lm,
the heat transport was essentially one-dimensional. A Si photodi-
ode and an RF lock-in amplifier were used to monitor the intensity
of the in-phase (Vin) and out-of-phase (Vout) signals using the var-
iation of the reflected probe beam intensity in response to the
pump. The thermal conductivity is determined as a best fit to a
heat transfer model which was extended to account for bi-direc-
tional heat flow into both the sample and pressure medium
(Cahill, 2004) (Fig. 1a). The parameters of these calculations are
similar to those reported by (Dalton et al., 2013).

The experiments have been performed on a free-standing
sample and on the same sample in the DAC under pressure. The
former experiment determines the thermal effusivity much more
accurately as the thermal transport from the heated Al layer is
almost completely determined by the thermochemical properties
of the sample (heat transport through the air is negligible). In the
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Fig. 1. Lattice thermal conductivity of the Mg0.9Fe0.1O single-crystal. (a) Ratio (�Vin/Vout

pressure media at 8.0 and 8.6 GPa, respectively, along with fits to the spectra; (b) the th
using Ar and silicone oil media in comparison with the results obtained in a large press
thermal conductivity at high pressures to that at ambient pressure. Our results for Mg0
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DAC, the results critically depend on the thermal conductivity of
the pressure transmitting medium, which is strongly pressure
dependent (Goncharov et al., 2012; Tretiakov and Scandolo,
2004). Our derived thermal conductivity values of Mg0.9Fe0.1O are
in fair agreement with previous measurements in a large press
(Manthilake et al., 2011) (Fig. 1b). However, the pressure depen-
dence, which we determined up to 30 GPa, is much higher than
that inferred from two high-pressure points of (Manthilake et al.,
2011) and also much higher than the results of the calculations
based on the Debye-Callaway model (Dalton et al., 2013)
(Fig. 1c). Further experimental efforts involving different pressure
media at higher pressures and high temperatures are needed to
assess the effect of the mass disorder on the thermal conductivity
in mantle minerals at relevant P–T conditions of the Earth’s lower
mantle.

4. Radiative thermal conductivity of Mg0.94Fe0.06SiO3

bridgmanite to 47 GPa

The optical absorption measurements reported here address the
existing controversy between published experimental results
(Goncharov et al., 2008; Keppler et al., 2008) and estimations based
on rough approximations (Hofmeister, 2014). Bridgmanite is
believed to be the most abundant mineral in the Earth’s lower
mantle, thus knowledge of the optical conductivity of this material
is of primary importance to our understanding of the thermal
transport behavior of the most voluminous layer of the planet.

Here we study single crystals of Mg(1�x)FexSiO3 (x = 0.06) syn-
thesized using the Kawai Apparatus at approximately 24 GPa and
2100 K for 6 h in a Pt capsule at the University of Okayama at
Misasa, Japan (Okuchi et al., 2015; Shatskiy et al., 2007). A mixture
of SiO2, 57Fe-enriched (Mg, Fe)O, and brucite was used as the start-
ing material and was loaded into a Pt capsule; the brucite was used
to provide a water-rich environment in the sample chamber in
order to enhance the crystal growth during the experiment
(Shatskiy et al., 2007). The crystal structure, chemical composition,
and iron oxidation states of the bridgmanite single crystal
were carefully characterized using X-ray diffraction, electron
microscopy, and Mössbauer spectroscopy, showing a chemical
composition of Mg0.94Fe0.06SiO3 with 45% of the total Fe in the
Fe3+ state. Single-crystal bridgmanite samples of approximately
40–100 lm in diameter and 30 lm thickness were polished down
to an approximate thickness of 25 lm using 1 lm 3 M diamond
re (GPa)
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lapping films, and water as lubricant; the polishing process also
assured the removal of any potential contamination on the sample
surface due to high-temperature quenching in the sample synthe-
sis process. Since bridgmanite samples are known to become
unstable and amorphize upon heating or mechanical grinding,
the crystallinity of the samples after polishing was further con-
firmed using the electron microscopy and Raman spectroscopy
analyses.

