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• Accumulation and core formation


• Solidification of magma ocean


• Birth and growth of the inner core


• Core and mantle dynamics and plate tectonics



The birth of inner core and geodynamo

Long Term Geomagnetic Field 361

Fig. 8 (A) Field strength and inner core growth (see Tarduno et al. 2006 for whole rock data summary, open
symbols). Solid line and shaded area are modern field value and typical 0–5 Myr variation, respectively. Solid
symbols are single silicate crystal paleointensity data (black, Smirnov et al. 2003; colored Tarduno et al. 2007,
2010). Small red and blue circles are from 3.2 Gyr plutons of the Kaapvaal Craton; large circles are means.
Dark green circle is mean pluton crystal value corrected for cooling rate assuming single domain theory.
Small yellow and light green circles are from dacites of the Kaapvaal Craton; large circles are means. Null
field value (box) at 3.9 Gyr is from hypothesis of Ozima et al. (2005). High and low power model results
predict present-day core-mantle boundary heat flow rates of 11 TW and 3 TW, respectively (Aubert et al.
2009). IC marks time of inner core nucleation in each model. (B) Inner core growth scenario following the
Aubert et al. (2009) low power model scenario

(Christensen and Tilgner 2004; Christensen and Aubert 2006; Olson and Christensen 2006)
in order to evaluate the changes in dynamo characteristics with external control parameters.
The increase of computer power still does not allow for extreme, more Earth-like parame-
ter regimes to be explored, and this situation is likely to remain for some time, owing to
the extreme challenges set, for example, by a decrease of 10 in the Ekman number. As the
geological evolution of the dynamo can be seen as an evolution of these external control pa-
rameters (mostly a variation in the Ekman number related to the decrease of Earth’s rotation
rate and a change in the flux Rayleigh number related to the evolution of the Earth’s core
thermodynamic state), it is interesting to review the results.

As the flux Rayleigh number is increased (Kutzner and Christensen 2002), numerical
dynamos transition from a stable, dipole dominated state to a reversing state, often blended
with a multipole-dominated state, though there are isolated cases (Wicht 2005; Olson 2007;
Driscoll and Olson 2009a) where the dynamo is reversing while multipoles do not domi-
nate, a regime which is thought to bear the best relevance for the Earth’s core. The lowest
frequency associated with reversing dynamos is that of the reversal frequency, which is usu-
ally of a few cycles per million years, in agreement with the geomagnetic field (Wicht 2005).
It was later recognized (Christensen and Aubert 2006) that a better parameter to locate the
transition between stable and reversing numerical dynamos is a Rossby number, linked to
the local inertia present in the system. In the dipole-dominated regime, the time average,

Zhou et al., 2022 Nature Communications

(34.82oN, 98.95oW). Additional large unoriented samples were collected adjacent
to the oriented samples to ensure sufficient material far from the influence of
weathering was available for study. Outcrops were scanned with a Brunton com-
pass to test for the presence of lightning strikes (none were observed at these
sample locations). Samples for K-T measurements were obtained by crushing
subsamples into a powder using non-magnetic tools, whereas those for magnetic
hysteresis were mm-sized chips. For directional studies, 2.54 cm cores were drilled
from oriented samples at the University of Rochester. To prepare the plagioclase
crystal samples for magnetic hysteresis, microscopy, and paleointensity studies, we
crushed the anorthosites with non-magnetic tools, and then used a Nikon SMZ800
light microscope to pick clean plagioclase crystals 1–4 mm in size, avoiding those
crystals with visible opaques under low power (10x) magnification. The naming
convention for single-crystal specimens is as follows: gc-a-b-c′, a is the site, b is the
hand sample, and c′ is the crystal. For groundmass, the convention is gc-gm-e-f-g′,

where e is the site, f is the hand sample, and g′ is the groundmass specimen. For
paleomagnetic analysis and magnetic susceptibility measurements of whole rocks,
the convention is gc-w-x-yz where w is the site, x is the hand sample, y is the drilled
core, and z is the specimen cut from the core.

Rock magnetism and paleomagnetism. Magnetic volume susceptibility versus
temperature (K-T) data on bulk anorthosite subsamples (~0.6–1cc) were collected
using a KLY-4S Agico Kappabridge. Magnetic hysteresis data and FORCs for both
plagioclase crystals and bulk specimens were measured using a Princeton Mea-
surements Corporation Alternating Gradient Force Magnetometer (AGFM). The
maximum applied field used for the individual magnetic hysteresis curve was
500 mT. FORC data were collected on single crystals as follows: Each FORC
measurement is composed of 100 FORCs; the saturation field was 1 T, with a field
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Fig. 3 Early Cambrian field renewal and inner core growth. a Field strength constrained from select Thellier (thermal) single-crystal paleointensity (SCP)
studies (blue squares) and bulk rock studies (gray squares) updated from ref. 7, with new early Cambrian SCP result (red square) reported here. Large squares
are time-averaged paleomagnetic dipole moments; small squares are virtual dipole moments (VDMs). Gray circles are select Phanerozoic VDMs from ref. 7.
Field evolution model (3450 Ma to 565 Ma, red line) is weighted second-order polynomial regression of Precambrian field strength data from ref. 7; 565 to 532
Ma trend connects the Ediacaran paleomagnetic dipole moment of ref. 7, and the new Early Cambrian paleomagnetic dipole moment from this work. Error bars
are 1σ. b Ediacaran to Cambrian field strength evolution corresponding to a dashed rectangle in a. Open circles are results from non-Thellier methods (non-
thermal and thermal) and their sizes are weighted by the number of cooling units. Key: green, microwave method; purple, Shaw method; black, Wilson method.
Brown open circles are Thellier thermal results. c Thermal model49 showing inner core nucleation (ICN) age versus core-mantle boundary (CMB) heat flux.
Dashed vertical line is the time when the inner core (radius= ric) is 50% of its current size (ricmodern), the location of the change observed in seismic anisotropy1.
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features. In each subsection in the succeeding text, the basic
observations and the common interpretations listed in
Figures 1 and 2 are briefly explained.

7.11.2.1 D00 Discontinuity

It is important to note from the beginning that the term D00 has
its origin in the alphabetic description of regions in Earth’s
interior used in the early days of seismology and was meant
to describe the anomalous region in the lowermost several
hundred kilometers of the mantle (e.g., Bullen, 1949). As
such, D00 is a layer of the Earth’s mantle, comprising the lower
boundary layer of the mantle side of the CMB transition. The
D00 discontinuity, on the other hand, was originally discovered
as a sudden increase in shear-wave velocity occurring several
hundred kilometers above the CMB many years later (Lay and
Helmberger, 1983). Further work has found that the disconti-
nuity may not be globally ubiquitous or may have significant
depth variations that make it difficult to detect in some regions
(see reviews by Lay et al. (2004) and Wysession et al. (1998)).
Therefore, the D00 layer should not be thought of as a region
that is simply defined by a seismic discontinuity, in the same
manner as shallower regions of Earth’s mantle are separated by
clear global seismic-wave speed jumps. Where it exists, the D00

discontinuity is revealed by a triplication in the arrival times of
S-waves turning in the lowermost several hundred kilometers
of the Earth’s mantle, clearly producing reflected, refracted, and
penetrating branches in the travel-time curve. In some cases,

P-wave discontinuities have also been reported, although it is
not clear if they are correlated with the same S discontinuities,
and they also exhibit greater variations in both the strength and
sign of the velocity jump (Wysession et al., 1998).

The cause of the D00 discontinuity was a mystery for more
than two decades; however, recent mineral physics discoveries
appear to have resolved many questions relating to its origin,
although numerous details remain to be ironed out. In fact, the
present explanation for the D00 discontinuity as the result of a
solid–solid phase change was predicted in advance of its dis-
covery (Sidorin et al., 1998), based on the simple reasoning
that the only mechanism that could elevate the discontinuity
in seismically fast regions (i.e., beneath cool downwellings) is
a strongly exothermic phase transition with a Clapeyron slope
of >6 MPa K!1 (compositional or thermal frontiers would
instead be depressed in such a context). The discovery of a
phase change from MgSiO3 perovskite (Pv) to postperovskite
(PPv) (Murakami et al., 2004) at the appropriate pressures and
with a suitably large transition Clapeyron slope (Oganov and
Ono, 2004; Tsuchiya et al., 2004) fits very well with the
predictions and remains the most commonly invoked expla-
nation for the D00 discontinuity at the present time. The PPv
phase exhibits a significant degree of elastic anisotropy and
should also help to explain observations of seismic anisotropy
in these regions (Oganov et al., 2005; Stackhouse et al., 2005).
The Pv–PPv phase change may also explain deeper seismic
discontinuities in D00 and suggests that PPv occurs in lens-
shape structures rather than a global layer, as a consequence
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Figure 1 Schematic illustration of some major features of the CMB region proposed by seismological observations. Refer to the text for a more
detailed discussion.
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Figure 2 Schematic illustration of a possible interpretation of structures in the CMB region.

The Core–Mantle Boundary Region 463

Hernlund & McNamara, 
2015 Treatise on Geophys.

CMB thermal interaction and evolution
• Structure of thermal boundary layer (thickness of PPv layer)

• Mantle plume generation

Mantle heat flow
• Mantle dynamics

• Plate tectonics

Predominant driving force: heat inside the Earth

Core-mantle “thermal” interaction and coevolution



Earth’s heat budget and heat flow from the core

Large uncertainty in the estimate of mantle and core cooling

Total surface
heat flow:
46±3 TW

Tidal heating
~0.4 TW

Radiogenic heat production
~20±3 TW

Core cooling
3~12 TW

Mantle cooling
8~28 TW

Modified after Lay et al., 2008

©AAAS



Core cooling

P-x-T dependence of thermal conductivity (κ) of mantle?

q = -κ･dT/dz

Core-mantle boundary
Pressure (P): 135 GPa

Lay et al., 2008 Nature Geo.



High-pressure experiments using 
diamond anvil cell (DAC)

Optical measurement in a DAC

P-x-T dependence of thermal conductivity (κ) of mantle?



