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Abstract We assess the thermal conductivity of the Earth’s lower mantle anchored on our first-principles
calculations of lattice thermal conductivity of MgSiOs perovskite. Our calculations agree with measurements
of iron-free perovskite at ambient conditions and show a lower pressure dependence compared with other
recent calculations. In addition, we show that the effect of iron on the lattice thermal conductivity of silicate
perovskite is likely to be small at high temperatures. To provide an assessment of thermal conductivity
throughout the lower mantle, we reevaluate existing high-pressure optical absorption data to constrain an
upper bound radiative contribution to diffusive heat transfer and examine a composite model for combining
thermal conductivity of oxide and perovskite phases in the lower mantle. We find that the overall thermal
conductivity of the lower mantle is approximately constant between 2.5 and 3.5 W/m/K. These values imply
that the mantle has a blanketing effect on heat flow across the core-mantle boundary.

1. Introduction

The chemical and physical behavior of the Earth’s core-mantle boundary system governs the large-scale
thermochemical evolution of the entire Earth. Heat flux across this thermal boundary layer is described by
Fourier's law of heat conduction, Jopmg = —x VT, where the temperature gradient VT is given by the
temperature difference between the bottom of the convecting mantle and the top of the outer core divided by
the average width of the thermal boundary layer, and «y, is the thermal conductivity of the lower mantle.
Uncertainties in all of these values lead to a wide range of estimates—roughly 5 to 15 terawatts—of total heat
flow across the core-mantle boundary [Anderson, 2007; Buffett, 2002; Lay et al., 2008]. This range is permitted
within the total surface heat flux generally inferred to be ~44 TW [Pollack et al., 1993], while lower values have
been proposed and debated [Hofmeister and Criss, 2005; Von Herzen et al., 2005]. The uncertainties in the heat
flux across the core-mantle boundary allow a broad range of models describing the thermal and chemical
evolution of the whole Earth, including variations in the convection style of the mantle which drives surface
plate tectonics at the surface and the evolution of the inner core/outer core system which helps drive
generation of the magnetic field.

The lower mantle thermal conductivity is especially ill constrained due to the difficulty in measuring thermal
transport properties of materials at the relevant high pressures and temperatures. Measurements made at lower
pressures and temperatures require large extrapolations to lowermost mantle conditions, and these
extrapolations are based on uncertain physical models, many of them based on the behavior of much simpler
crystalline structures such as MgO [Hofmeister, 2007; Dekura et al., 2013; Manthilake et al,, 2011; Osako and Ito,
1991]. As a result, there are large discrepancies among current assessments for lattice thermal conductivity for
the predominant deep Earth minerals, i.e,, iron (Fe)-bearing magnesium silicate perovskite (MgSiOs-pv) [Dekura
et al,, 2013; Haigis et al., 2012; Manthilake et al,, 2011; Ohta et al., 2012; Osako and Ito, 1991] and periclase (MgO)
[de Koker, 2009, 2010; Katsura, 1997; Stackhouse et al., 2010; Tang and Dong, 2009, 2010]. In addition,
disagreement over the relative importance of lattice thermal conductivity versus any radiative contribution
adds to the overall uncertainty for lower mantle heat flow [Goncharov et al., 2008; Keppler et al., 2008].

In this report, we present a comprehensive assessment of the thermal conductivity of the lower mantle,
anchored by new first-principles calculations of the lattice thermal conductivity of MgSiOs-pv high pressures
and temperatures. We calculate the effect of iron substitution on the thermal conductivity of both MgSiOs-pv
and on MgO. To calculate the radiative contribution, we reanalyze two existing high-pressure optical
absorption data sets from Goncharov et al. [2008] and Keppler et al. [2008]. Finally, we use a composite model
to provide our estimate of aggregate lower mantle thermal conductivity as a function of pressure and
temperature and elucidate some of the implications for lower mantle heat flow.
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Figure 1. Calculated phonon lifetimes, 7, at 300K as a function of phonon frequency (o) for the complete set of 23,040
phonon modes over an 8 x 8 x 6 k point grid of the reciprocal space Brillouin zone (BZ) of a 20 atom MgSiO3 perovskite
unit cell. The optic modes are shown as red plus symbols; the acoustic modes close to the BZ center are shown as blue
circles, and acoustic modes far from the BZ center are shown as orange squares. (a) Values at 9 GPa and (b) values at

