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Thermal State of the Earth
 Part 2: Total heat flux constraints



Earth’s Total Surface Heat Flow

mW m-2

Surface heat flow 
46±3 TW  (1)
47±2 TW  (2)

(1)  Jaupart et al (2008) Treatise of Geophys.
(2)  Davies and Davies (2010) Solid Earth
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Crustal 
Radiogenic

Contribution

~47(3) TW

~7 TW

Constraints on the thermal state of the Earth 

Buffett 2002

Heat 
required
to power 
dynamo
~4 TW

values from McDonough & Sun, 
Chem. Geol., 120, 223-253, 1995
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Constraints on the thermal state of the Earth 
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Buffett 2002--Inner core formed very recently/
Early Temps were very hot!
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required
to power 
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~4 TW

Inner
Core

Catastrophe!



Lay, Hernlund, Buffett, 
2008

Heat Flux = κcond∇T

At core/mantle thermal 
boundary:

Length scale~150(±50) km

∇T ~ 500-2000 K

κcond  very uncertain
~10±5 W/m/K 

Core/mantle heat flux
uncertain ~4-20 TW 
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temperature estimates of 5,300–5,650 K, which now appear to be 
favoured by iron-melting experiments, indicate relatively high CMB 
heat-!ow values for simple TBL models12,16,17.

Conductive heat !ow depends on temperature gradients and 
thermal conductivity, which are both very challenging to determine 
for the deep mantle14,18 and core19. It has been proposed that 
commonly neglected radiative transport of heat is important for the 
deep mantle18, although it seems likely that even minor impurities 
will inhibit radiative transport. High-pressure transitions from high-
spin to low-spin for Fe3+ and Fe2+ in lower-mantle minerals may also 
reduce radiative conductivity20. Nonetheless, the commonly used 
estimate of thermal conductivity of 10 W m–1 K–1 (ref. 14) has at least 
50% uncertainty13.

Seismological, geodynamical and mineral physics observations 
favour the presence of chemical heterogeneity in the lowermost 
mantle boundary layer, thought to be a residue from the core-
formation process, segregation of dense subducted slab components, 
e"ects of partial melting, and/or chemical interactions between the 
core and mantle21–23. #e presence of a thermochemical boundary 
layer (TCBL) should a"ect present day and early Earth dynamics and 
heat transport signi$cantly24–29. Chemical heterogeneity enhances 
uncertainties in material properties such as thermal conductivity 
and thermal expansivity. Inferences of temperature variations and 
attendant heat !ow have large uncertainties as a result.

All estimates of CMB and deep-mantle heat !ow require indirect 
procedures with some assumptions and clever analysis. #e primary 
approaches to estimating deep-mantle heat !ow are now discussed, 
with consideration of uncertainties in key material properties that 
a"ect heat-!ow estimates. #e reliance on indirect inference means 
there are substantial uncertainties, but the convergence in estimates 
from independent approaches is encouraging.

GEODYNAMO ENERGETICS

#e power available to the geodynamo through convection in the 
core is ultimately controlled by heat !ow into the base of the mantle. 
Buoyancy at the boundaries of the core, which is generated in response 
to the CMB heat !ow, drives vigorous convection that regenerates the 
Earth’s magnetic $eld. Much of the work done in generating the $eld 
is dissipated through the small, but $nite, electrical resistance of the 
core iron alloy. Estimates of the power dissipated by the geodynamo 
place bounds on the CMB heat !ow because the magnetic $eld, which 
would vanish on timescales of 104 years in the absence of regeneration 
by convection, has persisted since at least 3.5 Gyr ago.

Two important sources of buoyancy are produced at the base 
of the liquid core by growth of the inner core (nominally at a 
rate of 10–3 m yr–1) owing to solidification of the surrounding 
liquid. One source of buoyancy is generated by exclusion of 
incompatible light elements from the solid, whereas the other 
is due to latent heat release (Box 1). Cooling of the core directly 
sets the pace of both of these buoyancy sources. Cold, dense fluid 
may also drive convection from the top of the core, but only if 
the CMB heat flow exceeds the amount of heat conducted along 
the adiabat in the core. Given the high thermal conductivity of 
liquid metals, a substantial fraction of the CMB heat flow can 
be delivered from the core by conduction along the adiabat. 
Commonly cited estimates for the thermal conductivity near the 
top of the core30 yield an adiabatic heat flow of 5–8 TW. A recent 
downward revision of thermal conductivity19 suggests a heat 
flow closer to 3–4 TW, but lower thermal conductivity implies 
lower electrical conductivity as most heat is probably carried 
by electrons, and a lower conductivity (higher resistance) could 
increase the dynamo dissipation.

Total: 46 ± 3 TW

Mantle cooling: 
8–28 TW

Radiogenic heat 
production
(chondritic):
~20 ± 3 TW

Heat flow from the 
core (old estimates):

3–4 TW

Heat flow from the 
core (new estimates):

5–15 TW

Upper-mantle cooling:
~3 TW

Lower-mantle cooling:
5~25 TW

Crust: 6–8 TW

Lower mantle:
10–12 TW

Depleted upper mantle:
~2 TW 

Tidal heating: ~ 0.4 TW

Figure 1 Global heat-flow balance. The primary contributions to observed total 
surface heat flow (46 ± 3 TW) are shown here. Radiogenic heat production, mantle 
cooling and heat flow from the core dominate the mantle energy budget, but there 
are substantial uncertainties in the latter two contributions. Improved constraints 
on any component will also constrain the balance of the other components. Early 
estimates of heat flow from the core of 3–4 TW are now being challenged by higher 
estimates of 5–15 TW, which can bring the sum of heat sources into agreement 
with the observed heat flow without requiring exceptionally large mantle cooling or 
non-chondritic radiogenic heat production.

Temperature extrapolated
along an adiabat from the 

transition zone to the 
CMB: 2,500–2,800 K

Thermal boundary layer 
temperature contrast:

500–1,800 K

Temperature extrapolated
along an adiabat from

the inner-core boundary to the 
CMB: 3,300–4,300 K

Mantle

Core

Figure 2 Core–mantle boundary temperature contrast. Temperature contrast at 
the core–mantle boundary (CMB) 2,891 km deep is constrained by extrapolating 
laboratory-calibrated temperatures from phase transitions associated with 
seismic velocity discontinuities in the transition zone (410 km deep) and at the 
inner core–outer core boundary (5,150 km deep) along mantle and core adiabats, 
respectively. This results in large estimates of the temperature contrast across 
the CMB thermal boundary layer. Using a standard value of mantle thermal 
conductivity, heat flow across the CMB is expected to be in the range 5–13 TW for 
a simple boundary layer. If there is a stably stratified thermochemical boundary 
with two thermal boundary layers or a mid-mantle thermal boundary layer, this 
can be reduced by a factor of two or more.

Thermal Conductivity Definition
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THERMAL DIFFUSIVITY OF MgSiO3 PEROVSKITE 

Masahiro Osako 

Section of Astronomy and Geophysics, National Science Museum, Tokyo 

Institute for Study of the Earth's Interior, Okayama University 

Abstract. Thermal diffusivity of MgSiO3 perovskite has 
been measured in the temperature range of 160 K to 340 K 
using a sample synthesized in a uniaxial split-sphere high- 
pressure apparatus. At 300 K the thermal diffusivity of 
perovskite is 1.72x10-6m2s -1, from which the thermal 
conductivity is evaluated to be 5.1 Wm-IK -1. Our model 
calculation shows that lattice thermal conductivity of the 
perovskite increases by a factor of 4 with depth throughout 
the lower mantle and reaches to 12 Wm-IK 4 in the vicinity 
of the manfie-core boundary. The D" layer might not be a 
thermal boundary layer insulating the high core-temperature, 
if this layer mainly consists of the perovs -kite. 

Introduction 

Understanding the heat transport properties of the manfie 
yields important constraints on the evolution and the thermal 
state of the Earth. Thermal conductivity of constituents of 
the mantle controls the thermal resume of the Earth. Thermal 
conductivity has been determined for upper manfie minerals, 
i.e., olivine, pyroxenes and garnets [Kanamori et al., 1968; 
Horai, 1971]. However, except for ¾-Fe2SiO4 [Fujisawa et 
al., 1968], thermal conductivity is not known for high 
pressure phases in the transition zone, i.e., modified spinel 
([•-phase), spinel (T-phase) and majorite. From only limited 
data obtained at relatively low pressures, thermal 
conductivity in the mantle has been assumed to be a typical 
value of 4.2 Wm-IK -1 (10 -2 cal cm4s-lK -1) [e.g. Schubert 
et al., 1979]. 