Pyrolitic lower mantle Bdg-enriched lower mantle

• (Mg,Fe)(Al,Si)O3 bridgmanite (bdg), post-perovskite (PPv)


• (Mg,Fe)O ferropericlase (fp)


• CaSiO3 davemaoite* (dvm)     *named at the end of 2021

Mineralogy in the Earth’s lower mantle

Dynamics in the lower mantle
The negative Clapeyron slope of the post-spinel
transition resists penetration of mantle convec-
tion between the transition zone and the lower
mantle. This, combined with a viscosity increase,
causes the stagnation of subducting pieces of
former oceanic lithosphere called “slabs” around
660 km depth (8). Slab stagnation occurs also at
~1000 km depth, corresponding to a viscosity
“hill” (18) possibly related to iron spin crossover
(19) or iron depletion in Mg-perovskite (20). Slabs
may also stagnate on the top of bridgmanite (Mg-
perovskite)–enriched ancient mantle structures
(BEAMS) (21) (Fig. 3). By contrast, upwelling hot
plumes do not seem to stagnate at the 660-km
boundary, possibly because Mg-perovskite trans-
forms into majorite at high temperatures (>2100 K)
with a positive Clapeyron slope (22) (Fig. 2B).
Conversely, the post-perovskite phase transfor-
mation in the lowermost mantle exhibits a large
positive dP/dT slope and thus assists mantle
convection (11, 12, 23). If post-perovskite is pres-
ent in plume-upwelling regions, the phase tran-
sition to Mg-perovskite plays an important role
because it occurs near the lowermost mantle
thermal boundary layer. The phase transition
therefore destabilizes the lowermost mantle and
enhances the number of plumes, possibly also
increasing the temperature of the whole mantle
by a few hundred degrees (24).
Laboratory experiments have demonstrated

that Mg-perovskite is much more rigid than
upper mantle and transition-zone minerals and
is three orders of magnitude more viscous than
coexisting MgO periclase (5). Indeed, the viscos-
ity of the lower mantle based on geodetic mea-
surements has been estimated to be at least one
order of magnitude higher than shallower levels
and is often assumed to be more viscous by a
factor of ~30 (25). If periclase can be intercon-
nected between stronger Mg-perovskite grains
to weaken the whole rock, this would lead to
complex and interesting behaviors. In a well-
connected state, changes in the iron spin state
in (Mg,Fe)O ferropericlase could influence the
viscosity of the weak phase and manifest them-
selves as a higher-viscosity layer in the lower man-
tle (19). The transformation into a post-spinel
assemblage (Mg-perovskite with periclase) re-
veals little interconnectivity between periclase
grains (26). However, recent deformation the
post-spinel assemblage suggest that periclase
grains might become interconnected and weaken
the assemblage at larger strains, and could lead to
dramatic weakening. This kind of strain-weakening
behavior is important because it may give rise
to shear localization in the lower mantle, in which
narrow zones of intense deformation separate
large quiescent regions that undergo relatively
little deformation (see below). Strain causes weak-
ening that in turn begets more strain, leading
to a runaway effect similar to what is thought
to accommodate plate tectonics. In the deepest
portions of Earth’s mantle, post-perovskite is
expected to be much weaker than perovskite
owing to its layered crystal structure (28). Be-
cause it is stabilized at lower temperatures, such

weak post-perovskite may weaken rocks that
would otherwise be highly viscous owing to
the usual influence of cooler temperatures on
viscosity.

Chemical and physical properties of
mantle perovskite

Impurities, such as Al and Fe, can strongly in-
fluence the behavior of Mg-perovskite in Earth’s
lower mantle. Although iron is predominantly
Fe2+ in the upper mantle and the transition zone,
it is able to coexist as Fe0, Fe2+, and Fe3+ in the
lower mantle. This is in part because Al3+ is
preferentially accommodated into the small Si4+

site (B site) in Mg-perovskite, which induces the
disproportionation of Fe2+ (→Fe3+ + Fe0) as Fe3+

enters the Mg2+ site (A site) in order to maintain
a charge balance. Indeed, relics of natural Mg-
perovskite found in diamonds contain a large
amount of Fe3+ (29), although the diamonds are
formed under environments that may not rep-
resent the typical redox conditions of the man-
tle (30). Recent experiments found that iron
in Mg-perovskite is dominantly Fe2+ at 40 to
70 GPa, whereas Fe3+/(Fe2+ + Fe3+) = ~0.6 in
other pressure ranges (20). Because ferrous iron
is preferentially accommodated into coexisting

ferropericlase, it may cause iron depletion in Mg-
perovskite at 1100- to 1700-km depth. Shim and
others speculate that the observed mid–lower
mantle viscosity anomaly (20) might be a result
of iron depletion in Mg-perovskite.
The spin state of iron in Mg-perovskite changes

from high to low spin with increasing pressure.
Such an iron spin crossover was first discovered
in (Mg,Fe)O ferropericlase at the pressure range
of the lower mantle (31) and has important geo-
physical implications (32). The iron spin state in
Mg-perovskite is more complicated owing to mul-
tiple valence states and crystallographic sites. Fe2+

is accommodated only in the A site and undergoes
the spin crossover above ~30 GPa from high spin
to what was identified as intermediate spin (33, 34).
However, a component that was assigned to
intermediate-spin Fe2+ in Mössbauer spectra may
be explained by high-spin Fe2+ in the distorted A
site (35). Conversely, Fe3+ that occupies the B site
undergoes high-spin to low-spin crossover above
30 GPa (36). The valence and spin states control
the partitioning of iron between Mg-perovskite
and ferropericlase (31). Recent work suggests
that it changes around 60 GPa because of the
spin crossover (37), but the effect is much smaller
than previously thought. Recent approaches, such

Hirose et al., Science 358, 734–738 (2017) 10 November 2017 2 of 5

Fig. 2. Phase proportions and phase transition boundaries in Earth’s lower mantle. (A) Mineral
proportions in pyrolytic mantle rocks. Ol, olivine; Wd, wadsleyite; Rw, ringwoodite; Cpx, clinopyroxene;
Opx, orthopyroxene; Mj, majorite (garnet). (B) Phase transition boundaries near 660-km depth in
pyrolitic mantle and basalt compositions (22, 88). Mg-perovskite is formed in pyrolite by both post-spinel
(ringwoodite to Mg-perovskite and ferropericlase) (green) and majorite-perovskite transition (blue).
Majorite transforms into Mg-perovskite in basalt (orange). Two-phase coexisting regions are shown as
bands. Pv, perovskite. (C) Phase boundary between Mg-perovskite and post-perovskite is illustrated
for MgSiO3 (yellow line) (23), pyrolytic mantle (blue), and subducted basalt (orange) (14, 17). (D) Phase
transition boundary in Ca-perovskite. Both theory (72) and experiment (71) demonstrated tetragonal to
cubic phase transition at high temperatures.
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our purpose is not to determine the exact pressure range of the
spin transition, we compare the lower-mantle model using the
data only below 50 GPa and using all of the data we took because
most of the spin-state changes of Fe generally occur around 50
GPa. As shown in Fig. 4, the VS profile without considering the
effect of the possible spin-state change (using the data only below
50 GPa) exhibited the systematic deviation from PREM at the
base point around 50 GPa, and its deviation becomes up to ∼2%
at the bottom of the lower mantle. The inclination of the VS
profile has been changed by the spin-state change as shown in
Fig. 4. Therefore, the VS and G′ are strongly affected by the spin-
state change in Fe-Brd. While the effect of the iron spin-state
change on the density has been thought to be a negligible effect
on the XBrd relative to the possible uncertainty of the seismic
model (45), our results show that its effect with more than ∼2%
change in seismic velocity could be detectable by seismic obser-
vations. Although any possibility of hyperfine structure of Fe in
Brd cannot be ruled out because we did not conduct direct
measurements of spin state of iron, our experimental results thus
strongly indicate that the spin-state change of iron in Brd is es-
sentially required to reasonably explain the one-dimensional
seismic velocity model. We also calculated the VP profile using
the bulk modulus (K) and density (ρ) [VP = √((K + 4G=3)=ρ),  
VS = √(G=ρ)] determined from recent XRD data (46, 47) al-
though VS has higher sensitivity to composition (48, 49). We
compared the calculated VP profile with one-dimensional global
seismic model of PREM. The latter is best fitted by a mixture of
93% Brd and 8% Fp by volume for the O-A shown in SI Ap-
pendix, Fig. S3. The XBrds in the VS (XBrd = 0.92) and VP (XBrd =
0.93) show good agreement with each other. This result also
strengthens the robustness of our lower-mantle model obtained
from VS data.

As shown in Fig. 3, the gradient of P-VS profile of our min-
eralogical model is also in good agreement with PREM. The
Fe3+/ΣFe ratio in Brd has been under debate so far, which is
known as the paradox of the mantle redox (19, 21, 50). Very

Fig. 2. Shear-wave velocity profiles of Brd as a function of pressure at
300 K. Blue and purple squares show the shear-wave velocities of
(Mg0.86Fe

2+
0.15)(Fe

3+
0.03Si0.97)O3 and (Mg0.93Fe

2+
0.07)(Fe

3+
0.02Si0.98)O3 Brd, re-

spectively. Third-order Eulerian finite strain fits are shown by solid lines.
Black dotted lines show the shear-wave velocity profiles of MgSiO3 from
M07 (29) by Brillouin measurements. Orange upward- and downward-
pointing triangles show the shear-wave velocity profiles of MgSiO3 and
Mg0.95Fe

2+
0.04Fe

3+
0.01SiO3 Brd from C12 (24) by ultrasonic measurements,

green diamonds shows that of (Mg0.9Fe0.1Si0.9Al0.1)O3 Brd from K17 (22) by
Brillouin scattering measurements, and gray circles shows that of
Mg0.96Fe

2+
0.036Fe

3+
0.014Si0.99O3 Brd from F18 (18) by Brillouin scattering

measurements, respectively.

A

B
T-K geotherm

C
O-A geotherm

Fig. 3. Lower-mantle geotherms and calculated shear-wave velocity pro-
files. (A) Representative lower-mantle geotherms for T-K (37) and O-A (38).
(B and C) Calculated shear-wave velocity profiles for T-K (37) (B) and O-A (38)
(C). Calculated shear-wave velocity profiles of Fe-Brd (blue lines), Fp (green
lines), and PREM (dashed black lines). The best-fit models to PREM are shown
as red curves. The uncertainties fall in the line thicknesses, which derived
from the uncertainties of the shear-strain derivative of the Grüneisen
parameter ηS0.