120 GPa. The insets show the square of the group velocity as a function of phonon frequency.

2. Computational Methods: Peierls-Boltzmann Kinetic Phonon Transport Model for
Lattice Thermal Conductivity

We adopted similar first-principles computational methodologies to those reported in previous studies of
MgO periclase [Tang and Dong, 2009, 2010], and additional details are provided in the supporting

information. Lattice thermal conductivity (xat) is calculated based on the theoretical framework of the kinetic

phonon gas theory using the Peierls-Boltzmann transport equation and the single-mode
excitation approximation

Kiae = 1/Vaz X [o [Zi(cv(k, i) x v (k, i) x z(k,i)/3]dk (1)

In this formulation x, is expressed as the product of the phonon heat capacity, Cy, the square of the group

velocity, Vg, and the phonon lifetime, 7, summed for i phonon modes at k points in reciprocal space and
integrated across the Brillouin zone.

The phonon properties are explicitly calculated using first-principles methods without any empirical fitting
Phonon lifetimes are computed based on the phonon-scattering rates associated with third-order lattice
anharmonicity and isotope/mass disorder-induced phonon scattering. Realistic evaluation of phonon
lifetimes of individual modes requires an accurate assessment of the number of the conservation-allowed
three-phonon configurations, the anharmonic coupling strengths, and the frequencies of the phonons. One
advantage of our first-principles method is that the lifetime calculations, our most computationally intensive
step, can be carried out in parallel, which allows us to take full advantage of massive parallel supercomputing

platforms. More than 2 million CPU hours were required to calculate x5, of pv-MgSiO3 at 36 P-T conditions
ranging from ambient to those corresponding to the deep mantle.

3. Calculated Phonon Behavior and Lattice Thermal Conductivity for MgSiOz-pv

Figure 1 shows the calculated phonon lifetimes and the mode group velocities (insets) at two pressures, with
symbols differentiating optic modes (plus) and acoustic modes near and far from the Brillouin zone center
(blue circles and orange squares, respectively). The acoustic modes close to the Brillouin zone center have the
largest group velocities and are strongly pressure dependent. However, in perovskite, unlike MgO, these only
account for a small fraction of the phonons responsible for determining the overall thermal transport. The
bulk of the phonons have lower group velocities and generally show little pressure dependence—indeed
some of the optic phonon modes have velocities that are noticeably lower at 120 GPa than at 9 GPa. Our
calculated phonon lifetimes are generally an order of magnitude smaller than those for MgO, and their
pressure dependence varies from mode to mode, with the heat-carrying acoustic modes typically the least
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Figure 2. Pressure and temperature dependence of lattice thermal con-
ductivity of MgSiOs perovskite with experimental measurements. Solid
lines: iron-free crystal. Dashed lines: calculations with 12.5% Fe (plotted only
at 300 K and 4000 K). Also plotted are experimental data from Osako and Ito
[1991] on MgSiO3-pv, from Ohta et al. [2012] on MgSiO3-pv, and from
Manthilake et al. [2011] on (Mg,Fe)SiO3 at temperatures from 473 to 1073 K.

pressure sensitive. The optic mode
lifetimes scale approximately with 1/w?
and increase with pressure (Figure 1,
plus symbols).

The calculated lattice thermal
conductivity of MgSiOs-pv has low
values, gradually increases with pressure
(dlog(xjaw)/dP=0.02 GPa™") (Figure 2)
and decreases with temperature as 1/T.
Our calculation at 300K is in good
agreement with some experimental
measurements: ~20% lower than the
single ambient pressure measurement
[Osako and Ito, 1991] and ~30% smaller
than a recent set of diamond anvil cell
measurements [Ohta et al., 2012], but
with similar pressure dependence. A
third set of measurements performed at
~26 GPa using a multianvil technique
reports higher overall values for thermal
conductivity and a T~%*® dependence