A conductivity model by Kieffer [ 1976] showed that the 
lower manfie has a nearly-constant thermal conductivity of 
4 Wm-lK-1. Her calculation was based on the Earth's 
model in which the lower mantle was composed of an 
assemblage of stishovite and periclase. However, recent 
studies on phase transformations of silicates at high 
pressures have indicated that silicate perovskite rich in 
magnesium can occupy the largest volume fraction of the 
lower manfie, at least 70 % [e.g., Ito and Takahashi, 1987; 
Irifune and Ringwood, 1987]; the thermal state of the lower 
manfie should be mostly controlled by the thermal properties 
of the silicate perovskite. 

In this study we measure the thermal diffusivity of 
MgSiO3 perovskite using a small sintered sample 
synthesized at high pressure. We report results of our 

Copyright 1991 by the American Geophysical Union. 

Paper number 91GL00212 
0094-8.534/91 / 91GL-00212503.00 

measurements and discuss the thermal conductivity under the 
lower manfie conditions. 

Experimental 

Synthetic orthoenstatite was converted to MgSiO3 
perovskite at 24.5 GPa and 1570 øC for one hour, using a 
uniaxial split-sphere high-pressure apparatus (USSA 5000) 
[ho and Yamada, 1982]. The quenched perovskite sample, 
weighing 9.4 mg, had a slightly-distorted cylindrical shape 
and was of haft transparency (Figure 1). The sample was 
confirmed to be a polycrystalline aggregate of MgSiO3 
perovskite by a micro-focused X-ray diffractometer. For the 
measurement of thermal diffusivity, the sample was filed 
with diamond to arrange the shape to a cylinder and to make 
the both ends parallel. The final length and diameter were 
2.03 mm and approximately 1.2 mm, respectively. The 
porosity should be much less than 5 %; as judged from the 
weight and the estimated volume (a product of the average 
diameter and the length). 

Fig. 1. MgSiO3 perovskite sample synthesized in the split- 
sphere high-pressure apparatus. One division of the scale is 
1 mm. 

A modified/!,ngstr/Sm method [Kanamori et al., 1969; 
Osako, 1981] was employed to measure the thermal 
diffusivity. Temperature at one end of the sample is varied 
periodically by an attached electric heater. The temperature 
variations received by thermocouples at the both ends are 
plotted on a chart recorder (Figure 2). From the amplitude 
ratio and the phase difference of the temperature, the heating 
period and the sample length, we determine the thermal 
diffusivity. In order to minimize futile heat flux through 
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Approaches to thermal conductivity of insulators
1.  Determine phonon behavior
2.  Measure heat flow via Q=dT/dx



Thermal Conductivity of Materials
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Thermal Conductivity in Crystalline Insulators:
Momentum transfer due to phonon interactions

Phonon dispersion curve of diamond 
Warren et al., 1967



Approaches to thermal conductivity of insulators
1.  Determine phonon behavior-experiment/theory
2.  Measure heat flow directly via Q=dT/dx

MgO
Tang & Dong, 2010



Approaches to thermal conductivity of insulators
1.  Determine phonon behavior-experiment/theory
2.  Measure heat flow directly via Q=dT/dx

Thermal 
conductivity of 
MgO shows good 
agreement between 
theory and 
experiment

Tang & Dong 2010
de Koker 2009

!



Thermal Conductivity of MgSiO3-pv 
and Heat Transport in the Earth’s Mantle

Xiaoli Tang (Now at: CalTech, Applied Physics)
Abby Kavner (Earth & Space Science, UCLA)
Jianjun Dong (Physics, Auburn University)
Laurent Pilon (Mech E., UCLA)
Emma Rainey (Earth & Space Science, UCLA)



Approach:  Solve the Peierls-Boltzmann 
kinetic transport equation for phonons
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Integrate over all phonon 
modes in three dimensions
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              Heat Capacity CV   

•Heat capacity only varies in low-temperature range (T<θD).
•Heat capacity changes insignificantly with pressure. 

k=Cv vg2 τ



    Phonon Group Velocity Vg               

• Phonon frequencies increase as pressure goes up.
• Overall phonon group velocity also increases at higher pressure.
• Mode-by-mode group velocities have large variablility

k=Cv vg2 τ



      Phonon Life Time 

Typical
τeff

τeff(acoustic)

T=300K 

(ps)

τeff(acoustic)

T=3000K

(ps)

τeff(optic)

T=300K 
(ps)

τeff(optic)

T=3000K 
(ps)

MgSiO3 1.7 0.14 0.16 0.008

MgO 8.5 3.03 0.91 0.34

MgSiO3:  (3 acoustic + 57 optic)  v.s  MgO: (3 acoustic + 3 optic)

Phonon lifetimes are much smaller in MgSiO3 than in MgO

k=Cv vg2 τ

� 

τ eff



Mode contributions: optic vs. acoustic
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Results--Thermal conductivity MgSiO3
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Additional considerations 
for Earth’s mantle

1. Effect of iron
2. Radiative contribution to heat flow
3. Composite material

23

✔1.  Changes mass
✔2.  Adds impurities
   3.  Chemical effects

for now: 
i.  Fe+2 substitution for Mg+2

    ii. high spin in Pv
iii. low spin in MgO

Reference : Moses C. Natm,  Jianjun Dong,
manuscript in preparation



 Thermal conductivity (Mg.85,Fe.15)SiO3
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Additional considerations 
for Earth’s mantle

1. Effect of iron
2. Radiative contribution to heat flow
3. Composite material

Stark Number:
Non dimensional 
parameter to determine 
relative importance of 
radiative transport
N=κcondαabs/4σT3

1/αabs ~absorption 
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kc~ perovskite 
(Tang et al. 2011)



Competing Measurements of Absorption Coefficients

A.F. Goncharov et al. / Physics of the Earth and Planetary Interiors 174 (2009) 24–32 29

finally note that our modeling involves a temperature-independent
thermal diffusion coefficient which represents the averaged over
the experimentally accessible temperature range value of D.

For the thermal diffusivity of MgO, we observe fair agreement
between our measured value at 6 GPa and 2500 K, and a previous
ambient pressure extrapolation to high temperature (Hofmeister,
1999). Our data are also in fair agreement with high-pressure
experimental data at room temperature and 100 !C (Yukatake and
Shimada, 1978; MacPherson and Schloessin, 1982; Katsura, 1997).
The pressure dependence of the thermal diffusivity (Fig. 6) deter-
mined in this work allows us to examine the validity of different
models that have been proposed to express variations of klatt with
compression.

Details on the models described below can be found in the
literature (i.e., Ross et al., 1984; Hofmeister, 2007; Hofmeister et
al., 2007). A convenient way is to define the density dependence
through the g parameter:

g =
!

! ln klatt
! ln "

"

T

(3)

According to Ross et al. (1984) g for non-metallic solids can be
written as

g = 3# + 2q " 1
3

(4)

# can be approximated as the thermodynamic Grüneisen parame-
ter and q is its density dependence q = (! ln #/! ln ")T which may be
considered a measure of bulk anharmonic effects.

Although the validity of Eq. (4) has been questioned (Hofmeister,
2007), it enables one to quantify the density dependence of k.
For materials we studied (KCl, NaCl, MgO), the photon mean
free path is much larger than the sample size. We can thus rea-
sonably neglect the radiative contribution to thermal diffusivity
(krad # klatt) (Hofmeister, 2005). Then:

g =
!

! ln klatt
! ln "

"

T

$
!

! ln kTot

! ln "

"

T

Our values of g in KCl, NaCl, and MgO determined from the exper-
iments performed under pressures up to 34 GPa (Beck et al., 2007)
are significantly lower than those obtained in the lower pressure

studies (up to 2 GPa) for a variety of crystal structures, including
our materials of study (g = 6–12) (Ross et al., 1984). Perhaps, this
difference can be explained by a decrease in anharmonic effects
with pressure (q % 0), in which case g should decrease to 3# " 1/3
for solids in a limit of high pressures.