4 of 7 | www.pnas.org/cgi/doi/10.1073/pnas.1917096117 Mashino et al.
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Pt

NaCl

Re gasket

Sample

Probe laser

Pump laser
ΔT at 1 pulse ~ 5 K Heat diffusion time: τ (s)

Thermal conductivity： κ = ρCp(d2/τ)

ρ: density, Cp: heat capacity at constant P, 
d: sample thickness, τ: heat diffusion time

Method

High P–T thermoreflectance technique in DAC

High-power CW laser



High P–T thermoreflectance technique in DAC

τ d
Thermal conductivity： κ = (d2/τ)ρCp
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4.6. Figures 

 

 
Fig. 4-1. Representative transient temperature curves and a cross-section image obtained 
in the same run. (a) The curves obtained at 130 GPa and 300 K and at 140 GPa and 1949 
K. The black lines are measured signals, and the red lines are the fitting results via Eq. 
(4-1). (b) Cross-sectional SEM image of the Pt-MgO-Pt sample after the TR 
measurements. 
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model of Wu et al. [2008] with our EOS models at high
temperatures, the differences decrease with increasing tem-
perature, especially, the difference between Fit3-3BM and
the model of Wu et al. [2008] is approximately less than
1 GPa all over the compared P-T region (up to 190 GPa and
3000 K). In contrast, the early EOS models of Jamieson et
al. [1982], Matsui et al. [2000], Speziale et al. [2001], and
Dorogokupets and Oganov [2007] give lower pressures than
the Fit3-Vinet model, and the differences are monotonously
increase with decreasing volumes. The differences remain at
high temperatures, and there is no significant temperature
effect. Compared to the other EOS models, Speziale et al.’s
EOS shows deviations in the volume range of V/V0 > 0.9 at
high temperatures (Figures 8b and 8c). These are caused by
the large g in V/V0 > 1 (Figure 7), and the large g also
causes the less reproducibility for the thermal expansion at
1 atm (Figure 4a).
[33] The thermal pressures DPth are separately compared

between the EOS models as a function of V/V0 (Figure 9).
Within the two EOS models of this study, Fit3-Vinet has
larger DPth than Fit3-3BM, and the difference increases
with decreasing volume and increasing temperature, in
contrast to the smaller PT0 compared to those of Fit3-
3BM in the volume range of V/V0 < 0.8 (Figure 8a). The
larger (@DPth/@V)T in Fit3-Vinet is consistent with those of
Speziale et al. [2001] in the volume range of V/V0 < 1.0, and
the smaller (@DPth/@V)T in Fit3-3BM is similar to those of
Jamieson et al. [1982], Matsui et al. [2000], and Wu et al.
[2008]. The EOS model of Dorogokupets and Oganov
[2007] has the intermediate DPth and (@DPth/@V)T between
those of Fit3-Vinet and Fit3-3BM. Speziale et al.’s EOS
yields the tremendous DPth in V/V0 > 1.0, which causes the
nonlinear behavior for the total pressures (Figures 8b and 8c).

[34] The new EOS models yield the higher total pressures
than the early models and are consistent with the ab initio
EOS of Wu et al. [2008] at high temperatures (Figures 8b
and 8c). The higher total pressures are required to reproduce
the shock compression data around 200 GPa. Figure 10
shows the 3000 K and 4000 K isotherms given by this
study, Speziale et al. [2001], Dorogokupets and Oganov
[2007], and Wu et al. [2008] along with the shock com-

Figure 6. The Fit3-Vinet and Fit3-3BM models are compared in terms of the total pressure. (a) The
isotherms at 300–4000 K are compared along with the Hugoniot [Vassiliou and Ahrens, 1981]. (b) Dif-
ferences between the two EOS models are represented at 300–4000 K.

Figure 7. Determined g(V) in the Fit3-Vinet and Fit3-
3BM models along with the g(V) model of Speziale et al.
[2001].
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Other methods for measuring κ at high P and T

0123456789();: 

of critical thermal parameters (thermoreflectance, 
piezo- optical coefficient and physical stability) for sev-
eral metal film transducers (Ta, Al and Au(Pd) thin 
films) were further investigated. The acoustic strengths 
for Ta and Au(Pd) films are essentially independent of 
pressure, whereas they drop abruptly and remain small 
for the commonly used Al film upon initial loading and 
up to 12 GPa (REF.170).

The TDTR- DAC technique has also been used 
to measure κ in liquids, as pressure- transmitting 
media such as methanol–ethanol mixture and sili-
cone oil171. Furthermore, the ITC at heterointerfaces 
(such as Al/SiC, Al/graphene/SiOx/SiC, Al/SiOx/SiC) 
as a function of pressure can be extracted using this 
method176. Based on the TDTR- DAC technique, in 
2019, this method was extended to combine with a 
picosecond- pulsed- laser- based transient thermoreflec-
tance technique to measure the pressure- dependent 
cross- plane κ of MoS2 up to 25 GPa (REFS35,172). Moreover, 
an in situ method was developed for measuring the 
high- pressure, high- temperature thermal diffusivi-
ties of Pt and Fe up to ~60 GPa and 2,000 K, and κ in 
post- perovskite up to 180 GPa and 1,560 K, by com-
bining the thermoreflectance measurements (albeit 
with nanosecond laser pulses) and laser- heated DAC 
techniques173,177.

Thermal conductivity under pressure
In terms of the magnitude of κ and functional applica-
tions, we arrange materials into the following groups: 
gases, liquids and solids, the last of which consists of TE 
materials, Earth materials and semiconductor materials. 
We do so because the κ values of these materials are, 
in general, distributed from low to high, spanning over 
almost all known magnitudes of κ.

Gases
We use ‘gas’ to refer to materials that are in the gas phase 
at ambient conditions. In general, the κ values of gases 
under pressure are noticeably smaller than those of sol-
ids. FIGURE 4a and TABLE 1 summarize the κ of several 
typical gases with respect to pressure. Around 1 GPa, 
most gases transform into liquids or solids, accompanied 
by a rapid increase in κ.

Limited by experimental techniques, the majority 
of the thermal studies of gases in the last century was 
within the pressure range of 1 GPa (REF.67). For instance, 
κ was measured in hydrogen using a coaxial cylindrical 
cell for pressure up to 66 MPa in 1966, and the effects of 
temperature on the κ of hydrogen under pressure were 
also established178. Furthermore, pressure- dependent κ 
parameters of oxygen, methane, nitrogen, neon, argon 
and other gases were also investigated, predominantly 
via the transient hot- wire method179–183.

More recently, with the help of the DAC and TH tech-
niques, the pressure range of thermal characterizations 
of gases has been extended over 10 GPa. In 2012, the κ of 
argon was measured in a pulsed- laser transiently heated 
DAC at pressures up to 50 GPa and temperatures up to 
2,500 K (REF.184), paving the way for thermal studies of 
gases at higher pressures. For argon, κ at high pressures 
was predicted through first- principles- based phonon 
Boltzmann transport equation (BTE), density functional 
theory (DFT) and molecular dynamics methods185,186, 
providing valuable guidance for experimental studies. 
The κ of argon increases rapidly by nearly four orders 
of magnitude when the pressure is increased to about 
50 GPa (FIG. 4a). This trend is caused by argon rapidly 
crystallizing into a pure solid at a pressure of around 
1 GPa; the κ of a crystal, in general, increases with pres-
sure much faster than that of a gas, liquid or amorphous 
material.

Later, via DAC and pulsed- laser heating techniques, 
a planetary interior condition of about 140–170 GPa and 
4,000 K was obtained. At these conditions, the κ of liquid 
metallic hydrogen, the most abundant material in the 
Solar System, was estimated to be 100–140 Wm−1 K−1, 
based on the calculated electrical conductivity obtained 
from measured optical conductivity data using the 
Wiedemann–Franz law187.

Liquids
Early studies on the κ parameters of liquids under pres-
sure were limited to pressures of approximately 1 GPa 
and focused on organic liquids, such as oil, ethanol and 
toluene, to explore their implications on food and indus-
trial products188–190. There was also interest in the 
pressure- dependent κ of pressure- transmitting media 
used in DACs171, such as methanol–ethanol mixture 
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Fig. 3 | Transient thermal characterization methodologies used under pressure.  
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of critical thermal parameters (thermoreflectance, 
piezo- optical coefficient and physical stability) for sev-
eral metal film transducers (Ta, Al and Au(Pd) thin 
films) were further investigated. The acoustic strengths 
for Ta and Au(Pd) films are essentially independent of 
pressure, whereas they drop abruptly and remain small 
for the commonly used Al film upon initial loading and 
up to 12 GPa (REF.170).

The TDTR- DAC technique has also been used 
to measure κ in liquids, as pressure- transmitting 
media such as methanol–ethanol mixture and sili-
cone oil171. Furthermore, the ITC at heterointerfaces 
(such as Al/SiC, Al/graphene/SiOx/SiC, Al/SiOx/SiC) 
as a function of pressure can be extracted using this 
method176. Based on the TDTR- DAC technique, in 
2019, this method was extended to combine with a 
picosecond- pulsed- laser- based transient thermoreflec-
tance technique to measure the pressure- dependent 
cross- plane κ of MoS2 up to 25 GPa (REFS35,172). Moreover, 
an in situ method was developed for measuring the 
high- pressure, high- temperature thermal diffusivi-
ties of Pt and Fe up to ~60 GPa and 2,000 K, and κ in 
post- perovskite up to 180 GPa and 1,560 K, by com-
bining the thermoreflectance measurements (albeit 
with nanosecond laser pulses) and laser- heated DAC 
techniques173,177.

Thermal conductivity under pressure
In terms of the magnitude of κ and functional applica-
tions, we arrange materials into the following groups: 
gases, liquids and solids, the last of which consists of TE 
materials, Earth materials and semiconductor materials. 
We do so because the κ values of these materials are, 
in general, distributed from low to high, spanning over 
almost all known magnitudes of κ.

Gases
We use ‘gas’ to refer to materials that are in the gas phase 
at ambient conditions. In general, the κ values of gases 
under pressure are noticeably smaller than those of sol-
ids. FIGURE 4a and TABLE 1 summarize the κ of several 
typical gases with respect to pressure. Around 1 GPa, 
most gases transform into liquids or solids, accompanied 
by a rapid increase in κ.

Limited by experimental techniques, the majority 
of the thermal studies of gases in the last century was 
within the pressure range of 1 GPa (REF.67). For instance, 
κ was measured in hydrogen using a coaxial cylindrical 
cell for pressure up to 66 MPa in 1966, and the effects of 
temperature on the κ of hydrogen under pressure were 
also established178. Furthermore, pressure- dependent κ 
parameters of oxygen, methane, nitrogen, neon, argon 
and other gases were also investigated, predominantly 
via the transient hot- wire method179–183.

More recently, with the help of the DAC and TH tech-
niques, the pressure range of thermal characterizations 
of gases has been extended over 10 GPa. In 2012, the κ of 
argon was measured in a pulsed- laser transiently heated 
DAC at pressures up to 50 GPa and temperatures up to 
2,500 K (REF.184), paving the way for thermal studies of 
gases at higher pressures. For argon, κ at high pressures 
was predicted through first- principles- based phonon 
Boltzmann transport equation (BTE), density functional 
theory (DFT) and molecular dynamics methods185,186, 
providing valuable guidance for experimental studies. 
The κ of argon increases rapidly by nearly four orders 
of magnitude when the pressure is increased to about 
50 GPa (FIG. 4a). This trend is caused by argon rapidly 
crystallizing into a pure solid at a pressure of around 
1 GPa; the κ of a crystal, in general, increases with pres-
sure much faster than that of a gas, liquid or amorphous 
material.

Later, via DAC and pulsed- laser heating techniques, 
a planetary interior condition of about 140–170 GPa and 
4,000 K was obtained. At these conditions, the κ of liquid 
metallic hydrogen, the most abundant material in the 
Solar System, was estimated to be 100–140 Wm−1 K−1, 
based on the calculated electrical conductivity obtained 
from measured optical conductivity data using the 
Wiedemann–Franz law187.

