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The heat flux across the core-mantle boundary (Q CMB) is the key parameter to understand the Earth’s 
thermal history and evolution. Mineralogical constraints of the Q CMB require deciphering contributions 
of the lattice and radiative components to the thermal conductivity at high pressure and temperature in 
lower mantle phases with depth-dependent composition. Here we determine the radiative conductivity 
(krad) of a realistic lower mantle (pyrolite) in situ using an ultra-bright light probe and fast time-resolved 
spectroscopic techniques in laser-heated diamond anvil cells. We find that the mantle opacity increases 
critically upon heating to ∼3000 K at 40-135 GPa, resulting in an unexpectedly low radiative conductivity 
decreasing with depth from ∼0.8 W/m/K at 1000 km to ∼0.35 W/m/K at the CMB, the latter being 
∼30 times smaller than the estimated lattice thermal conductivity at such conditions. Thus, radiative 
heat transport is blocked due to an increased optical absorption in the hot lower mantle resulting in a 
moderate CMB heat flow of ∼8.5 TW, on the lower end of previous Q CMB estimates based on the mantle 
and core dynamics. This moderate rate of core cooling implies an inner core age of about 1 Gy and is 
compatible with both thermally- and compositionally-driven ancient geodynamo.

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

Heat exchange rate between the mantle and core (Q CMB) is of 
primary importance for mantle convection and core geodynamo, 
the two processes that have been paramount for life on Earth. 
Considerations of the mantle and core energy budgets suggest a 
Q CMB in the range of 10-16 TW (e.g. Nimmo, 2015). Independently, 
transport properties of the mantle can provide insights into the 
Q CMB as it is controlled by the thermal conductivity of the mantle 
rock at the core-mantle boundary (CMB). Total thermal conduc-
tivity of primary lower mantle minerals is a sum of its lattice 
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and radiative components (ktotal = klat + krad). At near-ambient 
temperatures (T ∼ 300 K) the dominant mechanism of heat con-
duction is lattice vibrations while radiative transport is minor. At 
high temperature, however, the radiative mechanism is expected to 
become much more effective (Clark, 1957) as krad (P , T ) ∼ T 3

α(P ,T )

(Eq. 1), where α(P , T ) is the pressure- and temperature-dependent 
light absorption coefficient of the conducting medium. Mantle krad
is expected to increase with depth and light radiation might even 
be the dominant mechanism of heat transport in the hot thermal 
boundary layer (TBL) a few hundred km above the core (Hofmeis-
ter, 2014; Keppler et al., 2008). To reconstruct mantle radiative 
thermal conductivity one needs to know the absorption coefficient 
of representative minerals in the near-infrared (IR) and visible 
(VIS) range collected at P-T along the geotherm.

Light diffusion in the hot lower mantle is governed by ab-
sorption mechanisms in iron-bearing bridgmanite (Bgm), post-
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perovskite (Ppv), and ferropericlase (Fp) as these minerals have 
absorption bands in the near-infrared (IR) and visible (VIS) range 
(Goncharov et al., 2009, 2008, 2015; Keppler et al., 2008). The 
intensity and position of absorption bands in the spectra of iron-
bearing minerals vary with pressure (Goncharov et al., 2009, 2008, 
2015; Keppler et al., 2008) and temperature (Thomas et al., 2012; 
Ullrich et al., 2002). For example, previous room-temperature stud-
ies identified an increase in the absorption coefficient of Fp up to 
135 GPa associated primarily with the spin transition and red-shift 
of the Fe-O charge transfer band (Goncharov et al., 2006; Kep-
pler et al., 2007). Likewise, studies of upper mantle minerals at 
moderate temperatures have recognized substantial variations in 
their absorption spectra in the IR-VIS range. Crystal field and Fe-O 
charge transfer bands in olivine show an apparent intensification 
and broadening upon heating to 1700 K at 1 atm (Ullrich et al., 
2002). Similarly, characteristics of the Fe2+-Fe3+ charge transfer 
bands in wadsleyite and ringwoodite are altered upon heating to 
∼800 K (Thomas et al., 2012). Although these transformations can-
not be reliably extrapolated to temperatures of several thousand 
Kelvin, these absorption mechanisms govern the optical properties 
of Bgm, Fp, and Ppv in the lower mantle, and thus must affect 
their radiative conductivity. Despite the importance, optical prop-
erties of Bgm, Ppv, and Fp have never been measured at mantle 
P-T conditions as such measurements are challenging because of 
the thermal radiation interfering with the probe light at high T . 
On top of the P - and T -dependence of optical properties, absorp-
tion coefficients are sensitive to iron concentration, its valence/spin 
state, and crystallographic environment. In the mantle all of these 
vary with depth in a complex and not yet fully understood way 
(Irifune et al., 2010), contributing to the uncertainty in the man-
tle krad . As a result of these complications, current krad models are 
exclusively based on room-temperature measurements of Bgm and 
Fp with fixed chemical composition (Goncharov et al., 2009, 2008, 
2015; Keppler et al., 2008).