[Manthilake et al., 2011]. Our calculated values for thermal conductivity are much lower than the high values
calculated using molecular dynamics approaches [Haigis et al., 2012] and lower than those calculated in Dekura
et al. [2013] (Figure 3). A detailed comparison between our calculations and those by Dekura et al. show that the
calculations for phonon lifetime at the Brilliouin zone center are in good agreement but that Dekura et al. use
the empirical relationship correlating phonon lifetime with 1/w? to estimate tau away from the zone center. This
is at odds with our phonon lifetime calculations demonstrating the failure of the 1/ relationship away from
the zone center. As a result, the study by Dekura et al. [2013] overestimates phonon lifetimes, and therefore
thermal conductivity and its pressure dependence thermal conductivity.
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Figure 3. Temperature dependence of thermal conductivity of MgSiO3
perovskite. Our calculations are in black; calculations from Dekura et al.
[2013] are shown in lavender, and those from Haigis et al. [2012] are
shown as black cirlcles. Measurements of Manthilake et al. [2011] are
shown as green triangles (measurement uncertainties of ~3% reported
by Manthilake et al. are within the size of the symbols).

Our calculated 1/T dependence

(Figure 3) is consistent with most
physical models for lattice thermal
conductivity in insulating crystals
[Klemens, 1958; Katsura, 1997; de Koker,
2009, 2010; Stackhouse et al., 2010; Tang
and Dong, 2010; Haigis et al., 2012;
Dekura et al., 2013], and the 1/T
dependence is also calculated by the
two other computational studies, a
molecular dynamics simulation [Haigis
et al, 2012] and an additional study also
based on density functional theory
[Dekura et al., 2013].

4, Lower Mantle
Thermal Conductivity

Our computational result shows that
high temperatures have a much more
stringent effect on reducing lattice
thermal conductivity in perovskite than
does increasing pressure. Our calculated
values result in a lattice thermal
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conductivity for MgSiOs-pv to be 1-2 W/m/K at pressures and temperatures corresponding to the lowermost
mantle. For context, these values are similar to ambient pressure and temperature thermal conductivities for
CaTiOs-perovskite (~4.4 W/m/K) [Hofmeister, 2010] and for igneous rocks (~2-5 W/m/K) [Robertson, 1988]. To use
our results to anchor an estimate for lower mantle conductivity, three additional factors must be considered: (1)
the calculated effect of iron impurities on the lattice thermal conductivity of MgO and MgSiOs-pv, (2) possible
contributions to the overall thermal conductivity from radiative heat flow in the lower mantle, and (3) the
aggregate thermal conductivity behavior of a polyphase lower mantle assemblage.

4.1. Effect of Iron Substitution on Lattice Thermal Conductivity

Iron substitution lowers lattice thermal conductivity via disorder-induced scattering that reduces phonon
lifetimes and by generating lower phonon group velocities due to iron’s larger mass and weaker chemical
bonds. For the purposes of this study, we create an Fe-bearing mineral solid solution with the same force
constants and lattice anharmonicity as the Mg end-member, but with additional Mg/Fe mass disorder and
heavier average mass (Mg;_4Fe,). This approximation, which ignores electronic bonding changes, gives an
upper bound of x4 for the solid solution. For MgO, we performed a more computationally intensive phonon
virtual crystal approximation test for one Fe-bearing (Mg, _,Fe,)O model containing 12.5% low-spin ferrous
Fe?* and confirmed that the mass effects are significantly larger than the change of force constants at high
temperatures (see supporting information). Our results show that Fe substitution lowers x4 because of the
impurity scattering effect. This effect is greater for MgO, which has a lower thermal resistance to begin with,
and greater at lower temperatures. The overall effect at lower mantle conditions is small: the presence of iron
lowers the lattice conductivity by less than a few percent (Figure 2).