Liquids
Early studies on the κ parameters of liquids under pres-
sure were limited to pressures of approximately 1 GPa 
and focused on organic liquids, such as oil, ethanol and 
toluene, to explore their implications on food and indus-
trial products188–190. There was also interest in the 
pressure- dependent κ of pressure- transmitting media 
used in DACs171, such as methanol–ethanol mixture 
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Time-domain thermoreflectance method

Pulsed-laser transient heating method

• Similar to ours but front-heat & front-probe


• Measurements for some lower mantle 
minerals up to 133 GPa and 300 K


• High-T measurement is not feasible so far

• Fast detection of thermal radiation from sample


• Measurements for pyrolite up to 124 GPa and 
2460 K


• Large uncertainty in T


• Low-T measurement is not feasible

e.g., Hsieh et al., 2017JGR

e.g., Geballe et al., 2020EPSL

Advantage in our method: κ with small T error in a wide P–T range



Experimental techniques are developing

before ~2011 now

bdg: 26 GPa and to 1200  K

PPv: none

Fp: 14 GPa, <1300 K

dvm: none

bdg: 140 GPa and to 450  K

PPv: 180 GPa, and to 1500 K

Fp: 127 GPa, to 2000 K

dvm: 70 GPa, to 2000 K

κCMB ~ 10 W/m/K
(Stacey, 1992 Physics of the Earth)

following slides
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The thermal conductivity of post-perovskite (ppv), the highest-pressure polymorph of MgSiO3 in the 
Earth’s mantle, is one of the most important transport properties for providing better constraints on the 
temperature profile and dynamics at the core-mantle boundary (CMB). Incorporation of Fe into ppv can 
affect its conductivity, which has never been experimentally investigated. Here we determined the lattice 
thermal conductivities of ppv containing 3 mol% and 10 mol% of Fe at high P-T conditions – of pressures 
up to 149 GPa and 177 GPa, respectively, and temperatures up to 1560 K – by means of the recently 
developed pulsed light heating thermoreflectance technique combining continuous wave heating lasers. 
We found that the incorporation of Fe into ppv moderately reduces its lattice thermal conductivity as it 
increases the Fe content. The bulk conductivity of ppv dominant pyrolite is estimated as 1.5 times higher 
than that of pyrolite consisting of bridgmanite and ferropericlase in the lower mantle, which agrees with 
the traditional view that ppv acts as a better heat conductor than bridgmanite in the Earth’s lowermost 
mantle.

 2020 Elsevier B.V. All rights reserved.

1. Introduction

The heat flow across the core-mantle boundary (CMB), an ex-
treme thermal boundary layer in the lowermost mantle, drives 
various geophysical-chemical phenomena in the deep mantle. Heat 
transport in the Earth’s interior predominantly takes place by con-
vection, although the thermal boundary layer at the CMB is one 
of the important exceptions: it carries heat by conduction only. 
The thermal conductivity (κ ) of the lower mantle minerals is fun-
damental information for understanding the heat transport at the 
base of the mantle, and thus requires constraints. (Fe,Al)-bearing 
MgSiO3 post-perovskite (ppv) is thought to be one of the most 
abundant minerals in the lowermost mantle. Mg-pure perovskite 
called bridgmanite (bdg) undergoes a phase transition into ppv 
above 125 GPa and 2500 K, forming a stacked SiO6-octahedral 
sheet structure, which is thought to be the origin of the D′′ seis-
mic discontinuity (Murakami et al., 2004; Oganov and Ono, 2004; 
Tsuchiya et al., 2004). There are three carriers of heat transfer via 
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conduction, which are phonon, electron and photon, referred to as 
lattice, electronic and radiative thermal conductions, respectively. 
Total thermal conductivity is given by the summation of these 
conductivities. Among them, electronic conduction by free elec-
tron only plays an important role in metal. Conversely, phonon and 
photon predominantly carry heat through non-metallic minerals.

Studies investigating the κ of ppv are scarce. Experimental 
study on the lattice thermal conductivity (κ latt) of ppv is so far 
limited to the report by Ohta et al. (2012). The authors sug-
gested that MgSiO3 ppv is twice as conductive as bdg with Mg-
endmember composition; the κ latt of MgSiO3 bdg and ppv at the 
CMB P-T conditions (135 GPa, 3700 K) was estimated to be 9.0 
± 1.6 W/m/K and 16.8 ± 3.7 W/m/K, respectively. Such a high 
κ of ppv was predicted by Hofmeister et al. (2007), and was 
also presumed from the measurement of Ca1-xSrxIrO3 analogs (e.g., 
Keawprak et al., 2009). Recent calculations of κ of ppv are also in 
concurrence with this view (Haigis et al., 2012; Ammann et al., 
2014; Dekura and Tsuchiya, 2019).

It is well known that chemical impurities in a material, such as 
Fe, reduces its κ latt (e.g., Slack, 1964). A number of studies have 
focused on the impurity effect on the κ latt of the lower mantle 

https://doi.org/10.1016/j.epsl.2020.116466
0012-821X/ 2020 Elsevier B.V. All rights reserved.
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(Mg, Fe)O ferropericlase (Fp) is one of the important minerals comprising Earth’s lower mantle, and its 
thermal conductivity could be strongly influenced by the iron content and its spin state. We examined 
the lattice thermal conductivity of (Mg, Fe)O Fp containing 19 mol% iron up to 111 GPa and 300 K by 
means of the pulsed light heating thermoreflectance technique in a diamond anvil cell. We confirmed a 
strong reduction in the lattice thermal conductivity of Fp due to iron substitution as reported in previous 
studies. Our results also show that iron spin crossover in Fp reduces its lattice thermal conductivity as 
well as its radiative conduction. We also measured the electrical conductivity of an identical Fp sample up 
to 140 GPa and 2730 K, and found that Fp remained an insulator throughout the experimental conditions, 
indicating the electronic thermal conduction in Fp is negligible. Because of the effects of strong iron 
impurity scattering and spin crossover, the total thermal conductivity of Fp at the core–mantle boundary 
conditions is much smaller than that of bridgmanite (Bdg). Our findings indicate that Bdg (and post-
perovskite) is the best heat conductor in the Earth’s lower mantle, and distribution of iron and its valence 
state among the lower mantle minerals are key factors to control the lower mantle thermal conductivity.

 2017 Elsevier B.V. All rights reserved.

1. Introduction

The core–mantle boundary (CMB) is by far the most impor-
tant thermal boundary layer inside the Earth, and the heat flow 
through the CMB largely controls the thermal structure and evolu-
tion of the Earth’s interior (see a review by Lay et al., 2008). Since 
the heat across the boundary is only transported by conduction, 
understanding terrestrial heat transport requires knowledge of 
thermal conductivity of the mantle-forming minerals as functions 
of pressure, temperature, and chemical composition. In addition, 
the lowermost mantle is considered to be thermally and chemi-
cally heterogeneous, leading to heterogeneous thermal conductiv-
ity and heat flux at the base of the mantle (Ammann et al., 2014;
Stackhouse et al., 2015). The spatial variation in the CMB heat 
flux potentially influences 1) the outer core convection and thus 
the pattern, strength, and evolution of the Earth’s magnetic field, 
2) the structure and age of the inner core (Sumita and Olson, 1999;
Olson, 2016), and 3) small-scale mantle convection style (Ammann 
et al., 2014). Recent estimates of the lowermost mantle thermal 
conductivity span a wide range from 4 to 21 W/m/K, which is 
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mainly due to ill-constrained temperature and compositional ef-
fects (Kavner and Rainey, 2016).

The thermal conductivity of a material is estimated by the 
sum of lattice, radiative, and electronic thermal conductivities. Lat-
tice thermal conduction occurs by phonon–phonon scattering and 
is likely the primary form of thermal conductivity at the Earth’s 
mantle conditions (Hofmeister, 1999). Heat also moves diffusively 
by photons at high temperature, which may play an important 
role at conditions relevant to the Earth’s lowermost mantle. Elec-
tronic thermal conduction is most considerable in metallic material 
among these three conduction mechanisms.

Ferropericlase (Fp) is the second most abundant mineral in 
the Earth’s lower mantle after (Fe, Al)-bearing MgSiO3 bridgman-
ite (Bdg). The lower mantle Fp contains approximately 20% ferrous 
iron in the octahedral site of the cubic rock-salt crystal struc-
ture (e.g., Sinmyo et al., 2008). MgO periclase, the endmember of 
(Mg, Fe)O, has often been used to estimate the thermal conductiv-
ity of the lower mantle. Thus, extensive data exists on the thermal 
conductivity (or thermal diffusivity) of MgO at high pressures (P ) 
and temperatures (T ) (Touloukian et al., 1970; de Koker, 2010;
Stackhouse et al., 2010; Tang and Dong, 2010; Manthilake et 
al., 2011; Haigis et al., 2012; Dalton et al., 2013; Imada et al., 
2014). Pure crystals with higher symmetry exhibit relatively small 
phonon–phonon interaction, hence a high thermal conductivity. In-

http://dx.doi.org/10.1016/j.epsl.2017.02.030
0012-821X/ 2017 Elsevier B.V. All rights reserved.
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Thermal conductivity (κ) of mantle minerals is key to understanding dynamics in the deep Earth. It controls the
style of mantle convection and the timescale of cooling both the mantle and the core. Cubic CaSiO3 perovskite
(CaPv) is the third most abundant mineral in the lower mantle (7 vol%). Despite its importance, no theoretical
or experimental estimate of CaPv’s κ is available. Theoretical investigations of its properties are challenging
because of its strong anharmonicity. Experimental measurements at relevant pressures and temperatures are
equally challenging. Here we present ab initio results for CaPv’s κ obtained using the phonon quasiparticle
approach to address its strong anharmonicity. We also offer experimental measurements of κ up to 67 GPa and
1950 K. Predictions and measurements are in good agreement and reveal a surprisingly large κ for cubic CaPv
that can be explained on the basis of its high crystal structure symmetry. Despite its relatively low abundance,
CaPv’s κ increases the lower mantle κ by ∼10%, if accounted for. κ of mantle regions enriched in subducted
crustal materials will be more strongly impacted.

DOI: 10.1103/PhysRevB.104.184101

I. INTRODUCTION

The dominant mode of heat transport between the Earth’s
core and the surface controls the planet’s internal dynamics
and evolution. The core-mantle boundary (CMB) located at
2890 km depth is the interface between the molten metallic
core and the rocky mantle. At the CMB, where mass transport
is impeded, the lower mantle (LM) receives heat from the core
via conduction [1]. Knowledge of κ of LM minerals is critical
for constraining predictions of the CMB heat flow [2], which
provides a basis for understanding the Earth’s dynamic state
and thermal history and the relative importance of conduction
versus convection above the CMB. The LM extends from 670
to 2890 km in depth, constituting 55 vol% of the Earth’s whole
interior. Pressures (P) and temperatures (T ) in this region vary
between 23 < P < 135 GPa and 2000 < T < 4000 K [3,4].
Such conditions introduce considerable challenges for both
measurements and theoretical estimates of thermal conduc-
tivity of mantle minerals, precluding precise constraints of
LM’s κ [2,5,6]. Thus, the understanding of thermal conduc-
tion through the LM is still incomplete [1].