2. Experimental methods

Optical measurements at high P-T were performed in laser-
heated diamond anvil cells (DACs) using an ultra-bright light 
probe synchronized with fast time-resolved IR and VIS detectors 
(Lobanov et al., 2016, 2017) that allowed us to diminish the con-
tribution of thermal background (more details are provided in Sup-
plementary Materials). We determine the radiative conductivity of 
the lower mantle by measuring the spectral optical depth in pyro-
lite, a chemical proxy of the mantle (Irifune et al., 2010), along the 
Earth’s geotherm. Samples of highly homogeneous pyrolite glass 
(Supplementary Table S1) were crystallized at the thermodynamic 
conditions of the lower mantle producing a conglomerate of Bgm 
(±Ppv) and Fp with compositions representative of the equilibrium 
in the lower mantle (Fig. 1). The latter allowed us to account for 
the effects of P - and T -dependent crystal chemistry such as the 
iron content and its valence/spin states in the lower mantle phases.

Prior to optical measurements, each glass sample was crystal-
lized at P > 30 GPa and T up to 3000 K for several minutes. 
Near-complete glass crystallization (>80% along the heating laser 
beam) was confirmed by the disappearance of a diffuse low fre-
quency Raman peak (Boson peak), which is characteristic of glasses 
(Supplementary Fig. S1). The mineralogical content of all crystal-
lized samples is dominated by Bgm (+Ppv at ∼134 GPa) and Fp 
as revealed by the synchrotron x-ray diffraction (XRD) (Supple-
mentary Fig. S2). In addition to XRD characterization, one of the 
recovered pyrolite samples (∼2800 K and 56 GPa) was further ana-
lyzed using scanning transmission electron microscopy (STEM) and 
energy-dispersive x-ray spectroscopy (EDX) in order reveal its fine 
texture and the chemical composition of constituting minerals (see 
details on analytical techniques in Supplementary Materials). High-
Fig. 1. STEM HAADF image and elemental EDX maps of a pyrolite sample laser-
heated at 56 GPa up to ∼2800 K (see also Supplementary Fig. S3 for the optical 
image of this sample). Ferropericlase grains (Si, Al-free) are embedded in the Fe, Al-
bearing bridgmanite matrix (Si-rich areas). Ca-perovskite is also present. The scale 
bar is 400 nm.

angle annular dark-field (HAADF) images show that the grain size 
of ferropericlase in the crystallized pyrolite is comparable to the 
visible light wavelengths (Fig. 1), suggesting that light scattering 
on grain boundaries might be substantial (Hulst, 1957) and needs 
to be taken into account. The bulk of the crystallized sample is 
composed of Bgm, Fp, and Ca-perovskite in the proportions that 
are consistent with the previous reports on pyrolite mineralogy 
(∼75, 18, and 7 vol.%, respectively, Irifune et al., 2010). Coexisting 
Bgm and Fp are homogeneous in their chemical composition and 
show no significant variations across the probed areas with BgmFe#

= 7.7 ± ∼2 and FpFe# = 16.8 ± ∼2 (Supplementary Table S2), 
also in agreement with that reported in the literature (e.g. Irifune 
et al., 2010). In addition to Bgm, Fp, and Ca-perovskite, we have 
also observed scarce grains of metallic Fe (<∼1 vol.%), supporting 
the notion that the lower mantle may contain a small amount of 
metallic iron-rich alloy.