An alternative model has been proposed by Hofmeister (2007)
based on description of phonons in the damped harmonic oscillator
model. The most simplified of them predicts the thermal diffusivity
to follow the pressure dependence of the bulk modulus:

d ln(klatt)
dP

= d ln K
dP

, (5)

where K is the bulk modulus.
The Ross and Hofmeister models were applied to MgO to

compare with the experimentally determined thermal diffusivity
(Fig. 6). We calculated the expected density dependence of thermal
diffusivity using Hofmeister Eq. (5), using volume-dependent val-
ues of g and q deduced from the thermal equation of state (Speziale
et al., 2001) and also using Ross Eq. (4) (with q = 0). Our results are
in a reasonable agreement with both models given relatively large
experimental uncertainties.

3.2. Radiative conductivity

The lower mantle constitutes roughly half of the planet’s
mass and is thought to consist of about 80% silicate perovskite
(Mg,Fe)SiO3 and 20% ferropericlase (Mg,Fe)O each with 10–20% iron
depending on temperature and depth. Iron-free materials such as
enstatite (MgSiO3) and periclase are insulators with a wide band
gap, so they are transparent in this spectral range. In Fe-bearing
minerals, the major absorption band is believed to be caused by
a crystal-field transition of high-spin Fe2+ ion. This transition is
split into several components by the Jahn–Teller effect; the num-
ber of components and the symmetry of the ground and excited
states are determined by a local symmetry of the iron ion envi-
ronment. In ferropericlase the 5T2g % 5Eg crystal-field transition of
Fe2+ ion in an octahedral site is split into two components; in silicate
perovskite 5Eg % 5T2g crystal-field transition of Fe2+ ion in a dodec-
ahedral site is split into three components (Burns, 1993). These
transitions are in near infrared spectral range (7000–12,500 cm"1)
and they are expected to increase gradually in frequency with

Fig. 7. Optical absorption spectra of (a) ferropericlase (15 mol% Fe) and (b) and silicate perovskite (10 mol% Fe) up to 133 GPa at room temperature.

Physics of the Earth and Planetary Interiors 174 (2009) 24–32

Contents lists available at ScienceDirect

Physics of the Earth and Planetary Interiors

journa l homepage: www.e lsev ier .com/ locate /pepi

Thermal conductivity of lower-mantle minerals

Alexander F. Goncharova,!, Pierre Becka, Viktor V. Struzhkina,
Benjamin D. Haugena,b, Steven D. Jacobsenc

a Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road N.W., Washington, DC 20015-1305, USA
b Department of Geological Sciences, University of Colorado, Boulder, CO 80309, USA
c Department of Earth and Planetary Sciences, Northwestern University, Evanston, IL 60208, USA

a r t i c l e i n f o

Article history:
Received 17 October 2007
Received in revised form 15 April 2008
Accepted 23 July 2008

Keywords:
Earth’s mantle dynamics
Thermal conductivity
Lower mantle
Iron containing minerals
Electronic spin transition
High pressure
Optical properties
Diamond anvil cell

a b s t r a c t

Geodynamic models of heat transport and the thermal evolution of Earth’s interior require knowledge of
thermal conductivity for high-pressure phases at relevant temperatures and pressures. Here we present
new data on radiative and lattice heat transfer in mantle materials determined from optical spectroscopy
and time-resolved optical radiometry. The pressure dependence of optical absorption in ferropericlase
(Mg,Fe)O, and silicate perovskite (Mg,Fe)SiO3, has been determined in the IR through UV regions up to
133 GPa. Whereas (Mg,Fe)O exhibits a strong pressure dependence of absorption and spectral changes
associated with the high-spin (HS) to low-spin (LS) transition of Fe2+ [Goncharov, A.F., Struzhkin, V.V.,
Jacobsen, S.D. 2006. Reduced radiative conductivity of low-spin (Mg,Fe)O in the lower mantle. Science 312,
1205–1208], the pressure dependence of optical absorption in (Mg,Fe)SiO3 is relatively weak. We observe
a moderate increase in absorption with pressure for (Mg,Fe)SiO3 in the visible and infrared spectral range
due to a red-shift of absorption in ultraviolet, however the crystal-field transitions of Fe2+ become weaker
with pressure and disappear above 50 GPa as a result of the HS–LS transition in (Mg,Fe)SiO3. Intervalence
charge-transfer transitions in silicate perovskite shift to higher energies with pressure. The tempera-
ture dependence of the optical absorption of (Mg,Fe)O measured up to 65 GPa and 800 K is moderate
below 30 GPa and weak above 30 GPa. Thus, the temperature correction of the radiative conductivity is
insignificant. The estimated total pressure-dependent radiative conductivity (in approximation of a large
grain size) is lower than expected from the pressure extrapolation of the ambient and low-pressure data
[Hofmeister, A.M., 1999. Mantle values of thermal conductivity and the geotherm from phonon lifetimes.
Science 283, 1699–1706; Hofmeister, A.M., 2005. Dependence of diffusive radiative transfer on grain-size,
temperature, and Fe-content: implications for mantle processes. J. Geodyn. 40, 51–72]. A new method
has been developed to measure thermal diffusivity of mantle materials at high P–T using time-resolved
radiometry combined with a pulsed-IR source. Here, the technique is tested on MgO to 32 GPa and used
to obtain a functional pressure dependence of thermal diffusivity and calculated thermal conductivity of
the lower mantle.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The lower mantle is thought to consist mainly of silicate per-
ovskite (Mg,Fe)SiO3 (PV), and ferropericlase (Mg,Fe)O (FP), which
are electrically insulating materials that can transport heat by both
lattice vibrations (phonons) and radiation (photons). However, val-
ues for lattice (klatt) and radiative conductivity (krad) for these
materials have not been determined at lower-mantle pressures
and temperatures. The importance of temperature and pressure-
dependent thermal conductivity (Hofmeister, 1999; Hofmeister

! Corresponding author. Tel.: +1 202 478 8947.
E-mail address: goncharov@gl.ciw.edu (A.F. Goncharov).

and Yuen, 2007) has been recognized in recent geodynamic models
of mantle convection, which incorporate variable thermal conduc-
tivity (Dubuffet et al., 2002) and variable viscosity (Yanagawa et
al., 2005; van den Berg et al., 2005). Likewise, optical properties of
minerals under relevant conditions are also necessary for model-
ing the heat transport (Hofmeister, 1999, 2005, 2007) because they
directly affect radiative heat transfer.

Electronic spin-pairing transitions of iron at lower-mantle pres-
sures (60–120 GPa) in ferropericlase (Badro et al., 2003; Lin et al.,
2005; Speziale et al., 2005; Persson et al., 2006; Tsuchiya et al.,
2006) and silicate perovskite (Badro et al., 2004; Li et al., 2004,
2005; Jackson et al., 2005) may also affect the crystal-field dipole
active transitions (Goncharov et al., 2006; Keppler et al., 2007).
Changes in the optical properties of iron-bearing phases associated

0031-9201/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.pepi.2008.07.033

and because only about half of the iron in the
sample is in the Fe2+ state. The high concentration
of Fe3+ even under reducing conditions is char-
acteristic of Al-bearing silicate perovskites.

The spectra in Fig. 1 were deconvoluted into a
linear baseline, a Gaussian peak describing the
intervalence charge transfer band, and a Lorentz
peak describing the high-frequency slope. The
intensity of the intervalence charge transfer band
increased between 1 bar and 47 GPa. From 47 to
125 GPa, it shifted continuously in frequency
from 15,060 cm!1 to 19,377 cm!1, whereas both
absorbance (0.312 T 0.065) andwidth (14,732 cm
!1 T 1342 cm!1) remained unchanged within the
error limits of the deconvolution. The frequency
shift of the intervalence charge transfer band can
be approximately described by the equation ñ =
9382.9 + 161.69P – 0.6681P2, where ñ is wave
number in cm!1 andP is pressure inGPa. There is
no obvious evidence in the spectra for spin-
pairing of either Fe3+ or Fe2+. If spin-pairing or
partial spin-pairing does indeed occur in silicate
perovskite over the pressure range studied, its
effects on optical absorbance are negligible.