CaSiO3 perovskite (CaPv) constitutes ∼7 vol% of a py-
rolitic LM [7,8]. Despite its importance, no previous estimate
of cubic CaPv’s lattice thermal conductivity κlat is available
owing to its strong anharmonicity, i.e., strong phonon-phonon

*Corresponding author: rmw2150@columbia.edu

interactions. Anharmonicity manifests as an intrinsic temper-
ature dependence in phonon frequencies at constant volume
[9,10]. CaPv assumes a cubic structure [9,11,12] under LM
conditions, but it is dynamically unstable below 500 K [9,13].
At low temperatures it presents tetragonal and orthorhombic
distortions [14]. Measurements of cubic CaPv’s κlat need to
be carried out above ∼600 K and ∼26 GPa [9,11]. It is in-
dispensable to determine the κlat of cubic CaPv in situ at
high P-T because this phase is unquenchable. Calculations
of κlat are also challenging. Prevailing ab initio approaches
relying on perturbative treatments of weak anharmonicity up
to three-phonon scattering processes have been used to eval-
uate κlat of MgO periclase (Pc) [15–17], pure bridgmanite,
i.e., MgSiO3 perovskite (MgPv) [18–20], and MgSiO3 post-
perovskite (MgPPv) [21], the second and first most abundant
phases of the LM, and the most abundant phase of the D”
region, respectively. However, these approaches are invalid for
cubic CaPv since static density-functional theory (DFT) cal-
culations of cubic CaPv yield a double-well potential [9,22]
that renders the cubic phase unstable at low temperatures.
The deviation from harmonic potential is substantial, and
thus, the harmonic phonon calculations acquire imaginary
frequencies [9,22]. Only at sufficiently high temperatures,
the cubic phase is dynamically stabilized by anharmonic
interactions, and the phonon dispersion is free of imaginary
frequencies [9].

Here we investigate the P-T dependence of cubic CaPv’s
κlat using ab initio calculations and direct measurements. We

2469-9950/2021/104(18)/184101(8) 184101-1 ©2021 American Physical Society
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Thermal conductivity of bridgmanite (Bdg) is the important physical property controlling the heat transfer 
inside the Earth. Here we report room temperature lattice thermal conductivity of (Fe,Al)-bearing Bdg 
with chemical compositions of Mg0.848Fe0.090Al0.206Si0.856O3 and Mg0.718Fe0.123Al0.281Si0.878O3 measured 
up to 125 GPa and 74 GPa, respectively, using the pulsed light heating thermoreflectance technique in a 
diamond anvil cell. We found that the lattice thermal conductivity of these Bdg samples show abnormal 
reduction in the pressure range of 20-40 GPa at 300 K, which is probably due to the spin transition of 
Fe3+ in octahedral Si-site (B-site). We propose that the lattice thermal conductivity of Bdg is reduced by 
46 ± 16% when Fe is in the mixed spin state, which may form a thermal insulating layer in the Earth’s 
mid lower mantle. In addition, we provide a thermal conductivity model of Bdg, taking into account 
the effect of compositional difference and the spin transition of Fe. Our conductivity model indicates 
that the thermal conductivity of Bdg in the pyrolitic lower mantle is more than twice as high as that 
in the descending MORB, which is likely to create heterogeneity of lateral heat flux through the Earth’s 
core-mantle boundary.

 2019 Elsevier B.V. All rights reserved.

1. Introduction

The thermal conductivity (κ ) of the lowermost mantle is one 
of the most important physical properties that can help us to un-
derstand lower mantle dynamics (e.g., Li et al., 2018) and thus the 
thermal evolution of the Earth (for review, see Lay et al., 2008). The 
chemical composition of bridgmanite (Bdg) in mid-oceanic ridge 
basalt (MORB) rock in the lower mantle is different from that in 
the surroundings. Fe and Al contents of Bdg in the pyrolitic lower 
mantle are considered to be both ∼10 mol% (e.g., Sinmyo et al., 
2011). On the other hand, Bdg in the subducted MORB is thought 
to contain a large amount of Fe and Al, such as 31 mol% and 29 
mol% (i.e., 0.31 and 0.29 in per formula unit), respectively (Hirose 
et al., 2005). These impurities necessarily change the κ of Bdg from 
that of Mg endmember, thus we need to know how these impuri-
ties affect its κ . In addition, for Fe-bearing minerals, we also need 
to consider the effect of the spin transition of Fe. A number of ex-

* Corresponding author.
E-mail address: okuda.y@geo.titech.ac.jp (Y. Okuda).

perimental and theoretical studies suggested that the mechanism 
of the incorporation of Fe in Bdg is complicated compared to other 
lower mantle minerals; Fe in Bdg can exist in two different va-
lence states of Fe2+ and Fe3+ , and these can be distributed to 
two cation sites such as the large pseudo-dodecahedral Mg2+ site 
(A-site) and the relatively small octahedral Si4+ site (B-site) (for 
review, see Lin et al., 2013). Previous studies provided a common 
view of iron spin transition in Bdg: only the Fe3+ in the octahe-
dral B-site would undergo a spin transition from high spin (HS) to 
low spin (LS) state via mixed spin (MS) state at the P -T conditions 
in the lower mantle. However, there is a difference in the reported 
onset pressure and the pressure range (15-70 GPa), probably due 
to the difference in experimental conditions or chemical composi-
tion (e.g., Jackson et al., 2005; Catalli et al., 2011; Hsu et al., 2011;
Kupenko et al., 2015; Sinmyo et al., 2017).

There are a number of experimental and theoretical studies 
about the lattice thermal conductivity (κ latt) of Bdg, but the chem-
ical compositions of Bdg are almost entirely limited to Fe- and 
Al-free systems (Osako and Ito, 1991; Manthilake et al., 2011; 
Ohta et al., 2012, 2014; Haigis et al., 2012; Dekura et al., 2013;
Ammann et al., 2014; Tang et al., 2014; Stackhouse et al., 2015; 
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1. Introduction

Thermal conductivity of mantle minerals controls the
heat balance and the thermal evolution of the Earth.
Periclase-wüstite solid solution, (Mg,Fe)O, has been
examined as an important binary system to consider the
mineralogy in the Earth’s lower mantle, which constitutes
more than half the Earth’s volume. MgO periclase has been
traditionally used as a proxy mineral for estimating lower
mantle thermal conductivity (Brown, 1986; Manga and
Jeanloz, 1997). Rocksalt (B1) type structure stabilizes in

periclase up to several hundred gigapascals region
(Coppari et al., 2013; McWilliams et al., 2012), and its
thermal conductivity monotonically increases with in-
creasing pressure and decreases with increasing tempera-
ture increment (e.g., Dalton et al., 2013; Imada et al., 2014;
Manthilake et al., 2011). On the other hand, Fe1!xO wüstite
shows various structural, magnetic, and insulator-metal
transitions in the conditions relevant to the Earth’s lower
mantle (e.g., Fei and Mao, 1994; Fischer et al., 2011a;
Kantor et al., 2004; Ohta et al., 2012; Ozawa et al., 2011;
Yagi et al., 1985). Thermal conductivity of wüstite has only
been measured at 1 bar (Akiyama et al., 1992), and thus the
pressure response and the effect of such pressure-induced
transitions on the conductivity of wüstite are unknown.

Ferropericlase, a Mg-rich member of (Mg,Fe)O, is
considered to be the second most abundant mineral in
the lower mantle, and its thermal conductivity strongly
affects bulk lower mantle thermal conductivity despite its
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Fig. 3. Obtained transient temperature curves at high pressure and at ambient 
temperature. Black, blue and green curves indicate temperature history curves of 
gF9A21 obtained at 52 GPa, 42 GPa and 24 GPa in run #2, respectively. Black, blue 
and green lines indicate the position of peak maximum in the temperature history 
curve.

where ρ is density, D is thermal diffusivity and Cp is isobaric spe-
cific heat. We used the density of our Bdg sample (ρBdg) at high 
pressures estimated from the obtained EoS using the same Bdg 
sample with gF9A21 (Fig. 2). For estimation of ρBdg, we used the 
Birch Murnaghan EoS with our obtained K ′ , K0 and V 0 value. We 
used the formula weight for gF9A21 and gF12A28 as 102.84 and 
104.20, respectively. The detailed information of used ρBdg and 
sample thickness correction for the calculation of κ is summa-
rized in Supplemental material S2. The Cp of Bdg at high pressures 
was calculated from the Debye model and thermodynamic func-
tions, with its thermoelastic parameters for thermal EoS (Sun et al., 
2018). All of the thermoreflectance measurements were conducted 
at Tokyo Institute of Technology. Pressure was calibrated from the 
lattice volume of Au (Tsuchiya, 2003), Raman shift of the diamond 
anvil (Akahama and Kawamura, 2006) or ruby fluorescence method 
(Mao et al., 1986), which is summarized in Table 2.

The pulsed light heating thermoreflectance method yields tran-
sient temperature curves of Bdg at each pressure (Fig. 3; see Sup-
plemental material S3 for obtained temperature history curves in 
each run). The obtained curves were fitted by a theoretical curve 
based on the one-dimensional thermal conduction equation for the 
filmed sample thickness direction by pulse heating, for the estima-
tion of the thermal diffusion time (τ ) through the sample:

T (t) = T

√
τ

πt

∞∑

n=0

γ 2n exp
[
− (2n + 1)2

4
τ

t

]
, (2)

where T (t) is temperature, T is a constant, t is time, and γ is 
fitting parameter describing heat effusion to the pressure medium. 
This τ was then analyzed as a three-layer heat diffusion model to 
obtain DBdg using the following equations:

DBdg =
Γ
6 + 1 + 1

Γ

(Γ + 2) τ
6 − (Γ + 4

3 )
d2

Au
DAu

d2
Bdg, (3)

Γ = CBdgdBdg

CAudAu
, (4)

Fig. 4. Lattice thermal conductivity of Mg0.848Fe0.090Al0.206Si0.856O3 Bdg (gF9A21) 
and Mg0.718Fe0.123Al0.281Si0.878O3 Bdg (gF12A28) at 300 K. Red diamonds, 
gF9A21: Mg0.848Fe0.090Al0.206Si0.856O3 Bdg (this study); purple diamonds, 
gF12A28: Mg0.718Fe0.123Al0.281Si0.878O3 Bdg (this study); orange diamonds, 
Mg0.832Fe0.209Al0.060Si0.916O3 Bdg (Okuda et al., 2017); open circles, MgSiO3
Bdg (Ohta et al., 2012, 2014); black, green and brown curves, MgSiO3, 
Mg0.96Fe0.07Si0.98O3 and Mg0.89Fe0.12Al0.11Si0.89O3 Bdg (Hsieh et al., 2017). 
The rightmost vertical line in black, green and brown curves indicate the mea-
surement uncertainties reported in Hsieh et al. (2017). “A” in the figure indicates 
annealed data, and numbers indicate run numbers. HS, MS and LS in the top of 
the figure indicate the suggested pressure range of the spin state of high-spin, 
mixed-spin and low-spin of Fe, respectively (Lin et al., 2013).

where DAu is thermal diffusivity of Au, dBdg, dAu are thickness of 
Bdg and Au respectively, and C Bdg, C Au are heat capacity per unit 
volume (C = ρCp) of Bdg and Au, respectively. We used 127 mm2/s 
for DAu at ambient conditions (Ho et al., 1972), and 4%/GPa for 
the pressure derivative of DAu obtained by thermal conductivity 
measurements (Ross et al., 1984). Note that Ross et al. (1984) was 
measured only up to a few GPa, however, so far there are no avail-
able data. We used the value of C Au at high pressure from Tsuchiya
(2003). Thermodynamic parameters of Bdg and Au used to obtain 
its thermal diffusivities and conductivities are all summarized in 
Table 2.