3. Results and discussion

Upon heating, our IR-VIS measurements reveal that the opti-
cal absorbance of pyrolite shows a continuous strong increase up 
to the maximum temperature of ∼2855 K at all studied pres-
sures (Supplementary Fig. S4 and S5). Importantly, the observed 
temperature-enhanced absorbance is reversible, as is indicated by 
the similarity of light extinction coefficients (absorption + scatter-
ing) measured prior and after the laser-heating cycles, suggesting 
that the increased opacity at high T is due to a temperature-
activated absorption mechanism in the IR-VIS range. Fig. 2 shows 
pyrolite extinction coefficient at selected P-T conditions that ap-
proximate the Earth’s geotherm with the exception of the spec-
trum measured at 134 GPa and 2780 K. The opacity of pyrolite 
increases by a factor of 4-8 (depending on the frequency) from 40 
GPa/2120 K to 134 GPa/2780 K. An even stronger opacity might be 
expected for the CMB temperatures of ∼4000 K. Accordingly, we 
extrapolated the 134 GPa extinction coefficient to 4000 K using its 
near-linear temperature dependence established in the 1700-2700 
K range (Supplementary Materials Fig. S6).

The radiative conductivity of an absorbing medium is given by 
Clark (1957): krad (T ) = 4n2

3

∫ ∞
0

1
α(ν)

∂ I(ν, T )
∂T dν (Eq. 2), where α(ν) 

is the frequency-dependent absorption coefficient of the medium, 
n its refractive index, and I(ν, T ) is the Planck function. Recently, 
Grose and Afonso (2019) verified the applicability of this equation 
to evaluating mantle radiative thermal conductivity using numer-
ical modeling. Prior to krad evaluation, the measured extinction 
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Fig. 2. Pyrolite extinction coefficient at high P-T (before scattering correction). Ver-
tical dashed line divides the IR and VIS ranges as these were measured separately. 
The 9000-10000 cm−1 region is blocked because of the need to filter out the 1070 
nm heating laser radiation from reaching the detector. The 11000-13000 cm−1 re-
gion in the 134 GPa/2710 K spectrum (red) is not shown because of the poor 
signal-to-background ratio of the IR signal in this range at high absorbance levels.

coefficients were corrected for light scattering in a submicron-
grained sample based on the room-temperature absorption coeffi-
cients of single crystalline Bgm and Fp with corresponding compo-
sitions, which were measured separately using a different optical 
setup with a conventional (non-laser) optical probe (Goncharov et 
al., 2009) (Supplementary Materials Fig. S7). Scattering-corrected 
absorption coefficients measured at P-T conditions approximating 
the geotherm yield krad values that decrease continuously with 
depth from ∼0.8 W/m/K at 1000 km to ∼0.1 W/m/K at the top 
of the TBL (at ∼2500 km) and then increases to ∼0.35 W/m/K 
at the CMB (Fig. 3). Even smaller krad values may be expected 
for the lower mantle if its grain size is smaller than the opti-
cal depth of pyrolite (<100 μm) due to light scattering on grain 
boundaries. However, the grain size of the mantle is likely larger 
than the photon mean free path because of the hot regime favor-
ing grain growth (e.g. Keppler et al., 2008). The apparent negative 
slope of radiative thermal conductivity with depth is at odds with 
all previous radiative conductivity models, which show a posi-
tive trend and krad up to 4-5 W/m/K at the CMB (Goncharov et 
al., 2015; Hofmeister, 2014; Keppler et al., 2008). These previous 
models, however, were based on room-temperature measurements 
(Goncharov et al., 2008, 2015; Keppler et al., 2008) or empirical 
considerations on the transparency of silicates at high temperature 
that assumed negligible temperature effect on the mantle opti-
cal properties (Hofmeister, 2014). Here we showed that pyrolite 
optical properties are highly sensitive to T (Supplementary Mate-
rials Fig. S4 and S5), suggesting that temperature-enhanced opacity 
leads to the negative krad slope with depth.