The spectra in Fig. 1 show that the changes
in optical absorption up to 125 GPa are subtle
and that the sample does not become opaque at
high pressure. A visual inspection of the sample
in the diamond cell (Fig. 2) also shows that silicate
perovskite is still quite transparent at 125GPa, and
the color is not very different from the color at
ambient pressure. A similar observation can be
made for ferropericlase (11), the second most
abundant phase in the lower mantle (Fig. 2).

From optical absorption spectra, the radiative
thermal conductivity can be calculated (2–5). The
radiative thermal conductivity, kR, is given by

kR ! 16n2sT 3

3aR
"1#

where n is the refractive index of the medium, s
is the Stefan-Boltzmann constant, T is temper-
ature in K, and aR is the Rosseland mean ab-
sorption coefficient, which is defined by

1
aR

!
"
#

0

1
a"n#

de"n,T#
dT

dn

"
#

0

de"n,T#
dT dn

"2#

where e(n,T) is the Planck blackbody emission
function. The Rosseland mean absorption coeffi-
cient is essentially a weighed average of the mea-
sured absorption coefficient a(n). The weighing
function is the temperature derivative of the Planck
emission function. As a result, the Rosseland
mean absorption coefficient is dominated by the
absorption coefficient measured close to the fre-
quencies of maximum blackbody emission. The
absorption coefficient used in the calculation of
radiative conductivity has its basis in the natural
logarithm of light intensity, whereas the absorp-
tion coefficient used in spectroscopy is usually
defined on the basis of the decadic logarithm.

Radiative heat transport can be accurately de-
scribed by the formalism outlined above if the
medium is optically thick, that is, if the average
photon path length is much smaller than the di-
mension of the medium. From the spectra in
Fig. 1, one can estimate a typical photon path
length on the order of 100 to 200 mm. This means
that, for a grain size of several millimeters or
more, the radiative contribution to heat conduc-
tion should be properly described. Considering
the high temperatures in the lower mantle and
that recrystallization of grains is thermally ac-
tivated, it is plausible to assume that the grains in
the lower mantle will be this size or larger.

To calculate the radiative thermal conductiv-
ity of silicate perovskite as a function of tem-
perature (Fig. 3) from the 1-bar and the 125-GPa
spectra, we first corrected the measured spectra
for reflection losses on the sample surface by
using a frequency-independent refractive index
of 1.8 (12, 16). At the highest temperatures ex-
pected near the core mantle boundary, the radia-
tive thermal conductivity approaches 10 W m!1

K!1. However, the increase of radiative thermal
conductivity is weaker than expected from a T3

dependency because with increasing temperature
the maximum of the blackbody radiation moves
toward higher frequencies, where perovskite ab-
sorbs more strongly. For example, the Rosseland
mean absorption coefficient calculated from the
125 GPa spectrum increases from 4.07 mm!1

for 1500 K to 12.3 mm!1 for 4500 K. Therefore,
over the same temperature range, radiative con-
ductivity increases only from 0.815 Wm!1 K!1 to
7.27 W m!1 K!1, whereas from a T3 dependency

an increase to 22.0 W m!1 K!1 would have been
expected.

Absorption spectra may change with temper-
ature, and therefore a calculation of the actual
mantle radiative thermal conductivity requires
measurements of optical absorption at combined
lower mantle pressures and temperatures. Such
measurements are currently not feasible. How-
ever, it is possible to predict how the absorption
spectra may change with temperature. Crystal
field bands at low frequencies and the inter-
valence change transfer band in the visible range
interact with most of the blackbody emission.
Crystal field bands are strictly symmetry for-
bidden. They can be activated by either static or
dynamic distortions in the environment that re-
move the center of symmetry of the involved
d orbitals. Fe2+ in the perovskite structure is
located on a distorted dodecahedral site with site
symmetry m (17), that is, without a center of
symmetry. In this case, coupling with vibrations
is not required to lift the Laporte selection rule,
and accordingly the intensity of these bands is
expected to be nearly independent of temper-
ature, as has been verified for Fe in the acentric
M2 site of olivine (18). Also, the extinction coef-
ficients of transition metals in acentric sites in
silicate melts vary little up to 1400°C (19). On the
other hand, many intervalence charge transfer
bands, such as the one observed in the perovskite
spectra, are known to decrease in intensity with
temperature (20). This trend implies that, at high
pressures and temperatures, the actual absorption
spectrum of perovskite may resemble the spec-
trum measured at 1 bar, where the intervalence

Fig. 1. Near-infrared and optical absorption spectra of silicate perovskite to 125 GPa. The 1-bar
spectrum is shown as measured; the other spectra are offset vertically for clarity. Without offset, the low-
frequency parts of the spectra below 7500 cm!1 would nearly coincide. Sample thickness at ambient
pressure is 30 mm. On the right-hand side of the diagram, absorption coefficients based on the decadic
logarithm and normalized to this sample thickness are given. Because of the compression of the sample,
the absorption coefficients increase by about 9% relative to these values at 125 GPa. To obtain absorption
coefficients based on the natural logarithm, which are used in Eq. 2, the absorption coefficients shown in
this figure have to be multiplied with ln10 = 2.30. The position of the maxima of thermal blackbody
radiation at different temperatures is also shown for reference. The slight oscillations at low frequency in
some spectra are artifacts (interference fringes). The small peak seen in some spectra close to 10,000 cm!1

is probably not real; it is likely related to the change in detector close to this frequency.
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We conclude that with our measurement we
can put an upper limit of 34 as on a DtD in the
nonadiabatic tunneling regime with a g ranging
from 1.45 to 1.17. Quantum mechanical simula-
tions using the time-dependent Schrödinger equa-
tion predict instantaneous ionization with no angular
delay. We measured a weighted intensity-averaged
tunneling delay time of 6.0 as with a standard de-
viation of the weighted mean of 5.6 as, which
would result in an intensity-averaged upper limit
of 12 as (21). Our experiments access a tunneling
delay time in a conceptually well-definedmanner
that is closely related to the successful three-step
model in high harmonic generation (8). We can
clearly distinguish between the tunneling process
and the consecutive acceleration of the free elec-
tron in the close-to-circular polarized laser field.
This has given us direct experimental access to
the tunneling delay time with a time accuracy of
a few tens of attoseconds using attosecond an-
gular streaking (17). The measured upper limit of
the tunneling delay time is much shorter than the
Buttiker-Landauer traversal time, DtT, which for
the present conditions is predicted to range be-

tween 450 and 560 as. We reiterate that the
Buttiker-Landauer traversal time, DtT, considers
an entirely different aspect of the tunneling pro-
cess. Our experimental results give a strong indi-
cation that there is no real tunneling delay time,
and we expect that this conclusion will shed some
light on the ongoing theoretical discussion on tun-
neling time.
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Optical Absorption and Radiative
Thermal Conductivity of Silicate
Perovskite to 125 Gigapascals
Hans Keppler,1* Leonid S. Dubrovinsky,1 Olga Narygina,1 Innokenty Kantor1,2

Mantle convection and plate tectonics are driven by the heat flow from Earth’s core to the surface.
The radiative contribution to heat transport is usually assumed to be negligible. Here, we report the
near-infrared and optical absorption spectra of silicate perovskite, the main constituent of the
lower mantle, to 125 gigapascals. Silicate perovskite remains quite transparent up to the pressures
at the core-mantle boundary. Estimates of radiative thermal conductivity derived from these
spectra approach 10 watts meter!1 kelvin!1 at lowermost mantle conditions, implying that heat
conduction is dominated by radiation. However, the increase in radiative conductivity with
temperature (T) is less pronounced than expected from a T3 dependency.