For the measurement of the thickness of the sample, first we 
took the Bdg sample with surrounding pressure medium and gas-
ket out entirely after the thermoreflectance measurements. Then 
we cut out a cross section of the sample by using a Ga ion fo-
cused ion beam (FIB), and we observed the thickness of the sample 
with a scanning electron microscope (SEM). dBdg and dAu under 
high pressure were corrected by estimating the change in the lat-
tice volume of Bdg and Au, based on the EoSs of Bdg (Fig. 2, see 
Supplemental material S2 for detail) and gold (Tsuchiya, 2003), re-
spectively.

3. Results

3.1. High-pressure lattice thermal conductivity of gF9A21 and gF12A28

We performed three separate measurements on the κ latt of 
gF9A21 up to 125 GPa, and three separate measurements on 
gF12A28 up to 74 GPa (Table 2). The κ latt of gF9A21 and gF12A28 
at ambient conditions was 4.8 ± 1.1 W/m/K and 4.6 ± 2.0 W/m/K, 
respectively (Fig. 4), which is considerably lower than those re-
ported in Okuda et al. (2017) and Hsieh et al. (2017) at ambient 
pressure. The peak position of transient temperature curve ob-
tained in thermoreflectance measurement is related to the thermal 
diffusion time τ , which is inversely proportional to κ (Eqs. (3)
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Fig. 7. Impurity effect on the lattice thermal conductivity of Bdg at 135 
GPa, 300 K. Orange, red, purple, blue and open symbols indicate the κ latt
of Mg0.832Fe0.209Al0.060Si0.916O3 Bdg (Okuda et al., 2017), Mg0.848Fe0.090Al0.206
Si0.856O3 Bdg (this study), Mg0.718Fe0.123Al0.281Si0.878O3 Bdg (this study), 
Mg0.89Fe0.12Al0.11Si0.89O3 Bdg (Hsieh et al., 2017) and MgSiO3 Bdg (Ohta et al., 
2012), respectively. Broken line indicates the obtained linear approximation line.

set the reference P , T to be ambient conditions, in which case the 
κ ref is 4.8 ± 1.1 W/m/K and 4.6 ± 2.0 W/m/K for gF9A12 and 
gF12A28, respectively. Fig. 7 shows the summarized κ latt of the 
present study, Ohta et al. (2012), Okuda et al. (2017) and Hsieh et 
al. (2017) at 135 GPa and 300 K, with Fe+Al content in Bdg on the 
horizontal axis. It can be seen that the κ latt at 135 GPa and 300 
K of the present study, Ohta et al. (2012) and Okuda et al. (2017)
decreases linearly as Fe+Al content increases, while the estimated 
conductivity in Hsieh et al. (2017) is relatively lower than the other 
estimations due to the presence of pressure-induced lattice distor-
tion. Since we consider that such pressure-induced lattice distor-
tion occurs only when the Bdg with small Al content compared 
with Fe is compressed/decompressed without thermal annealing, 
we conducted a linear approximation for data of the present study, 
Ohta et al. (2012) and Okuda et al. (2017). The linear approxima-
tion line of the κ latt of (Fe,Al)-bearing Bdg at 135 GPa, 300 K was 
obtained as the following equation:

κBdg,x(135 GPa,300 K) = −24x + 31.3, (9)

where x is the summation of Fe and Al content in per formula unit, 
κBdg, x is the κ latt of Bdg with Fe+Al = x (pfu), respectively. In the 
same manner, we calculated the κBdg, x(P , 300 K) at pressure from 
20 to 135 GPa in 5 GPa steps (supplied in Supplemental material 
S6), which was used for the estimation of the κ latt of Bdg along 
the geotherm (further discuss in section 4.6).

4.5. Effect of the spin transition of Fe on the κ latt of Bdg

In the previous section, we estimated the high-pressure κ latt
of gF9A12 and gF12A28 by using our obtained κ latt data except 
at 20-40 GPa. We regard these estimated κ latt as those when Fe 
is in the HS or LS state (κHS, LS), while κ latt data at 20-40 GPa is 
treated as the conductivity when Fe is in the MS state (κMS). The 
contribution of phonon scattering by MS state Fe ions to the κ latt
of gF9A12 and gF12A28 were estimated by rationing the κHS, LS
and κMS. The κMS/κHS, LS was 46 ± 16% in average, i.e., the κ for 
both Bdg samples in the MS state were reduced by 46 ± 16% as 
those in the HS and LS state (see Supplemental material S7 for 
detail).

4.6. Estimation of the κ latt of Bdg along mantle geotherm

With a combination of the compositional effect of Fe and Al 
(provided in section 4.4), and the effect of spin transition of Fe 
(provided in section 4.5), we used the following models for the 
estimation of the κ latt of (Fe,Al)-bearing Bdg at high P-T conditions 
where Fe is in the HS or LS state (κBdg_x_HS, LS) and in the MS state 
(κBdg_x_MS), respectively:

κBdg_x_HS,LS(P , T ) = κBdg,x(P ,300 K)

(
300 K

T

)a

, (10)

κBdg_x_MS(P , T ) = f × κBdg,x(P ,300 K)

(
300 K

T

)a

, (11)

where x is the summation of Fe and Al content in per formula 
unit, κBdg, x (P , 300 K) is the κ latt of Bdg with Fe+Al = x (pfu) 
at certain pressure and ambient temperature, f is the κMS/κHS, LS
value of 46 ± 16% and a is temperature dependence coefficient, 
respectively. We used the temperature dependence coefficient a of 
0.37-0.43, which is the a value of (Fe,Al)-bearing Bdg constrained 
in Okuda et al. (2017) for further discussion.

5. Geophysical implications

5.1. κ of Bdg in the Earth’s lower mantle

Onset pressure of the spin transition of Fe in Bdg is extremely 
important for constraining the thermodynamic properties in the 
lower mantle, however there is a huge discrepancy in the reported 
transition pressure (e.g., Jackson et al., 2005; Catalli et al., 2011;
Hsu et al., 2011; Kupenko et al., 2015; Sinmyo et al., 2017). 
We used the reported transition pressure in Tsuchiya and Wang
(2013), which provided the temperature effect on the onset pres-
sure. These authors suggested that temperature enhances the onset 
pressure of the spin transition of Fe in Bdg, and they showed that 
the HS to LS transition of Fe would occur at the pressure range of 
84-89 GPa along the geotherm (Brown and Shankland, 1981). By 
using Eqs. (10), (11), the suggested geotherm (Brown and Shank-
land, 1981) and the onset pressure of 84-89 GPa for the spin 
transition of Fe in Bdg (Tsuchiya and Wang, 2013), we estimated 
the κ latt of Bdg in the pyrolitic lower mantle and in the descend-
ing MORB. We used the typical Fe and Al contents of both 10 mol% 
(Sinmyo et al., 2011), and 30.6 and 29.4 mol% (Hirose et al., 2005), 
respectively. For the model on Bdg in MORB, since MORB in the 
subducting slab is colder than the surrounding mantle, we applied 
a typical value of 560 K (Chang et al., 2017) for the temperature 
difference between such MORB and the surrounding lower man-
tle (discussed further later). Fig. 8 shows the detailed κ latt profile 
of Bdg in the pyrolitic lower mantle and in subducted MORB, ex-
tended from Okuda et al. (2017) with respect to the addition of 
the effect of compositional difference and spin transition of Fe. 
The κ latt of Bdg in the pyrolitic lower mantle is slightly higher 
than that in MORB at the Earth’s uppermost mantle, which pos-
sess κ latt of 4.1 ± 0.2 and 3.8 ± 0.2 W/m/K respectively when 
using a geotherm with temperature of 1400 ◦C at 660 km (Fig. 8a), 
and κ latt of 3.6 ± 0.2 and 3.2 ± 0.2 W/m/K respectively, when us-
ing a geotherm with temperature of 2000 ◦C at 660 km (Fig. 8b). 
Both κ latt increases with depth, however the κ latt of Bdg in the 
pyrolitic lower mantle is reduced at 1950-2050 km due to the ef-
fect of the spin transition of Fe, which has a conductivity of 3.8 ±
1.3 W/m/K. This 3.8 ± 1.3 W/m/K is a significantly small amount of 
conductivity, which is even a consistent value as the radiative ther-
mal conductivity (κ rad) in such P-T conditions (Goncharov et al., 
2015), when using the geotherm with temperature of 2000 ◦C at 
660 km (Brown and Shankland, 1981). At further depth, both con-
ductivities increase up to the thermal boundary layer (TBL) above 
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Fig. 3. Lattice thermal conductivity of ppv as a function of pressure at room temperature. Green triangles and pink squares, F3 and F10 ppv respectively (this study); open 
diamonds, MgSiO3 ppv (Ohta et al., 2012); solid and broken lines, MgSiO3 ppv (Ammann et al., 2014) using potentials from Oganov and Ono (2004) and Murakami et al. 
(2004), respectively; open and solid circles, MgSiO3 and Mg0.832Fe0.209Al0.060Si0.916O3 bdg respectively (Ohta et al., 2012; Okuda et al., 2017). Note that data of Haigis et al. 
(2012) and Dekura and Tsuchiya (2019) at 135 GPa, 300 K are not plotted in this figure because they are way above the other plots.

diffusivity measurements were carried out for F3 and F10 ppv, 
from 122 GPa to 149 GPa, and from 135 GPa to 177 GPa, re-
spectively. All measurements were performed upon decompression 
from the synthesized pressure of ppv samples. Fig. 3 shows the 
κ latt of ppv as a function of pressure obtained by Eq. (5), with re-
ported κ of MgSiO3 ppv (Ohta et al., 2012; Ammann et al., 2014). 
The κ values of MgSiO3 bdg and Fe 21%, Al 6%-bearing bdg are 
also plotted for comparison (Ohta et al., 2012; Okuda et al., 2017). 
κ latt of F3 and F10 ppv both increased monotonically with increas-
ing pressure: those values increased from 36.5 ± 5.7 W/m/K at 
122 GPa to 50.0 ± 17.8 W/m/K at 149 GPa, and from 32.2 ± 3.0 
W/m/K at 135 GPa to 52.8 ± 11.7 W/m/K at 177 GPa, respec-
tively.