It is important to address possible sources of uncertainties that 
may have affected the present estimate of the pyrolite radiative 
thermal conductivity. First and foremost, systematic errors associ-
ated with our correction for light scattering on grain boundaries 
(Supplementary Materials) may be large. We assess scattering by 
subtracting the weighted absorption coefficients of Bgm and Fp 
single crystals (measured independently at similar pressures) from 
the total measured light extinction signal. Our model of light ab-
sorption in finely-grained (100-600 nm) pyrolite is adequate be-
cause bulk-like optical properties (e.g. band gap) are characteristic 
of materials with a grain size of >10 nm (Segets et al., 2009). In 
Fig. 3. Radiative conductivity of the pyrolitic lower mantle along the geotherm 
(Stacey and Davis, 2008) (red circles). The absorption coefficient for 2850 km was 
projected to 4000 K assuming a linear temperature-dependence of absorbance at 
T > 2780 K (Supplementary Fig. S6). The error bars reflect propagated uncertain-
ties in the refractive index and sample thickness (Supplementary Materials). Black 
dashed line is the radiative conductivity model based on room-temperature absorp-
tion coefficients of single crystalline Bgm and Fp (Supplementary Fig. S7) weighted 
by their expected fractions in the pyrolitic lower mantle model (0.8 and 0.2, re-
spectively). This model estimates the upper limit on radiative conductivity as it is 
based on data for single crystals with smaller iron content than expected in py-
rolite and does not account for the strong temperature-dependence of absorption 
spectra revealed in this work. Grey thick curve marked [H] is the thermodynamic 
model of Hofmeister (2014): krad = 1.9 ∗ 10−10 ∗ T 3. Dark blue squares are krad of 
Bgm with 10 mol.% Fe based on its 300 K absorption coefficient reported by Keppler 
et al. (2008) and Goncharov et al. (2015), marked [K] and [G]. Black diamond [L] is 
krad of Ppv with 10 mol.% Fe (Lobanov et al., 2017). Green bar [T] is the range of 
krad values expected in the transition zone (Thomas et al., 2012). TBL is for thermal 
boundary layer above the core-mantle boundary. The color gradation illustrates the 
distribution of temperature in the lower mantle. (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)