4.2, Radiative Conductivity in the Lower Mantle

The low x4 Values for perovskite necessitate a reassessment of radiative contributions to the overall thermal
conductivity. In the optically thick limit, which is relevant for the Earth’s lowermost mantle, heat transfer by
radiation can be modeled as a diffusion process [Siegel and Howell, 2002; Rosseland, 1924], with an effective
radiative thermal conductivity given by Rosseland mean approximation

160n2T3
Qrad = — 3 VT = —KkadVT (2a)
Br
§ nZdi
n” oz ! J'nl b, (2b)
<Pr> 40oT*{p, dT

0

Here n is the index of refraction, o is the Stefan-Boltzmann constant, Sz is the Rosseland mean extinction
coefficient, / is wavelength, n; is the spectral index of refraction, j; is the spectral extinction coefficient, and I,
is the Planck blackbody intensity function. We use this approximation to calculate the effective radiative
contribution to thermal conductivity using two measurements of spectral optical absorption of perovskite in the
diamond anvil cell [Goncharov et al., 2008; Keppler et al., 2008]. Both of these data sets were obtained at ambient
temperature with no temperature correction. It is likely that the high temperatures increase optical absorption
due to excitement of charge defects to the conduction band, especially for transition-element-bearing minerals
in the lower mantle. This serves to render our estimate for x,,4 an upper bound. While in the original studies
reporting absorption measurements [Goncharov et al., 2008; Keppler et al,, 2008] yielded order of magnitude
different estimates for radiative conductivity, our consistent treatment shows that they are in good general
agreement, with optical absorption behavior showing similar spectral behavior and pressure trends, but differ in
magnitude by a factor of 2 to 3. Additional uncertainties in the determination of the radiative contribution to
overall thermal conductivity are discussed in the supporting information.

For our overall determination of lower mantle conductivity, we incorporate the average of the two estimates
and consider this value to be an upper bound to the radiative contribution to the lower mantle because any
consideration of additional scattering defects such as impurities and/or grain boundaries will solely serve to
inhibit radiative transfer.

Our resulting estimate of x4 (Figure 3) is comparable in magnitude with x4, but with opposing T dependence.
The resulting total thermal conductivity for perovskite is therefore approximately constant as a function of Tand
depth throughout the lower mantle (Figure 3). Modest temperature perturbations about the geotherm will
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Figure 4. Thermal conductivity calculated down a lower mantle geotherm ~ Model for Averaged
[eanloz and Morris, 1986] with a ~250 km thick thermal boundary layer in Thermal Conductivity
the lowermost mantle. Lattice thermal conductivity calculated from first
principles for Fe-bearing MgO (solid blue line) [Tang and Dong, 2009] and Fe-
bearing MgSiOs perovskite (solid purple line, this study). Thin red lines show ~ Mineralogical model of the lower
radiative contribution to thermal conductivity averaged from existing optical mantle based on the Maxwell-Garnett
absorption estimates [Goncharov et al,, 2008; Keppler et al., 2008]. Total effective medium approximation for
radiative plus lattice thermal conductivity of MgSiO3 perovskite is shown as a
purple line. Total thermal conductivity of a perovskite plus periclase mantle
calculated from the composite model is shown as a thick black line.

Finally, we determine the total k, for a

examining the total conductivity where
a minor phase exists as random
inclusions within a matrix phase [Levy
and Stroud, 1997; Progelhof et al., 1976].
As a first-order representation of the lower mantle, we consider a composite model consisting of a matrix of
Fe-bearing perovskite with ~20% Fe-bearing oxide existing as isolated inclusions. We perform the calculation
by first summing the lattice and radiative contributions for each phase and then combining the two phases in
the composite model. Changes in the order of summation, local layering, or texturing of the mineral phases
may play a role in either raising or lowering the local aggregate thermal conductivity, but only by a few tens
of percent [see supporting information]. Figure 4 shows our best estimate for total x|y, down an estimated
average lower mantle geotherm [Jeanloz and Morris, 1986], including the effect of a ~150 km thick thermal
boundary layer between the convecting lower mantle and the core-mantle boundary. Our best estimate of
total thermal conductivity throughout the convecting lower mantle rises gradually from ~2.5 W/m/K just
below the transition zone to 3.5 W/m/K at the bottom of the convecting mantle. The local presence of
postperovskite within the thermal boundary layer may also alter local thermal conductivity [Anzellini et al.,
2013]. While the absolute value of the thermal conductivity of the boundary layer may be uncertain by ~50%
because of its sensitivity to variations in composition and mineralogical texture effects such as layering, our
analysis shows that the thermal conductivity is approximately constant with variations in pressure and
temperature throughout the lower mantle.