Incorporation of Fe in minerals potentially reduces the κ latt due 
to the additional phonon scattering, mass disorder, and weaker 
chemical bonds. The magnitude of the impurity effect on κ seems 
to depend on the mineral. κ latt of MgO was reported to be strongly 
reduced by Fe-Mg substitution (Ohta et al., 2017; Hsieh et al., 
2018; Hasegawa et al., 2019a); the κ latt of (Mg0.82 Fe0.19)O at 135 
GPa and 300 K estimated as 13.5 ± 2.2 W/m/K (Ohta et al., 2017) 
was extremely low compared to that of the Fe-free one at the same 
P , T conditions, which was determined to be 377 W/m/K (Dalton 
et al., 2013). On the other hand, the effect of additional phonon 
scattering due to Fe in bdg was found to be minimal (Okuda et 
al., 2017; Hsieh et al., 2017); Okuda et al. (2017) suggested that 
incorporation of 21 mol% of Fe and 6 mol% of Al only reduces 
19% of the κ latt of bdg from that of the Mg-pure composition at 
135 GPa. Our obtained κ latt of Fe-bearing ppv samples F3 and F10 
were both fairly low compared to that of Fe-free ppv in the exper-
imental study (Ohta et al., 2012) and DFT calculation (Ammann et 
al., 2014) (Fig. 3). At 135 GPa and 300 K, the κ latt of F3 and F10 
ppv were 44.8 ± 6.9 W/m/K and 32.2 ± 3.0 W/m/K, respectively, 
which is 28% and 48% lower than that of MgSiO3 ppv, determined 
to be 61.8 ± 13.6 W/m/K (Ohta et al., 2012), respectively. These 
reduced values are reasonable when taking into account that ad-
ditional phonon scattering by Fe would be stronger in a more 
symmetrical mineral; ppv has better symmetricity than bdg, while 

it is poorer than that of fp. The κ latt of MgSiO3 ppv estimated by 
molecular dynamics (MD) calculation yielded significantly higher 
values than the other estimations, which were reported to be 167 
± 25 W/m/K at 135 GPa and 300 K (Haigis et al., 2012). The most 
recent MD calculation based on first principle showed similar re-
sults of 148 ± 13 W/m/K at 135 GPa and 300 K (Dekura and 
Tsuchiya, 2019). Such large conductivity differences may be due 
to the strong grain boundary scattering (discussed later in sec-
tion 4.1). According to Ammann et al. (2014), the reduction of κ latt
of ppv quickly saturates with increasing Fe content. Calculated κ
of ppv along a-axis at 135 GPa and 2000 K showed reduction from 
the Mg-endmember value by 34% and 48% when increasing Fe con-
tent to 0.01 and 0.1, respectively. Results for b-axis κ at the same 
conditions showed a similar reduction as well, which was 29% and 
42% respectively. These trends are in accordance with our results 
in which the increase of Fe content from 3 mol% to 10 mol% in 
this study showed 28% and 48% lower κ than MgSiO3 ppv (Ohta et 
al., 2012).

3.2. High-temperature thermal conductivity measurements

In runs #3 and #4, thermal diffusivity measurements under 
high P-T conditions were also carried out at 138 GPa up to 1558 
K, and 177 GPa up to 1070 K, respectively (Table 1). The ther-
moreflectance technique combined with continuous wave heating 
lasers was used for the measurements (Hasegawa et al., 2019b), 
which can measure the lattice component. The measured thermal 
diffusivity at 138 GPa dropped from 15.1 ± 1.4 mm2/s at room 
temperature to 4.2 ± 0.4 mm2/s at 1558 K (Fig. 4a). At a higher 
pressure of 177 GPa, we also observed a similar decrease in diffu-
sivity, from 20.3 ± 0.5 mm2/s at 300 K to 6.5 ± 0.2 mm2/s at 1070 
K. The κ of F10 ppv at high P-T conditions was estimated by Eq. (5)
from our measured diffusivity with the estimated density and heat 
capacity from the supplied thermal equation of state (Sakai et al., 
2016) and theoretical calculation (Metsue and Tsuchiya, 2011) (Ta-
ble 1). As a result, both κ at 138 GPa and 177 GPa were reduced 
with increasing temperature, from 40.1 ± 3.7 W/m/K at room tem-
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Fig. 6. High temperature lattice thermal conductivity of F10 ppv. Purple and black squares are data obtained in runs #3 and #4 respectively. Open diamond, green open 
hexagons and blue open stars are the reported conductivity of MgSiO3 ppv determined in Ohta et al. (2012), Haigis et al. (2012) and Dekura and Tsuchiya (2019), respectively. 
Gray curve indicates the high temperature lattice thermal conductivity of MgSiO3 ppv estimated in Ohta et al. (2012). Purple and black circles indicate the high temperature 
thermal conductivity of F10 ppv after the correction of the effect of grain boundary scattering obtained in runs #3 and #4, respectively. Purple band shows the fitting result 
by Eq. (6).

We obtained the a value of 0.65 ± 0.04 for F10 ppv at 138 GPa. 
Though there are only two data for the κ latt of F10 ppv at 177 GPa, 
the fitting to Eq. (6) yielded the a value of 0.69, which is within 
the uncertainty of that at 138 GPa (Fig. 6).

4.3. Thermal conductivity of ppv with pyrolitic composition

Fe content in ppv in the pyrolitic lower mantle is thought to be 
lower than that in bdg due to its poor capacity of Fe3+. Accord-
ing to Sinmyo et al. (2011), bdg in the pyrolitic mantle contains Fe 
of 0.114(6) in pfu, whereas ppv contains 0.036(11) in pfu. This Fe 
amount is fairly in accordance with our F3 ppv composition, thus 
it replicates the ppv in the Earth’s lowermost mantle well. For the 
reference value κ0 in Eq. (6), the κ latt datum of F3 ppv collected at 
122 GPa and 300 K was corrected from the γ value at room-T of 
0.39 ± 0.14. The calculated κ of 59.8 ± 9.3 W/m/K was set for the 
κ0. T0 and ρ0 were set as 300 K and 5.47 g/cm3, and g value of 6.0 
± 0.3 was used. For the a value, we assumed that the temperature 
dependences of κ latt for F3 and F10 ppv are the same, and used 
that of 0.65 ± 0.04. We assumed a typical temperature gradient in 
the thermal boundary layer above the CMB of 7 K/km, the thick-
ness of 200 km, and the CMB temperature of 3700 K (Lay et al., 
2008; Tateno et al., 2009). Here, the radiative thermal conductiv-
ity (κ rad) of ppv and its electronic contribution from the measured 
electronic conductivity of ∼102 S/m (Ohta et al., 2008a) is thought 
to be negligible at our measured temperature condition, so we 
simply regarded our obtained κ data at high-T as κ latt. Our es-
timated depth profile of the κ latt of ppv with pyrolitic composition 
increases monotonically with depth up to the top of the thermal 
boundary layer above the CMB, which increases from 16.6 ± 1.4 
W/m/K at a depth of 2450 km, to 18.0 ± 1.4 W/m/K at a depth of 
2650 km (Fig. 7a). However, this turns into a decrease through the 
thermal boundary layer to 14.0 ± 1.3 W/m/K at the CMB, which is 
1.5 ± 0.1 times higher than that of bdg with pyrolitic composition 
(Fe 10 mol%, Al 10 mol%) estimated in Okuda et al. (2019). We also 
calculated the bulk κ latt of pyrolite using Hashin-Shtrikman aver-
aging (Hashin and Shtrikman, 1962) with κ latt of ppv (this study) 
or bdg (Okuda et al., 2019), and fp (Ohta et al., 2017), assuming 
volume ratio on pyrolite mineralogy of 80% and 20%, respectively. 

Here, since lower mantle fp is thought to contain ∼20 mol% Fe 
(Sinmyo et al., 2011), we used the reported κ results of (Mg0.81
Fe0.19)O fp (Ohta et al., 2017). The total κ of pyrolite was estimated 
by the summation of our estimated bulk κ latt and the recently re-
ported κ rad of pyrolite (Lobanov et al., 2020) (Fig. 7b). Similar to 
the trend seen in the κ latt of ppv, we found that the total κ of py-
rolite for both ppv + fp and bdg + fp aggregates increases with 
depth up to the uppermost thermal boundary layer, and then de-
creases in this region due to a weak increase of κ rad compared to 
the strong reduction of κ latt along the steep temperature gradient 
in the thermal boundary layer (Fig. 7b). The κ of ppv + fp at the 
CMB was estimated as 12.8 ± 1.3 W/m/K, and that of bdg + fp as 
9.4 ± 0.8 W/m/K. The recent κ measurement of ppv + fp pyrolite 
in a DAC showed a conductivity value of 3-10 W/m/K at 124 GPa 
and 2000–3000 K (Geballe et al., 2020), which is much lower than 
our estimated κ of ppv + fp at the CMB. However, since only one 
datum was reported for the κ of ppv + fp aggregate, and there 
are many possible reasons for this difference (e.g., the effect of 
CaSiO3 perovskite; grain boundary scattering; spin transition of Fe 
in ferropericlase; chemical composition; see supporting informa-
tion S14), it is difficult to simply compare them. Ohta et al. (2012)
estimated the κ of MgSiO3 (perovskite or ppv) + MgO aggregates 
as 11.0 ± 2.0 W/m/K and 17.8 ± 3.9 W/m/K, respectively. In other 
words, the phase transition from MgSiO3 perovskite to ppv en-
hances the bulk κ by a factor of 1.6 ± 0.5. Our estimated total 
κ of pyrolite shows that transformation from bdg to ppv in pyro-
lite increases its bulk κ by a factor of 1.5 ± 0.3 in the lower mantle 
(Fig. 7b), which is a ratio consistent with that reported in Ohta et 
al. (2012). The ∼1.5 times higher bulk κ with the transformation 
of bdg to ppv creates a lateral thermal heterogeneity on CMB heat 
flux, with lateral variations of ∼30 mW/m2 with simply adopting 
a typical temperature gradient of 7 K/km (Lay et al., 2008). This 
heat flux variation should be larger since conductive ppv forms in 
the lower-T regions above the CMB, where the thermal gradients 
are greater than the poorly conductive bdg-dominant regions. Such 
enhanced lateral heat flux variation due to the bdg to ppv trans-
formation in the pyrolitic lower mantle can affect the flow in the 
outer core, which is thought to influence the frequency of geomag-
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Fig. 4. Change in κ latt of MgO periclase and (Mg0.81Fe0.19)O Fp with increasing pres-
sure at 300 K. Diamonds, MgO (Dalton et al., 2013); circles, (Mg0.81Fe0.19)O (this 
study). Black, red, and blue lines indicate the pressure dependence of lattice ther-
mal conductivities of MgO, high-spin (Mg0.81Fe0.19)O, and low-spin (Mg0.81Fe0.19)O 
based on the damped harmonic oscillator–phonon gas model (Hofmeister, 1999)
with reported thermoelastic properties of these minerals (Speziale et al., 2007;
Tange et al., 2009). (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

κlatt = κi

(
ω0

ωM

)
arctan

(
ωM

ω0

)
(7)

with
(

ω0

ωM

)2

= χ T
C(1 − C)

, (8)

where ωM is the phonon frequency corresponding to the maxi-
mum of the acoustic branch of the phonon spectrum, ω0 is the 
phonon frequency where the intrinsic mean free path is equal to 
that due to solute atoms, χ is a constant, and C is the concentra-
tion of the solute atoms. In the case of the MgO–FeO system, κi
is the solid-solution thermal conductivity without the solute-atom 
phonon scattering and is given by:

κi = CκMgO + (1 − C)κFeO. (9)

On the κ latt versus composition plot (Fig. 3), we fit Eq. (7) with 
room-temperature Fp conductivity data and obtained the χ value 
as 1.8 × 10−6 K−1. The fitting result predicts substantially strong 
impurity scattering in the MgO–FeO system and the lowest ther-
mal conductivity at (Mg0.08Fe0.92)O composition. We then estimate 
the κ latt of (Mg, Fe)O at 900 and 1500 K. Those of MgO and Fe1−xO 
end-members are from the literature (Touloukian et al., 1970;
Akiyama et al., 1992). The chemical composition showing the min-
imum thermal conductivity shifts to the (Mg0.30Fe0.70)O composi-
tion at high temperature.