Temperatures near Earth’s core-mantle
boundary are believed to be between
3300 and 4300 K (1). At these temper-

atures, onewould expect heat transfer by radiation
to be important because radiative thermal con-
ductivity should increase with the third power of
temperature (2–5). However, early experimental
work appeared to imply that iron-bearing min-
erals generally become optically opaque already
at moderately high pressures (6). Therefore, it has
been thought that the minerals in Earth’s lower
mantle absorb radiation so strongly that the con-
tribution of radiation to heat transport is negligible
(1). Recently, the discovery of spin-pairing in

mantle minerals under high pressure (7) has led to
a renewed interest in radiative conductivity, be-
cause spin-pairing could potentially change opti-
cal absorption spectra drastically and it may
therefore have a strong effect on radiative heat
transport (8, 9). At the same time, recent optical
absorption measurements at high pressures sug-
gested that iron-bearing mantle minerals do not
necessarily become opaque at high pressures
(10, 11). Rather, the changes in optical absorption
with pressure strongly depend on the content and
particularly on the oxidation state of iron in the
sample. For example, ferropericlase, (Mg,Fe)O,
synthesized at low pressures becomes optically
opaque at high pressure because of its high
Fe3+ content (9). However, samples annealed at
25 GPa have much lower concentrations of Fe3+

and remain optically transparent to deep lower
mantle pressures (11). We therefore studied the
optical absorption spectrum of aluminous silicate

perovskite, the main constituent of Earth’s lower
mantle, to 125 GPa, corresponding to the pres-
sure near the core-mantle boundary. Perovskite is
expected to be stable in the hot areas above the
core-mantle boundary, which are the roots of
mantle plumes, whereas it probably transforms to
post-perovskite in cooler areas (1).

A sample of aluminous silicate perovskite
with composition (Mg0.892Fe

2+
0.059Fe

3+
0.042)

(Si0.972Al0.028)O3 according to electron micro-
probe and Mößbauer data was synthesized from
glass powder at 25 GPa and 2000°C in a multi-
anvil press using a Re capsule. A doubly polished,
optically clear piece of a crystal with 30-mm thick-
ness was loaded into a modified Merrill Bassett
diamond anvil cell. Pressure medium was neon;
pressurewasmeasured by ruby fluorescence.Near-
infrared and optical absorption spectra were col-
lectedwith use of a Bruker IFS 125 (BrukerOptics,
Karlsruhe, Germany) Fourier transform spectrom-
eter together with an all-reflectingmicroscope (12).

The measured absorption spectra from 1 bar
to 125 GPa is shown in Fig. 1. The main feature
seen is a broad band located between about
15,000 cm!1 and 20,000 cm!1, depending on
pressure. Position and width of this band are
characteristic for a Fe2+-Fe3+ intervalence charge
transfer band; that is, light absorption is caused
by the transfer of electrons from Fe2+ ions to
neighboring Fe3+ ions (13, 14). The increasing
absorption at high wave numbers is probably
related to O2–-Fe3+ ligand-to-metal charge trans-
fer. The crystal field bands of Fe2+ are not visible
in these spectra, although they can be found
around 7000 cm!1 in the absorption spectrum
of aluminum-free (Mg,Fe)SiO3 perovskite (15).
The invisibility of these bands is probably a com-
bined result of their generally low intensity and the
overlapwith the intervalence charge transfer bands

1Bayerisches Geoinstitut, Universität Bayreuth, 95440 Bayreuth,
Germany. 2Advanced Photon Source, Argonne National Labora-
tory, Argonne, IL 60439, USA.
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finally note that our modeling involves a temperature-independent
thermal diffusion coefficient which represents the averaged over
the experimentally accessible temperature range value of D.

For the thermal diffusivity of MgO, we observe fair agreement
between our measured value at 6 GPa and 2500 K, and a previous
ambient pressure extrapolation to high temperature (Hofmeister,
1999). Our data are also in fair agreement with high-pressure
experimental data at room temperature and 100 !C (Yukatake and
Shimada, 1978; MacPherson and Schloessin, 1982; Katsura, 1997).
The pressure dependence of the thermal diffusivity (Fig. 6) deter-
mined in this work allows us to examine the validity of different
models that have been proposed to express variations of klatt with
compression.

Details on the models described below can be found in the
literature (i.e., Ross et al., 1984; Hofmeister, 2007; Hofmeister et
al., 2007). A convenient way is to define the density dependence
through the g parameter:

g =
!

! ln klatt
! ln "

"

T

(3)

According to Ross et al. (1984) g for non-metallic solids can be
written as

g = 3# + 2q " 1
3

(4)

# can be approximated as the thermodynamic Grüneisen parame-
ter and q is its density dependence q = (! ln #/! ln ")T which may be
considered a measure of bulk anharmonic effects.

Although the validity of Eq. (4) has been questioned (Hofmeister,
2007), it enables one to quantify the density dependence of k.
For materials we studied (KCl, NaCl, MgO), the photon mean
free path is much larger than the sample size. We can thus rea-
sonably neglect the radiative contribution to thermal diffusivity
(krad # klatt) (Hofmeister, 2005). Then:

g =
!

! ln klatt
! ln "

"

T

$
!

! ln kTot

! ln "

"

T

Our values of g in KCl, NaCl, and MgO determined from the exper-
iments performed under pressures up to 34 GPa (Beck et al., 2007)
are significantly lower than those obtained in the lower pressure

studies (up to 2 GPa) for a variety of crystal structures, including
our materials of study (g = 6–12) (Ross et al., 1984). Perhaps, this
difference can be explained by a decrease in anharmonic effects
with pressure (q % 0), in which case g should decrease to 3# " 1/3
for solids in a limit of high pressures.

An alternative model has been proposed by Hofmeister (2007)
based on description of phonons in the damped harmonic oscillator
model. The most simplified of them predicts the thermal diffusivity
to follow the pressure dependence of the bulk modulus:

d ln(klatt)
dP

= d ln K
dP

, (5)

where K is the bulk modulus.
The Ross and Hofmeister models were applied to MgO to

compare with the experimentally determined thermal diffusivity
(Fig. 6). We calculated the expected density dependence of thermal
diffusivity using Hofmeister Eq. (5), using volume-dependent val-
ues of g and q deduced from the thermal equation of state (Speziale
et al., 2001) and also using Ross Eq. (4) (with q = 0). Our results are
in a reasonable agreement with both models given relatively large
experimental uncertainties.

3.2. Radiative conductivity

The lower mantle constitutes roughly half of the planet’s
mass and is thought to consist of about 80% silicate perovskite
(Mg,Fe)SiO3 and 20% ferropericlase (Mg,Fe)O each with 10–20% iron
depending on temperature and depth. Iron-free materials such as
enstatite (MgSiO3) and periclase are insulators with a wide band
gap, so they are transparent in this spectral range. In Fe-bearing
minerals, the major absorption band is believed to be caused by
a crystal-field transition of high-spin Fe2+ ion. This transition is
split into several components by the Jahn–Teller effect; the num-
ber of components and the symmetry of the ground and excited
states are determined by a local symmetry of the iron ion envi-
ronment. In ferropericlase the 5T2g % 5Eg crystal-field transition of
Fe2+ ion in an octahedral site is split into two components; in silicate
perovskite 5Eg % 5T2g crystal-field transition of Fe2+ ion in a dodec-
ahedral site is split into three components (Burns, 1993). These
transitions are in near infrared spectral range (7000–12,500 cm"1)
and they are expected to increase gradually in frequency with

Fig. 7. Optical absorption spectra of (a) ferropericlase (15 mol% Fe) and (b) and silicate perovskite (10 mol% Fe) up to 133 GPa at room temperature.
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a b s t r a c t