5. Implications for the Earth

In the thermal boundary layer above the core, trade-offs in the assumed temperature of the lower mantle and
the temperature at the top of the outer core map to values rising from 3.5 W/m/K at the bottom of the
convecting mantle to 5.5 W/m/K just above the outermost core. Our new estimate of Joyg is equal to 6 TW
(£2 TW), based on an assumption of an average thermal boundary layer (TBL) of 150 km, consistent with seismic
observations of the width of this layer in Hunt et al.[2012], and a T drop across the core-mantle boundary (CMB)
equal to 1400 K, corresponding to a new estimate of the core Tin Hernlund et al. [2005] and adiabatic behavior in
a convecting mantle. Figure 5 illustrates how trade-offs in the assumed values for thickness of the lower mantle
TBL and T difference between the convecting mantle and outer core influence estimates of the total heat flux
crossing the CMB. Total heat flux of 10 TW is allowable if the average boundary thickness is 100 km. The
revised estimate of heat flow is above the geophysically constrained minimum bound of ~4 TW that is
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used to calculate an average total heat flow across the core-mantle
boundary (contoured, labels in terawatts). Vertical solid green lines
delineate our newly determined range of estimates for lower mantle ther-
mal conductivity. A horizontal axis shows a reasonable (yet uncertain) value
for temperature gradient across the lower mantle thermal boundary layer.
The two right-hand axes demonstrate sensitivity of total heat flux to the
boundary layer thickness (assuming a constant temperature drop of 1400 K
between the outer core and convecting lower mantle [Anzellini et al., 2013])
and to temperature difference between outer core and lower mantle
(assuming constant boundary layer thickness of 150 km). Our favored value
for total heat flow across the core-mantle boundary is 6 TW, with uncer-
tainties mostly described by the trade-offs documented in Figure 5.

Our results suggest that the constant
variations of the thermal conductivity
as a result of lateral variation in T or P
will not be significant. However, local
changes in modal abundance of
minerals, mineral chemistry, Fe
content, presence of melt, and/or
mechanical texturing may significantly
perturb the value of x| . Therefore,
variations in heat flow across the CMB
can be simply mapped directly from variations in either boundary thickness or variations in compositionally
sensitive geophysical probes of the lower mantle, such as the ratio of bulk and shear velocities. Based on
seismic evidence of distinctly different provinces at the core-mantle boundary, which may be a combination
of compositional, textural, and/or phase variations, we estimate that the lateral variability in heat flow along
the core-mantle boundary may be significant, up to 50%. Therefore, local variations of the lower mantle
thermal conductivity may govern local modes of heat flow at the lower mantle thermal boundary, providing a
bottom-up control on the behavior of the convective mantle system.

References

Anderson, D. L. (2007), New Theory of the Earth, Cambridge Univ. Press, New York.

Anzellini, S., A. Dewaele, M. Mezouar, P. Loubeyre, and G. Morard (2013), Melting of iron at Earth's inner core boundary based on fast X-ray
diffraction, Science, 340, 464-466, doi:10.1126/science.1233514.

Buffett, B. A. (2002), Estimates of heat flow in the deep mantle based on the power requirements for the geodynamo, Geophys. Res. Lett.,
29(12), 1566, doi:10.1029/2001GL014649.

de Koker, N. (2009), Thermal conductivity of MgO, Phys. Rev. Lett., 103, 125,902-125,905, doi:10.1103/PhysRevLett.103.125902.

de Koker, N. (2010), Thermal conductivity of MgO periclase at high pressure: Implications for D" region, Earth Planet. Sci. Lett., 292, 392-398,
doi:10.1016/j.epsl.2010.02.011.

Dekura, H., T. Tsuchiya, and J. Tsuchiya (2013), Ab initio lattice thermal conductivity of MgSiOs perovskite as found in Earth’s lower mantle,
Phys. Rev. Lett., 110, 025,904-025,908, doi:10.1103/PhysRevLett.110.025904.