this approach, however, we used single crystals with lower iron 
content (6 and 13 mol.% Fe in Bgm and Fp, respectively) than mea-
sured in our pyrolite (8 and 18 mol.% Fe) (Supplementary Table 
S2). As a result, scattering is overestimated and the absorption co-
efficient of pyrolite is underestimated, which, in turn, results in an 
overestimation of krad . The distribution and grain size of relatively 
transparent Bgm and highly opaque Fp within the synthesized 
sample may also bear on the measured absorptivity. However, the 
submicron-sized grains of Fp show a relatively homogeneous dis-
tribution in the Bgm matrix (Fig. 1) which, together with the rela-
tively large sample thickness (>6 μm), ensure that both Bgm and 
Fp are probed in proportions representative of pyrolite. We also 
estimated an upper bound on the radiative conductivity using the 
absorption coefficients of single crystalline Bgm (6 mol.% Fe) and 
Fp (13 mol.% Fe) mixed in the expected proportions of 0.8 and 0.2 
(dashed line in Fig. 3). This model is effectively a Hashin-Shtrikman 
average of individual radiative conductivities of these single crys-
talline Bgm and Fp and it likely overestimates krad because (i) it 
does not account for the strong temperature-enhanced absorptiv-
ity revealed in this work and (ii) it is based on phases with smaller 
iron content than in pyrolite. In addition to the potential sources 
of error discussed above, we propagate the errors associated with 
the ambiguities in the refractive index (uncertain within ±10%) 
and sample thickness (±20%), both intervals being very conserva-
tive (see Supplementary Material for discussion), which together 
contribute an uncertainty of approximately 30% to the estimated 
krad and are the basis for the error bars in Fig. 3.
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Light absorption in pyrolite at high P-T is governed by specific 
absorption mechanisms in its constituent phases. In order to dis-
entangle the contribution of Bgm and Fp to the high-temperature 
spectra of pyrolite we measured the absorption coefficient of Bgm 
(single crystal, 6 mol.% Fe) up to ∼2500 K (Supplementary Fig. 
S8). Surprisingly, the absorption coefficient of Bgm increases with 
the rate of ∼0.1 cm−1/K, while a much stronger temperature-
dependence of ∼0.4 cm−1/K is characteristic of pyrolite (Supple-
mentary Fig. S6). This observation hints that the strong increase in 
pyrolite absorbance at high temperature is not due to Bgm but is 
a result of the temperature-enhanced opacity of Fp. Unfortunately, 
we could not obtain reliable high-temperature absorption spectra 
of Fp as it showed irreversible changes in absorbance over con-
tinuous laser heating at T > 1000 K. We tentatively attribute this 
behavior to Soret-like iron diffusion under the steep temperature 
gradient typical of laser-heated samples. Cation diffusion rates in 
Fp are ∼2 orders of magnitude faster than in Bgm (Ammann et al., 
2010), which may be why reversible spectroscopic behavior is pre-
served in Bgm upon continuous laser heating up to T > 2500 K. 
In the pyrolite sample iron diffusion is further limited by the small 
grain size and the reversible spectroscopic behavior is preserved 
below ∼3000 K (at 134 GPa). We note that while we cannot rule 
out significant Soret-like iron diffusion in the crystallized pyrolite, 
it would tend to lower the measured light absorption coefficient 
because of the iron migration out of the probed spot and, accord-
ingly, would increase the inferred krad. Therefore, the reported very 
low values of radiative conductivity are not caused by Soret-like 
diffusion.

To suppress iron diffusion and directly compare the tempera-
ture-induced changes in the Bgm and Fp optical absorbance we 
decreased the total laser-heating time by a factor of ∼106 in an 
independent series of dynamically-heated DAC experiments. Fully 
reversible optical absorbance was observed in Bgm and Fp over the 
single-shot 1 μs long laser-heating to T > 3000 K at 111-135 GPa 
(Supplementary Fig. S9). Upon heating to ∼3000 K at 135 GPa, Fp 
becomes ∼5 times opaquer than it is at room temperature. In con-
trast, Bgm is only 20-30% opaquer at ∼3500 K than at room tem-
perature. Because these transformations are fully reversible, they 
must reflect temperature-induced changes in light absorption by 
these single crystals. Our new streak camera data unambiguously 
show that light absorption in Fp is much more sensitive to tem-
perature than in Bgm, confirming that the optical opacity of the 
lowermost mantle, and by extension its radiative conductivity, is 
governed by Fp. Such a diverse high-temperature behavior of Fp 
and Bgm likely results from the different mechanisms that govern 
light extinction in these phases. Even at room temperature single 
crystalline Fp with 13 mol.% Fe at 117 GPa is 2-3 times opaquer 
than Bgm with 6 mol.% Fe due to the intense Fe-O charge trans-
fer band that extends into the VIS range. Lattice vibrations in hot 
Fp dynamically decrease the Fe-O separation, red-shifting the Fe-
O charge transfer band, narrowing the band gap, and serving as a 
physical mechanism that effectively blocks radiative heat transport 
in the lowermost mantle. The proposed mechanism is much less 
effective in Bgm which accommodates iron predominantly at the 
larger (dodecahedral) site with longer average Fe-O distances than 
in Fp.