Geodynamic models of heat transport and the thermal evolution of Earth’s interior require knowledge of
thermal conductivity for high-pressure phases at relevant temperatures and pressures. Here we present
new data on radiative and lattice heat transfer in mantle materials determined from optical spectroscopy
and time-resolved optical radiometry. The pressure dependence of optical absorption in ferropericlase
(Mg,Fe)O, and silicate perovskite (Mg,Fe)SiO3, has been determined in the IR through UV regions up to
133 GPa. Whereas (Mg,Fe)O exhibits a strong pressure dependence of absorption and spectral changes
associated with the high-spin (HS) to low-spin (LS) transition of Fe2+ [Goncharov, A.F., Struzhkin, V.V.,
Jacobsen, S.D. 2006. Reduced radiative conductivity of low-spin (Mg,Fe)O in the lower mantle. Science 312,
1205–1208], the pressure dependence of optical absorption in (Mg,Fe)SiO3 is relatively weak. We observe
a moderate increase in absorption with pressure for (Mg,Fe)SiO3 in the visible and infrared spectral range
due to a red-shift of absorption in ultraviolet, however the crystal-field transitions of Fe2+ become weaker
with pressure and disappear above 50 GPa as a result of the HS–LS transition in (Mg,Fe)SiO3. Intervalence
charge-transfer transitions in silicate perovskite shift to higher energies with pressure. The tempera-
ture dependence of the optical absorption of (Mg,Fe)O measured up to 65 GPa and 800 K is moderate
below 30 GPa and weak above 30 GPa. Thus, the temperature correction of the radiative conductivity is
insignificant. The estimated total pressure-dependent radiative conductivity (in approximation of a large
grain size) is lower than expected from the pressure extrapolation of the ambient and low-pressure data
[Hofmeister, A.M., 1999. Mantle values of thermal conductivity and the geotherm from phonon lifetimes.
Science 283, 1699–1706; Hofmeister, A.M., 2005. Dependence of diffusive radiative transfer on grain-size,
temperature, and Fe-content: implications for mantle processes. J. Geodyn. 40, 51–72]. A new method
has been developed to measure thermal diffusivity of mantle materials at high P–T using time-resolved
radiometry combined with a pulsed-IR source. Here, the technique is tested on MgO to 32 GPa and used
to obtain a functional pressure dependence of thermal diffusivity and calculated thermal conductivity of
the lower mantle.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The lower mantle is thought to consist mainly of silicate per-
ovskite (Mg,Fe)SiO3 (PV), and ferropericlase (Mg,Fe)O (FP), which
are electrically insulating materials that can transport heat by both
lattice vibrations (phonons) and radiation (photons). However, val-
ues for lattice (klatt) and radiative conductivity (krad) for these
materials have not been determined at lower-mantle pressures
and temperatures. The importance of temperature and pressure-
dependent thermal conductivity (Hofmeister, 1999; Hofmeister

! Corresponding author. Tel.: +1 202 478 8947.
E-mail address: goncharov@gl.ciw.edu (A.F. Goncharov).

and Yuen, 2007) has been recognized in recent geodynamic models
of mantle convection, which incorporate variable thermal conduc-
tivity (Dubuffet et al., 2002) and variable viscosity (Yanagawa et
al., 2005; van den Berg et al., 2005). Likewise, optical properties of
minerals under relevant conditions are also necessary for model-
ing the heat transport (Hofmeister, 1999, 2005, 2007) because they
directly affect radiative heat transfer.

Electronic spin-pairing transitions of iron at lower-mantle pres-
sures (60–120 GPa) in ferropericlase (Badro et al., 2003; Lin et al.,
2005; Speziale et al., 2005; Persson et al., 2006; Tsuchiya et al.,
2006) and silicate perovskite (Badro et al., 2004; Li et al., 2004,
2005; Jackson et al., 2005) may also affect the crystal-field dipole
active transitions (Goncharov et al., 2006; Keppler et al., 2007).
Changes in the optical properties of iron-bearing phases associated

0031-9201/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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and because only about half of the iron in the
sample is in the Fe2+ state. The high concentration
of Fe3+ even under reducing conditions is char-
acteristic of Al-bearing silicate perovskites.

The spectra in Fig. 1 were deconvoluted into a
linear baseline, a Gaussian peak describing the
intervalence charge transfer band, and a Lorentz
peak describing the high-frequency slope. The
intensity of the intervalence charge transfer band
increased between 1 bar and 47 GPa. From 47 to
125 GPa, it shifted continuously in frequency
from 15,060 cm!1 to 19,377 cm!1, whereas both
absorbance (0.312 T 0.065) andwidth (14,732 cm
!1 T 1342 cm!1) remained unchanged within the
error limits of the deconvolution. The frequency
shift of the intervalence charge transfer band can
be approximately described by the equation ñ =
9382.9 + 161.69P – 0.6681P2, where ñ is wave
number in cm!1 andP is pressure inGPa. There is
no obvious evidence in the spectra for spin-
pairing of either Fe3+ or Fe2+. If spin-pairing or
partial spin-pairing does indeed occur in silicate
perovskite over the pressure range studied, its
effects on optical absorbance are negligible.

The spectra in Fig. 1 show that the changes
in optical absorption up to 125 GPa are subtle
and that the sample does not become opaque at
high pressure. A visual inspection of the sample
in the diamond cell (Fig. 2) also shows that silicate
perovskite is still quite transparent at 125GPa, and
the color is not very different from the color at
ambient pressure. A similar observation can be
made for ferropericlase (11), the second most
abundant phase in the lower mantle (Fig. 2).

From optical absorption spectra, the radiative
thermal conductivity can be calculated (2–5). The
radiative thermal conductivity, kR, is given by

kR ! 16n2sT 3

3aR
"1#

where n is the refractive index of the medium, s
is the Stefan-Boltzmann constant, T is temper-
ature in K, and aR is the Rosseland mean ab-
sorption coefficient, which is defined by

1
aR

!
"
#

0

1
a"n#

de"n,T#
dT

dn

"
#

0

de"n,T#
dT dn

"2#

where e(n,T) is the Planck blackbody emission
function. The Rosseland mean absorption coeffi-
cient is essentially a weighed average of the mea-
sured absorption coefficient a(n). The weighing
function is the temperature derivative of the Planck
emission function. As a result, the Rosseland
mean absorption coefficient is dominated by the
absorption coefficient measured close to the fre-
quencies of maximum blackbody emission. The
absorption coefficient used in the calculation of
radiative conductivity has its basis in the natural
logarithm of light intensity, whereas the absorp-
tion coefficient used in spectroscopy is usually
defined on the basis of the decadic logarithm.

Radiative heat transport can be accurately de-
scribed by the formalism outlined above if the
medium is optically thick, that is, if the average
photon path length is much smaller than the di-
mension of the medium. From the spectra in
Fig. 1, one can estimate a typical photon path
length on the order of 100 to 200 mm. This means
that, for a grain size of several millimeters or
more, the radiative contribution to heat conduc-
tion should be properly described. Considering
the high temperatures in the lower mantle and
that recrystallization of grains is thermally ac-
tivated, it is plausible to assume that the grains in
the lower mantle will be this size or larger.

To calculate the radiative thermal conductiv-
ity of silicate perovskite as a function of tem-
perature (Fig. 3) from the 1-bar and the 125-GPa
spectra, we first corrected the measured spectra
for reflection losses on the sample surface by
using a frequency-independent refractive index
of 1.8 (12, 16). At the highest temperatures ex-
pected near the core mantle boundary, the radia-
tive thermal conductivity approaches 10 W m!1

K!1. However, the increase of radiative thermal
conductivity is weaker than expected from a T3

dependency because with increasing temperature
the maximum of the blackbody radiation moves
toward higher frequencies, where perovskite ab-
sorbs more strongly. For example, the Rosseland
mean absorption coefficient calculated from the
125 GPa spectrum increases from 4.07 mm!1

for 1500 K to 12.3 mm!1 for 4500 K. Therefore,
over the same temperature range, radiative con-
ductivity increases only from 0.815 Wm!1 K!1 to
7.27 W m!1 K!1, whereas from a T3 dependency

an increase to 22.0 W m!1 K!1 would have been
expected.