Goncharoy, A. F, B. D. Haugen, V. V. Struzhkin, P. Beck, and S. D. Jacobsen (2008), Radiative conductivity in the Earth's lower mantle, Nature,
456, 231-234, doi:10.1038/nature07412.

Haigis, V., M. Salanne, and S. Jahn (2012), Thermal conductivity of MgO, MgSiO5 perovskite and post-perovsite in the Earth’s deep mantle,
Earth Planet. Sci. Lett., 355-356, 102-108, doi:10.1016/j.epsl.2012.09.002.

Hernlund, J. W., C. Thomas, and P. J. Tackley (2005), A doubling of the post-perovskite phase boundary and structure of the Earth’s lowermost
mantle, Nature, 434, 882-886, doi:10.1038/nature03472.

Hofmeister, A. M. (2007), Pressure dependence of thermal transport properties, Proc. Natl. Acad. Sci. U. S. A., 104, 9192-9197, doi:10.1073/
pnas.0610734104.

Hofmeister, A. M. (2010), Thermal diffusivity of oxide perovskite compounds at elevated temperature, J. Appl. Phys., 107(10), 103,532.

Hofmeister, A. M., and R. E. Criss (2005), Earth’s heat flux revised and linked to chemistry, Tectonophysics, 395(3), 159-177.

Hofmeister, A. M., and D. A. Yuen (2007), Critical phenomena in thermal conductivity: Implications for lower mantle dynamics, J. Geodyn., 44,
186-199, doi:10.1016/j.jog.2007.03.002.

TANG ET AL.

©2014. American Geophysical Union. All Rights Reserved. 2751


http://dx.doi.org/10.1126/science.1233514
http://dx.doi.org/10.1029/2001GL014649
http://dx.doi.org/10.1103/PhysRevLett.103.125902
http://dx.doi.org/10.1016/j.epsl.2010.02.011
http://dx.doi.org/10.1103/PhysRevLett.110.025904
http://dx.doi.org/10.1038/nature07412
http://dx.doi.org/10.1016/j.epsl.2012.09.002
http://dx.doi.org/10.1038/nature03472
http://dx.doi.org/10.1073/pnas.0610734104
http://dx.doi.org/10.1073/pnas.0610734104
http://dx.doi.org/10.1016/j.jog.2007.03.002

@AG U Geophysical Research Letters 10.1002/2014GL059385

Hunt, S. A, D. R. Davies, A. M. Walker, R. J. Mccormack, A. S. Wills, D. P. Dobson, and L. Li (2012), On the increase in thermal diffusivity caused
by the perovskite to post-perovskite phase transition and its implications for mantle dynamics, Earth Planet. Sci. Lett., 319, 96-103,
doi:10.1016/j.epsl.2011.12.009.

Jeanloz, R, and S. Morris (1986), Temperature distribution in the crust and mantle, Annu. Rev. Earth Planet. Sci., 14, 377-415, doi:10.1146/
annurev.ea.14.050186.002113.

Katsura, T. (1997), Thermal diffusivity of periclase at high temperatures and high pressures, Phys. Earth Planet. Inter., 101,73-77, d0i:10.1016/
S0031-9201(96)03223-2.

Keppler, H., L. S. Dubrovinsky, O. Narygina, and I. Kantor (2008), Optical absorption and radiative thermal conductivity of silicate perovskite to
125 Gigapascals, Science, 322, 1529-1532, doi:10.1126/science.1164609.

Klemens, P. G. (1958), Thermal conductivity and lattice vibrational modes, Solid State Phys., 7, 1-98.

Lay, T., J. Hernlund, and B. A. Buffett (2008), Core-mantle boundary heat flow, Nat. Geosci., 1, 25-32, doi:10.1038/nge0.2007.44.

Levy, O., and D. Stroud (1997), Maxwell Garnett theory for mixtures of anisotropic inclusions: Applications to conducting polymers, Phys. Rev.
B, 56, 8035-8046, doi:10.1103/PhysRevB.56.8035.