The bridgmanite crystal of approximately 40 � 40 lm2 dimen-
sions and 25 lm in thickness was loaded in a cavity of a symmetric
DAC along with the Ar pressure transmitting medium and ruby
pressure calibrant (Fig. 2a). The sample thickness has been mea-
sured before the Ar gas loading using the interference fringes
method (Dewaele et al., 2003). Since the refractive index of bridg-
manite and its pressure dependence are not well known, we adopt-
ed the pressure independent value of refractive index n = 1.8 as
suggested by Keppler et al. (2008). We have monitored the DAC
cavity thickness using measurements of the interference fringes
in the reflectivity spectra of the sample cavity away from the sam-
ple; the pressure dependent refractive index of Ar has been used
(Grimsditch et al., 1986) for these measurements. At 24 GPa, the
thickness of the sample cavity in the DAC approached the sample
thickness (determined from the bridgmanite equation of state
(Fiquet et al., 1998)) such that the sample was bridged by the
diamond anvils at higher pressures. No qualitative change in the
optical absorption spectra were detected after the bridging on
the pressure release from 46 GPa to 37 GPa, at which point we end-
ed the experiment. The sample thickness above the bridging point
was determined from the thickness of the sample cavity in the
DAC. The sample was optically transparent without any visible
optical defects in the measuring area up to the highest pressure
of 46 GPa (Fig. 2a) (cf. Hofmeister, 2014; Keppler et al., 2008).
Also, our near IR transmission spectra did not show any sign of
OH/H2O absorption bands at any pressure, suggesting the absence
of water at the wt ppm level.

We have determined the optical absorption coefficient of the
bridgmanite single crystal using a commonly adopted procedure
(e.g., Goncharov et al., 2010), which includes measuring the refer-
ence transmission spectra through the Ar transmitting medium
and through the sample. The reflectivity losses have been taken
into account for both the reference and sample spectra using the
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Fig. 2. Radiative thermal conductivity of single-crystal bridgmanite Mg0.94Fe0.06SiO3. (a)
diameter while the probed sample area was about 15 lm in diameter. We note that th
measurements through the sample as well as through the sample cavity filled with Ar
absorption coefficient is calculated using k = A * ln10/d, where A = log10(I0/I), I0 and I are t
determined as described in detail in the text. The reflectivity corrections for I and I0 have
are offset with a 100 cm�1 increment for clarity; (c) radiative thermal conductivity of the
using the method described by (Keppler et al., 2008). Our results for the single-crystal bri
Keppler et al., 2008) investigating bridgmanite samples with x = 0.1. The original optica
formalism to determine the radiative conductivity as a function of temperature.
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pressure dependent refractive indices of the Ar medium
(Grimsditch et al., 1986) and the assumed refractive indices of
bridgmanite (nb = 1.8) and diamond (nd = 2.4). Our estimation
using the Gladstone–Dale equation shows that the refractive index
of bridgmanite is expected to change by less than 4% from 0 to
46 GPa. The change in refractive index of diamond is also very
small, less than 2% (Balzaretti and da Jornada, 1996). These varia-
tions will have no essential effect on the reflectivity correction
(which remains negligible) and thus no effect on the results
presented in Fig. 2c. The pressure dependence of the absorption
coefficient is shown in Fig. 2b. Consistent with our previous work
(Goncharov et al., 2008), the absorption coefficient of the sample
slightly increases with increasing pressure, resulting in a small
decline in the radiative conductivity at higher pressure. The radia-

tive conductivity has been determined as kR ¼ 16n2rT3

3aR
, where aR is

the Rosseland mean absorption coefficient (Clark, 1957; Keppler
et al., 2008); also, see a recent report on measurements of radiative
conductivity of transition zone minerals (Thomas et al., 2012). We
note that this formulation is based on Planck’s theory of heat radia-
tion (Planck, 1914), which essentially includes the refractive index
of the material (cf. Hofmeister, 2014).