Absorption spectra may change with temper-
ature, and therefore a calculation of the actual
mantle radiative thermal conductivity requires
measurements of optical absorption at combined
lower mantle pressures and temperatures. Such
measurements are currently not feasible. How-
ever, it is possible to predict how the absorption
spectra may change with temperature. Crystal
field bands at low frequencies and the inter-
valence change transfer band in the visible range
interact with most of the blackbody emission.
Crystal field bands are strictly symmetry for-
bidden. They can be activated by either static or
dynamic distortions in the environment that re-
move the center of symmetry of the involved
d orbitals. Fe2+ in the perovskite structure is
located on a distorted dodecahedral site with site
symmetry m (17), that is, without a center of
symmetry. In this case, coupling with vibrations
is not required to lift the Laporte selection rule,
and accordingly the intensity of these bands is
expected to be nearly independent of temper-
ature, as has been verified for Fe in the acentric
M2 site of olivine (18). Also, the extinction coef-
ficients of transition metals in acentric sites in
silicate melts vary little up to 1400°C (19). On the
other hand, many intervalence charge transfer
bands, such as the one observed in the perovskite
spectra, are known to decrease in intensity with
temperature (20). This trend implies that, at high
pressures and temperatures, the actual absorption
spectrum of perovskite may resemble the spec-
trum measured at 1 bar, where the intervalence

Fig. 1. Near-infrared and optical absorption spectra of silicate perovskite to 125 GPa. The 1-bar
spectrum is shown as measured; the other spectra are offset vertically for clarity. Without offset, the low-
frequency parts of the spectra below 7500 cm!1 would nearly coincide. Sample thickness at ambient
pressure is 30 mm. On the right-hand side of the diagram, absorption coefficients based on the decadic
logarithm and normalized to this sample thickness are given. Because of the compression of the sample,
the absorption coefficients increase by about 9% relative to these values at 125 GPa. To obtain absorption
coefficients based on the natural logarithm, which are used in Eq. 2, the absorption coefficients shown in
this figure have to be multiplied with ln10 = 2.30. The position of the maxima of thermal blackbody
radiation at different temperatures is also shown for reference. The slight oscillations at low frequency in
some spectra are artifacts (interference fringes). The small peak seen in some spectra close to 10,000 cm!1

is probably not real; it is likely related to the change in detector close to this frequency.
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We conclude that with our measurement we
can put an upper limit of 34 as on a DtD in the
nonadiabatic tunneling regime with a g ranging
from 1.45 to 1.17. Quantum mechanical simula-
tions using the time-dependent Schrödinger equa-
tion predict instantaneous ionization with no angular
delay. We measured a weighted intensity-averaged
tunneling delay time of 6.0 as with a standard de-
viation of the weighted mean of 5.6 as, which
would result in an intensity-averaged upper limit
of 12 as (21). Our experiments access a tunneling
delay time in a conceptually well-definedmanner
that is closely related to the successful three-step
model in high harmonic generation (8). We can
clearly distinguish between the tunneling process
and the consecutive acceleration of the free elec-
tron in the close-to-circular polarized laser field.
This has given us direct experimental access to
the tunneling delay time with a time accuracy of
a few tens of attoseconds using attosecond an-
gular streaking (17). The measured upper limit of
the tunneling delay time is much shorter than the
Buttiker-Landauer traversal time, DtT, which for
the present conditions is predicted to range be-

tween 450 and 560 as. We reiterate that the
Buttiker-Landauer traversal time, DtT, considers
an entirely different aspect of the tunneling pro-
cess. Our experimental results give a strong indi-
cation that there is no real tunneling delay time,
and we expect that this conclusion will shed some
light on the ongoing theoretical discussion on tun-
neling time.
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Optical Absorption and Radiative
Thermal Conductivity of Silicate
Perovskite to 125 Gigapascals
Hans Keppler,1* Leonid S. Dubrovinsky,1 Olga Narygina,1 Innokenty Kantor1,2

Mantle convection and plate tectonics are driven by the heat flow from Earth’s core to the surface.
The radiative contribution to heat transport is usually assumed to be negligible. Here, we report the
near-infrared and optical absorption spectra of silicate perovskite, the main constituent of the
lower mantle, to 125 gigapascals. Silicate perovskite remains quite transparent up to the pressures
at the core-mantle boundary. Estimates of radiative thermal conductivity derived from these
spectra approach 10 watts meter!1 kelvin!1 at lowermost mantle conditions, implying that heat
conduction is dominated by radiation. However, the increase in radiative conductivity with
temperature (T) is less pronounced than expected from a T3 dependency.

Temperatures near Earth’s core-mantle
boundary are believed to be between
3300 and 4300 K (1). At these temper-

atures, onewould expect heat transfer by radiation
to be important because radiative thermal con-
ductivity should increase with the third power of
temperature (2–5). However, early experimental
work appeared to imply that iron-bearing min-
erals generally become optically opaque already
at moderately high pressures (6). Therefore, it has
been thought that the minerals in Earth’s lower
mantle absorb radiation so strongly that the con-
tribution of radiation to heat transport is negligible
(1). Recently, the discovery of spin-pairing in

mantle minerals under high pressure (7) has led to
a renewed interest in radiative conductivity, be-
cause spin-pairing could potentially change opti-
cal absorption spectra drastically and it may
therefore have a strong effect on radiative heat
transport (8, 9). At the same time, recent optical
absorption measurements at high pressures sug-
gested that iron-bearing mantle minerals do not
necessarily become opaque at high pressures
(10, 11). Rather, the changes in optical absorption
with pressure strongly depend on the content and
particularly on the oxidation state of iron in the
sample. For example, ferropericlase, (Mg,Fe)O,
synthesized at low pressures becomes optically
opaque at high pressure because of its high
Fe3+ content (9). However, samples annealed at
25 GPa have much lower concentrations of Fe3+

and remain optically transparent to deep lower
mantle pressures (11). We therefore studied the
optical absorption spectrum of aluminous silicate

perovskite, the main constituent of Earth’s lower
mantle, to 125 GPa, corresponding to the pres-
sure near the core-mantle boundary. Perovskite is
expected to be stable in the hot areas above the
core-mantle boundary, which are the roots of
mantle plumes, whereas it probably transforms to
post-perovskite in cooler areas (1).

A sample of aluminous silicate perovskite
with composition (Mg0.892Fe

2+
0.059Fe

3+
0.042)

(Si0.972Al0.028)O3 according to electron micro-
probe and Mößbauer data was synthesized from
glass powder at 25 GPa and 2000°C in a multi-
anvil press using a Re capsule. A doubly polished,
optically clear piece of a crystal with 30-mm thick-
ness was loaded into a modified Merrill Bassett
diamond anvil cell. Pressure medium was neon;
pressurewasmeasured by ruby fluorescence.Near-
infrared and optical absorption spectra were col-
lectedwith use of a Bruker IFS 125 (BrukerOptics,
Karlsruhe, Germany) Fourier transform spectrom-
eter together with an all-reflectingmicroscope (12).

The measured absorption spectra from 1 bar
to 125 GPa is shown in Fig. 1. The main feature
seen is a broad band located between about
15,000 cm!1 and 20,000 cm!1, depending on
pressure. Position and width of this band are
characteristic for a Fe2+-Fe3+ intervalence charge
transfer band; that is, light absorption is caused
by the transfer of electrons from Fe2+ ions to
neighboring Fe3+ ions (13, 14). The increasing
absorption at high wave numbers is probably
related to O2–-Fe3+ ligand-to-metal charge trans-
fer. The crystal field bands of Fe2+ are not visible
in these spectra, although they can be found
around 7000 cm!1 in the absorption spectrum
of aluminum-free (Mg,Fe)SiO3 perovskite (15).
The invisibility of these bands is probably a com-
bined result of their generally low intensity and the
overlapwith the intervalence charge transfer bands

1Bayerisches Geoinstitut, Universität Bayreuth, 95440 Bayreuth,
Germany. 2Advanced Photon Source, Argonne National Labora-
tory, Argonne, IL 60439, USA.

*To whom correspondence should be addressed. E-mail:
hans.keppler@uni-bayreuth.de
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“pristine mantle”
radiative heat flow
is important

“dirty mantle”
radiative heat flow
is not important



step 1: plot everything on same plot
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  solid lines Keppler 2008
 dashed lines Goncharov 2008

thin black: 0, 5 GPa
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Green 82, 84 GPa
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step 2: Re-analyze data
radiative contribution to 
thermal conductivity 
calculated via Rosseland 
approximation
(valid for optically thick)

n:  Index of refraction
T:  Temperature
β:  Rosseland mean 
extinction coefficient
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Lattice and radiative contributions to thermal conductivity have:
Similar magnitude
Opposite temperature dependence
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Depth-Dependent Contributions to Conductivity 

Components
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Additional considerations 
for Earth’s mantle

1. Effect of iron
2. Radiative contribution to heat flow
3. Composite material

klatt krad

MgSiO3 P,T, Fe P,T, Fe klatt+krad MgSiO3

MgO P,T, Fe P,T, Fe klatt+krad MgO

✪ Maxwell-Garnett
 Composite

✪

length scales:
klatt < 10 nm
krad < 100µm
grain size ~1mm



Best Estimates Earth Mantle Thermal Conductivity
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A reminder--before this study
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 <3.8 TW Not enough heat 
 to drive geodynamo 
 

 24 TW

 18 TW

 
   >24 TW Too much heat crossing CMB  
   Not compatible with estimates 
   of internal radiogenic heating
 



Implications for Core/Mantle Boundary Heat flow
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Crustal 
Radiogenic

Contribution

~47(3) TW

An additional 
thermal boundary
layer in mantle? 