Manthilake, G. M., N. de Koker, D. J. Frost, and C. A. McCammon (2011), Lattice thermal conductivity of lower mantle minerals and heat flux
from Earth's core, Proc. Natl. Acad. Sci. U. S. A., 108, 17,901-17,904, doi:10.1073/pnas.1110594108.

Ohta, K., T. Yagi, N. Taketoshi, K. Hirose, T. Komabayashi, T. Baba, Y. Ohishi, and J. Hernlund (2012), Lattice thermal conductivity of MgSiO3
perovskite and post-perovskite at the core-mantle boundary, Earth Planet. Sci. Lett., 349-350, 109-115, doi:10.1016/j.epsl.2012.06.043.

Osako, M., and E. Ito (1991), Thermal diffusivity of MgSiOs perovskite, Geophys. Res. Lett., 18, 239-242, doi:10.1029/91GL00212.

Pollack, H. N., S. J. Hurter, and J. R. Johnson (1993), Heat flow from the Earth’s interior: Analysis of the global data set, Rev. Geophys., 31,
267-280.

Progelhof, R. C., J. L. Throne, and R. R. Ruetsch (1976), Methods for predicting thermal conductivity of composite systems, Polym. Eng. Sci., 16,
615-625, doi:10.1002/pen.760160905.

Robertson, E. C. (1988), Thermal Properties of Rocks, U.S.G.S. Open file report 88-441, 106 pp., U.S. Geol. Survey, Reston, Va.

Rosseland, S. (1924), Electrical state of a star, Mon. Not. R. Astron. Soc., 84, 720.

Siegel, R, and J. R. Howell (2002), Thermal Radiation Heat Transfer, Taylor & Francis, New York.

Stackhouse, S., L. Stixrude, and B. B. Karki (2010), Thermal conductivity of periclase (MgO) from first principles, Phys. Rev. Lett., 104,
208,501-208,504, doi:10.1103/PhysRevLett.104.208501.

Tang, X., and J. Dong (2009), Pressure dependence of harmonic and anharmonic lattice dynamics in MgO: A first-principles calculation and
implications for lattice thermal conductivity, Phys. Earth Planet. Inter., 174, 33-38, doi:10.1016/j.pepi.2008.10.003.

Tang, X, and J. Dong (2010), Lattice thermal conductivity of MgO at conditions of Earth's interior, Proc. Natl. Acad. Sci. U. S. A., 107, 4539-4543,
doi:10.1073/pnas.0907194107.

The KamLAND Collaboration (2011), Partial radiogenic heat model for Earth revealed by geoneutrino measurements, Nat. Geosci., 4, 647-651,
doi:10.1038/ngeo01205.

Von Herzen, R, E. E. Davis, A. T. Fisher, C. A. Stein, and H. N. Pollack (2005), Comments on “Earth’s heat flux revised and linked to chemistry” by
AM Hofmeister and RE Criss, Tectonophysics, 409(1), 193-198.

TANG ET AL.

©2014. American Geophysical Union. All Rights Reserved. 2752


http://dx.doi.org/10.1016/j.epsl.2011.12.009
http://dx.doi.org/10.1146/annurev.ea.14.050186.002113
http://dx.doi.org/10.1146/annurev.ea.14.050186.002113
http://dx.doi.org/10.1016/S0031&hyphen;9201(96)03223&hyphen;2
http://dx.doi.org/10.1016/S0031&hyphen;9201(96)03223&hyphen;2
http://dx.doi.org/10.1126/science.1164609
http://dx.doi.org/10.1038/ngeo.2007.44
http://dx.doi.org/10.1103/PhysRevB.56.8035
http://dx.doi.org/10.1073/pnas.1110594108
http://dx.doi.org/10.1016/j.epsl.2012.06.043
http://dx.doi.org/10.1029/91GL00212
http://dx.doi.org/10.1002/pen.760160905
http://dx.doi.org/10.1103/PhysRevLett.104.208501
http://dx.doi.org/10.1016/j.pepi.2008.10.003
http://dx.doi.org/10.1073/pnas.0907194107
http://dx.doi.org/10.1038/ngeo1205


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