The absorption coefficient of our sample is smaller than previ-
ously reported values, which is due to the smaller Fe content (6%
vs 10%). This leads to noisier spectra, however major spectral fea-
tures are sufficiently resolved. Our results at 0.2 GPa agree well
with the previously presented spectrum of a sample with the same
nominal Fe composition (Keppler et al., 2008) taken at ambient
conditions. Similar to previous observations in polycrystalline
materials (Goncharov et al., 2008; Keppler et al., 2008), the absorp-
tion spectra of the bridgmanite single crystal show a complex
absorption edge with several characteristic bands. In the near IR
region at �8000 cm�1, the absorption band arising from the crys-
tal-field transition of Fe2+ can be clearly identified. However, unlike
our previous observations (Goncharov et al., 2008), we could not
detect any intensity change of this band with pressure, which
may be due to the poorer signal-to-noise ratio of the spectra. The
intervalence band and/or the UV absorption edge (which was diffi-
cult to measure, but was still detectable in our best spectra) slowly
increases in intensity with pressure. This observation is in qualita-
tive agreement with our previous results (Goncharov et al., 2008).
Overall, the single-crystal spectra are in good agreement with our
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; (b) optical absorption spectra of the bridgmanite sample at high pressures. The
he reference and sample signals respectively, and d is the sample thickness which is
been made using the refractive indices of diamond, Ar, and bridgmanite. The spectra

bridgmanite sample as a function of temperature. The values have been calculated
dgmanite with x = 0.06 are compared with previous studies (Goncharov et al., 2008;
l absorption data of (Goncharov et al., 2008) have been processed using the same
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previous work on polycrystalline samples. The presence of the UV
edge in the single-crystal bridgmanite with good optical properties
rules out the possibility that the edge is due to sample imperfec-
tions or grain boundary scattering (Hofmeister and Yuen, 2007),
and it also confirms our previous assignment of this absorption
edge to the O2�–Fe3+ charge transfer gap (Goncharov et al., 2008).

The derived radiative conductivities of Mg0.94Fe0.06SiO3 (Fig. 2c)
show substantially larger values compared to those reported in our
previous work on polycrystalline Mg0.9Fe0.1SiO3 (Goncharov et al.,
2008). We attribute this deviation to the difference in the Fe con-
tent of the samples. Bridgmanite with a nominal Fe composition
of x = 0.1 reveals stronger absorption, and consequently is expected
to conduct less radiative heat. It should be noted that a substantial
discrepancy exists between these data and those reported by
(Keppler et al., 2008) on material with the same nominal Fe compo-
sition (x = 0.1), while the results of both groups agree on the miner-
al with x = 0.05–0.06 measured at ambient pressure. We attribute
this discrepancy to either the difference in the Fe3+ concentration,
which can affect the intervalence transitions, or the sample thick-
ness used in the measurements of Keppler et al. (2008), since a pos-
sible sample bridging in their work was not documented.

It is interesting that both the absorption coefficient and the
radiative conductivity change nonlinearly with the Fe composition.
We suggest that a substantial contribution to the visible and near IR
absorption arises from the Fe2+–Fe3+ intervalence transitions, which
require these ions to be adjacent to each other; the probability of
this event increases with increasing the Fe concentration (x) as x2.
As expected, the radiative conductivity increases with temperature
as T3 (e.g., Hofmeister, 2014) only at temperatures below
approximately 2000 K. At higher temperatures, there is a large
deviation from this behavior to smaller values due to the increased
contribution from the intervalence transitions and the charge-
transfer gap. Moreover, our high-pressure measurements show a
decrease in the radiative conductivity due to an increase of the
absorption coefficient. We conclude that these direct and accurate
measurements of the optical properties of a well-characterized
mantle bridgmanite sample are important for assessment of the
radiative conductivity at relevant P–T conditions. Further works
in this direction should include such measurements at high tem-
peratures representative for the deep interior. The use of a super-
continuum light source enables such measurements in the most
critical spectral range between 400 and 2400 nm (4200–
25,000 cm�1).
5. Conclusions

We present updated experimental results on lattice and radia-
tive thermal conductivity of the lower-mantle minerals fer-
ropericlase and bridgmanite. These studies require a full
understanding of all the important aspects that could affect the
thermal conductivity at relevant P–T environments of the mantle.
Here we shed some light on the consistency of recent measure-
ments between different groups using various experimental tech-
niques and studying diverse samples. Future studies should use
these results as benchmarks in their experiments and models,
which will be aiming to solve unresolved issues with mass substi-
tution, temperature dependencies, and sample morphology.
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