~20 TW

~7 TW

Constraints on the thermal state of the Earth 

~17 TW

Tang et al., 2012, submitted

New CMB heat flow
~3-6 TW

A larger radiogenic
heat budget?



Resolution of the 
Goldilocks story:

“Just Right” K 

Lay, Hernlund, Buffett, 2008

Simple convecting mantle
Thermal conductivity has 
*weak* pressure and 
temperature dependencies

Core/Mantle boundary 
is an insulating area
1.   Large temperature drop at 
core/mantle boundary
2.   Partially molten lower 
mantle possible
3.   Additional thermal 
boundary layer in the mantle 
or more radiogenic heating 

Inner core timing 
Relaxes constraints on timing 
of inner core formation (e.g. 
Buffett, 2009)



General Thermal Conductivity:
General Boltzmann Transport Equation

1. each particle defined by: 
position x and momentum p

2. define a probability density function 
f(x,p,t) such that: 

3. 

4a. for particles with classical statistics:
f(t0) ~ exp(-E/kT)

4a. for particles with quantum statistics: 
f(t0) ~ (exp(E/kT)-1)-1

N particles  

! f
!t

= ! f
!t

"
#$

%
&' diffusion

+ ! f
!t

"
#$

%
&' force

+ ! f
!t

"
#$

%
&' collisions

dN = f (x,p,t) d 3x d 3p

Distribution 
functions are 
temperature-
dependent



Kinetic Transport Equation

Quasi-‐Harmonic	  
Approxima2on

3rd-‐order	  la>ce
	  Anharmonicity:

First-‐Principles	  calcula2on	  of	  atomic	  forces:	  Finite-‐Displacement	  Super-‐Cell	  Method

Quantum	  
Sca5ering	  Theory

2nd-‐order	  force	  
constant	  matrix:	  

� 

φij = ∂ 2E
∂xi∂x j

� 

Aijk = ∂ 3E
∂xi∂x j∂xk

� 

cV ,vg

� 

τ

  

� 

κ = 1
3

cV (i,
 q )vg

2(i,  q )τ(i,  q )
i,  q 
∑ k=Cv vg2 τ



Simulation Details

MgO (Tang & Dong, 2009, 2010) MgSiO3

Static Energy
LDA, PAW, PW;

2-atom unit cell; 

12x12x12 Monkhorst k-grid

LDA, PAW, PW;

20-atom unit cell; 

8x8x6 Monkhorst k-grid

Forces
128-atom super cell; 

Gamma point sampling
160-atom super cell; 
Gamma point sampling;

Conductivity

(Cv, Vg, τ)
 16X16X16 q-point sampling; 

5 X 9 grids in V-T domain

8X8X6 q-point sampling; 

5 X 9 grids in V-T domain



Measuring Thermal Conductivity at High Pressure and Temperature in the Laser-Heated Diamond Anvil Cell 
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 The thermal conductivity of the lower 
mantle is a critical parameter for 
understanding the heat budget and 
thermal evolution of the Earth. 
However, thermal conductivity is 
poorly known at the high pressures 
and temperatures of the lower mantle. 
 
 Continuous heating experiments in 

the laser-heated diamond anvil cell 
(LHDAC) can be used to measure 
thermal conductivity at simultaneous 
high pressure and temperature. 
 
 We developed a 3D numerical model 

of heat flow in the LHDAC. Slopes of 
measured temperature vs. power 
curves can be compared with model 
output to infer thermal conductivity. 
 
 We have begun to conduct heating 

experiments on the UCLA Mineral 
Physics Lab laser heating system. 
Here we present preliminary 
measurements of temperature vs. 
laser power for olivine starting material 
at two different pressures and 
compositions. 
 
 When sample geometries or optical 

properties are uncertain, relative 
thermal conductivity can still be 
determined. By comparing relative 
slopes of temperature vs. power 
curves, the pressure- or composition-
dependence of thermal conductivity 
can be measured. 
 
 Future measurements will be used to 

determine the effects of pressure, 
composition, and temperature on the 
thermal conductivity of lower mantle 
minerals. 

H8I$8B$42:AE2:$J"#G($H*I$42:AE2:$DE(F:06"$

 Data taken during laser heating of AgI 
at pressure of 17 GPa in the LHDAC 
 Planck fit for measured spectrum 

between 600 and 900 nm 
 Entire hotspot spectrum was collected 

in order to minimize potential biases 
due to misalignment 
 2D hotspot intensity measured 

through bandpass filter with center 
wavelength 695 nm and width of 70 nm 

;5#'FK$L&:$
M$N$*OPQ$.$

J':('A&:)$F2':260A$#:$
R#/(5('G:3$STU$'"$

3&G3$>*

3&G3$>*

52R$>*

F2':&'626A$5#A(0$-(#"$
V27(5(7$,W&#5$

M("E(0#:60($;02X&5($

V27(5(7$%#7&#5$M("E(0#:60($;02X&5($

 Large 3-D temperature gradients 
form during continuous laser 
heating in the LHDAC. 
 Temperature distribution depends 

on laser and sample geometry, and 
sample thermal conductivity and 
absorption properties.  

V27(5(7$M("E(0#:60($
/AY$;2R(0$

V27(5(7$42:AE2:$LZ4V$
/AY$;2R(0$

%$3$%$*2$#&

V(#A60(7$
AE(F:06"$

 3-D numerical model solves the steady-state 
heat equation using a full approximation storage 
multi-grid solver.  
 Includes flexible laser and sample geometries 

and temperature-dependent material properties. 
  Based on previous model for heat flow in multi-

anvil press [1]. 

 Thermal conductivity can be inferred using measurements of temperature or 
termperature gradient as a function of input laser power. 
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dependent thermal 
conductivity k = k0T0/T  
 Hotspot FWHM is 

width of symmetric 2D 
temperature distribution 
in radial direction. 

 If experimental geometry or 
absorbed power is uncertain, it 
may not be possible to infer a 
precise absolute value of 
sample thermal conductivity. 
 Relative thermal conductivity 

may be determined by 
comparing measurements 
taken under the same 
experimental geometry. 
 This technique can be used 

to determine pressure- or 
composition-dependence of 
thermal conductivity. 
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 Initial tests were conducted on olivine samples with 10% and 100% Fe at 14 and 24 GPa 
 Two sample chambers were drilled in the same gasket to ensure that samples under 

comparison had the same thickness and were held at the same pressure. 
 Measured temperature vs. laser power curves are consistent with larger thermal conductivity 

for higher pressure phases of (Mg,Fe)2SiO4. 
 Measurements are consistent with higher optical absorption for higher Fe content 
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understanding the heat budget and 
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 Continuous heating experiments in 

the laser-heated diamond anvil cell 
(LHDAC) can be used to measure 
thermal conductivity at simultaneous 
high pressure and temperature. 
 
 We developed a 3D numerical model 

of heat flow in the LHDAC. Slopes of 
measured temperature vs. power 
curves can be compared with model 
output to infer thermal conductivity. 
 
 We have begun to conduct heating 

experiments on the UCLA Mineral 
Physics Lab laser heating system. 
Here we present preliminary 
measurements of temperature vs. 
laser power for olivine starting material 
at two different pressures and 
compositions. 
 
 When sample geometries or optical 

properties are uncertain, relative 
thermal conductivity can still be 
determined. By comparing relative 
slopes of temperature vs. power 
curves, the pressure- or composition-
dependence of thermal conductivity 
can be measured. 
 
 Future measurements will be used to 
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 Initial tests were conducted on olivine samples with 10% and 100% Fe at 14 and 24 GPa 
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 Measured temperature vs. laser power curves are consistent with larger thermal conductivity 

for higher pressure phases of (Mg,Fe)2SiO4. 
 Measurements are consistent with higher optical absorption for higher Fe content 

_*`$4(0'56'7$(:$#5Y+$8(B*@2)#&%;Y+$8\\SY$



Thermal Conductivity of Perovskite 

!



pressure-dependent phonon calcs

!



Temperature-dependence

!