The high-pressure high-temperature behavior of Fp is of key 
importance for a pyrolytic model, indicating that Fp plays a ma-
jor role in the opacity of the lower mantle and the effectiveness of 
radiative heat transport. In addition, the decreased band gap en-
hances electrical conductivity of Fp in the narrow depth range of 
the TBL (<100 km) where the temperature increase is sharpest. 
Our interpretation of the optical behavior of Fp at high P-T is in 
qualitative agreement with the computational evidence for a very 
high electrical conductivity (∼4*104 S/m) in Fp at CMB conditions 
due to iron d-states forming broad bands near the Fermi level 
(Holmstrom and Stixrude, 2015). As such, our work hints that the 
physical properties of Fp contribute complexity to the CMB region 
and are responsible for some of its exotic features. For example, 
temperature-enhanced electrical conductivity of Fp in the TBL can 
account for the apparent absence of lag between the fluctuation in 
day length and geomagnetic jerks, which requires a thin (<50 km) 
layer of highly conducting mantle just above the core (Holme and 
de Viron, 2013).

Firmly constrained total thermal conductivity at the base of the 
mantle offers valuable insights into the CMB heat flow through 
the Fourier law of heat conduction: Q C M B = AC M B ∗ ktotal ∗ �T , 
where ACMB is the surface area of the CMB and �T is the tem-
perature gradient above the CMB. Experimental estimates of the 
lattice thermal conductivity for a 4:1 mixture of Bgm (or Ppv) and 
Fp at CMB conditions fall in the range of 7.7-8.8 W/m/K (Supple-
mentary Table S3) (Dalton et al., 2013; Ohta et al., 2017; Okuda et 
al., 2017). While these values are based on measurements in DACs 
at 300 K and rely on extrapolations to CMB temperatures, they 
are consistent with ab initio calculations of lower mantle thermal 
conductivity (Stackhouse et al., 2015) as well as a recent experi-
mental study of the lattice conductivity in Fe- and Fe,Al-bearing 
Bgm (Hsieh et al., 2017). Recent estimates of the total thermal con-
ductivity at the base of the mantle accepted krad of ∼2-4 W/m/K 
(e.g. Ohta et al., 2017; Okuda et al., 2017). The results of this 
work clearly indicate that radiative conductivity is not an impor-
tant mechanism of heat transport in the lowermost mantle and 
may be safely neglected from estimates of the total thermal con-
ductivity at the CMB. Accepting ktotal ≈ klat ≈ 8.5 W/m/K and a 
temperature gradient of ∼0.007 K/m in the TBL (Stacey and Davis, 
2008), we obtain a Q CMB of ∼8.5 TW for the present-day CMB.

This rate of heat extraction out of the core is sufficient to drive 
the present-day geodynamo, thanks to the compositional buoyancy 
due to the inner core growth, and is consistent with the inner 
core young age of ∼0.6-1.3 Gy (e.g. Labrosse et al., 2001), as-
suming radioactive heat production is small in the core. A much 
older Earth’s magnetic record (Hadean-Paleoarchean) requires a 
geodynamo prior to the inner core nucleation, operating in a con-
vecting liquid core. Two distinct scenarios follow from the low 
mantle thermal conductivity. If core thermal conductivity is rela-
tively low (<50 W/m/K) (Konopkova et al., 2016; Stacey and Loper, 
2007), a CMB heat flux that is greater than the core adiabatic heat 
flux enables a thermally-driven geodynamo in the ancient fully 
molten core (Nimmo, 2015). Alternatively, high core thermal con-
ductivity (>100 W/m/K) (Ohta et al., 2016; Pozzo et al., 2012) is 
inconsistent with a thermally-driven geodynamo, and requires a 
compositionally-driven convection powered by light element exso-
lution upon core cooling (Badro et al., 2016; Hirose et al., 2017; 
O’Rourke and Stevenson, 2016). Even if an early geodynamo can 
be driven in the cooling ancient molten core, determining its ex-
act driving mechanism requires a definitive assessment of Earth’s 
core thermal conductivity. Beyond Earth’s magnetic field, our re-
sults shed light on the plausibility of long-lived dynamos in other 
terrestrial planets and exoplanets, and could provide a discriminat-
ing argument for their past or present habitability.
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