3.3. The effect of iron spin crossover on lattice thermal conductivity of 
(Mg, Fe)O Fp

We observed an anomalous pressure response of the κ latt of 
(Mg0.81Fe0.19)O Fp, which is likely due to the consequence of iron 
spin crossover (Fig. 2). The damped harmonic oscillator–phonon 
gas model predicts the pressure dependence of κ latt of minerals:

∂(lnκlatt)

∂ P
= 1

KT

(
4γ + 1

3

)
, (10)

where KT is the isothermal bulk modulus and γ is the Grüneisen 
parameter (Hofmeister, 1999). This model with thermoelastic pa-
rameters of MgO (Tange et al., 2009) agrees with the high-pressure 
κ latt of MgO periclase measured by Dalton et al. (2013) (Fig. 4). 
In the same manner, we calculated the pressure dependence of 
κ latt of (Mg0.81Fe0.19)O Fp both in high-spin and low-spin states 
from the model expressed by Eq. (10) and proposed thermoelas-
tic parameters of high- and low-spin Fp (Speziale et al., 2007). The 
conductivity profile for high-spin Fp given by a red curve in Fig. 4
is in good agreement with our data up to 30 GPa, but deviates at 
higher pressures. The pressure where the conductivity begins to 
decrease matches the pressure for the onset of mixed spin state, 
in which high-spin and low-spin irons coexist in variable fractions 
in (Mg0.81Fe0.19)O (Tsuchiya et al., 2006). Within such a mixed 
spin region, Fp can be regarded as three component mixtures of 
MgO, high-spin FeO, and low-spin FeO. FeO in a different spin 
state acts as an additional phonon scatterer and hence lowers κ latt . 
Compression experiments revealed the low-spin Fp is less com-
pressible than the high-spin Fp (Lin et al., 2013), indicating that, 
based on Eq. (10), the pressure dependence of the κ latt of low-spin 
Fp is smaller than that in the high-spin state. A combination of 
our low-spin Fp data and the damped harmonic oscillator–phonon 
gas model yields κlatt = 13.5 ± 2.2 W/m/K at 135 GPa and 300 K; 
significantly lower than 377 W/m/K of MgO periclase at identical 
conditions (Fig. 4).

The iron spin crossover occurs in a broader pressure range at 
high temperatures of the Earth’s lower mantle (Tsuchiya et al., 
2006). The effect of the spin crossover on the κ latt of Fp should 
therefore be diluted in the lower mantle in comparison to what 
was observed at room temperature in this study.

3.4. Electrical conductivity of (Mg0.81Fe0.19)O Fp at high P–T conditions

The computation of the electronic density of states of
(Mg0.75Fe0.25)O Fp suggested an insulator–metal transition above 
5 GPa and 2000 K, and predicted its electrical conductivity to be 
as high as 4.0 ± 0.4 × 104 S/m at 136 GPa and 4000 K (Holmström 
and Stixrude, 2015). In order to verify such a large electronic con-
tribution to the Fp conductivity at CMB conditions, we measured 
the electrical conductivity of (Mg0.81Fe0.19)O Fp up to 140 GPa and 
2730 K. The P–T conditions of the experiments are shown in Fig. 5, 
considering a fraction of low-spin iron in (Mg0.81Fe0.19)O proposed 
by Tsuchiya et al. (2006). We first carried out an experiment at 
22 GPa up to 1710 K, where iron is high-spin in Fp. The data 
obtained show an insulating behavior of the sample (i.e., increas-
ing electrical conductivity with increasing temperature), consistent 
with those for (Mg0.80Fe0.20)O Fp with Fe3+/(Fe3+ + Fe2+) =
0.04 that is very similar chemical composition to our sample at 
10 GPa measured by Dobson and Brodholt (2000) (Fig. 6). We then 
compressed the same Fp sample to 63, 116, and 131 GPa, and mea-
sured its high-temperature electrical conductivity at each pressure. 
Our measurements revealed that (Mg0.81Fe0.19)O Fp remains an 
insulator up to 140 GPa and 2730 K (Figs. 5 and 6). Even if we 
take temperature dependence into account, the obtained electrical 
conductivity of (Mg0.81Fe0.19)O Fp is much lower than the com-
puted conductivity value of 4.0 ± 0.4 × 104 S/m at CMB conditions 
(Holmström and Stixrude, 2015) (Fig. 6), indicating a negligible 
contribution of the electronic term to total thermal conductivity of 
Fp in the Earth’s lower mantle conditions.

4. Geophysical implications

4.1. Thermal conductivity of Fp at CMB

Here we estimate the thermal conductivity of (Mg, Fe)O Fp at 
CMB conditions, considering overall thermal conduction mecha-
nisms (κ latt, κ rad, and κel). The CMB temperature is assumed to be 

A model of klatt of a substitution type solid solution
proposed by Padture and Klemens (1997) may be applied
to the klatt in the MgO-FeO system:
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where T is the temperature, and x is a constant. We
fitted the present and previous data of klatt of (Mg1#xFex)O
at 1 bar using this model, and obtained x = 2.11(19) & 10#6

(K#1) (Akiyama et al., 1992; Goncharov et al., 2015; Hsieh
et al., 2018; Morton and Lewis, 1971; Ohta et al., 2017;
Touloukian et al., 1970) (black line with gray band in
Fig. 3a). We applied the same analysis to the present data
and the klatt of MgO, (Mg0.9Fe0.1)O, (Mg0.81Fe0.19)O,
(Mg0.80Fe0.20)O, and (Mg0.44Fe0.56)O at 15 GPa (Dalton
et al., 2013; Goncharov et al., 2015; Hsieh et al., 2018;
Manthilake et al., 2011; Ohta et al., 2017), which yielded

x = 2.89(30) & 10#6 (K#1) (black line with gray band in
Fig. 3b). The klatt of the MgO–FeO system is well
reproduced with the Padture and Klemens model
(Eq. (2)). This indicates that substitutional solute atoms
scatter phonons as a result of differences in atomic masses,
differences in atomic binding forces, and lattice distortion
introduced by the presence of the solute atoms as
remarked in Padture and Klemens (1997). Our results
indicate that the Padture and Klemens model (Eq. (2)) can
be used as a guide to estimate the klatt of such variable
compositions in the MgO–FeO system present in the B1
structure if the klatt values of the MgO and FeO
endmembers are known.

4. Geophysical implications

One can consider that the iron content of (Mg1#xFex)O
would not be uniform in the lower mantle because of the
findings of natural (Mg1#xFex)O inclusions in diamond
with diverse composition (Palot et al., 2016; Wirth et al.,
2014). High-pressure experiments also show the variable
iron partitioning coefficient between ferropericlase and
bridgmanite (e.g., Irifune et al., 2010; Piet et al., 2016). We
confirmed that a combination of the Padture and Klemens
model and klatt of (Mg,Fe)O endmembers is an effective
way to estimate the klatt of (Mg,Fe)O at the Earth’s lower
mantle conditions. Note that both MgO periclase and FeO
wüstite have a B1-type structure across all conditions that
exist in the Earth’s lower mantle (McWilliams et al., 2012;
Ozawa et al., 2011).

Lattice thermal conduction is not the sole heat
transport mechanism in solid (Mg,Fe)O, and radiative
and electronic conduction may be important in the Earth.
The high-pressure optical absorption measurements on
(Mg0.85Fe0.15)O ferropericlase indicated that the obtained
radiative thermal conductivity (krad) was 0.1'0.2 W/m/K
at the lowermost mantle conditions (Lobanov et al., 2017).
Iron enrichment lowers the krad of (Mg1#xFex)O, and thus
the krad of magnesiowüstite would be much smaller than
that of ferropericlase. Experimental and theoretical evi-
dence for the metallization of (Mg,Fe)O at lower mantle
conditions has been reported (Fischer et al., 2011a, 2011b;
Holmström and Stixrude, 2015; Holmström et al., 2018;
Ohta et al., 2012, 2014). The reported values of the
electrical conductivity of metallic (Mg,Fe)O are '0.4–
1.1 & 105 S/m depending on iron content, pressure, and
temperature, which corresponds to an electronic thermal
conductivity of '3.6–10 W/m/K according to the Wiede-
mann–Franz law (i.e. Holmström et al., 2018). Such an
electronic contribution will be added to klatt when
metallization of (Mg,Fe)O occurs in the lower mantle.

Finally, in this study we found that the present
experimental technique and model permits us to estimate
the klatt of (Mg1#xFex)O on a wide variety of iron contents at
high pressure from those of MgO and FeO endmembers.
The pulsed light heating thermoreflectance system com-
bined with a laser-heated DAC is currently feasible and
ongoing. Direct measurement of thermal conductivity of
iron-rich (Mg,Fe)O in-situ at high pressure and high

Fig. 3. Room temperature klatt of (Mg1#xFex)O as a function of iron
content at (a) 1 bar and (b) 15 GPa. Filled circles, this study; diamonds,
MgO (Dalton et al., 2013; Touloukian et al., 1970); right and left-pointing
triangles, MgO with 3000 ppm Fe and 7500 ppm Fe, respectively (Morton
and Lewis, 1971); square, (Mg0.9Fe0.1)O (Goncharov et al., 2015); triangle,
(Mg0.81Fe0.19)O (Ohta et al., 2017); open hexagonal, (Mg0.80Fe0.20)O
(Manthilake et al., 2011); open pentagon, (Mg0.44Fe0.56)O (Hsieh et al.,
2018); open circle, Fe0.95O (Akiyama et al., 1992). Broken lines indicate
the averaging model (Eq. 1) and solid black curves are the fitting results
by Eq. (2).
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Touloukian et al., 1970) (black line with gray band in
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would not be uniform in the lower mantle because of the
findings of natural (Mg1#xFex)O inclusions in diamond
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2014). High-pressure experiments also show the variable
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confirmed that a combination of the Padture and Klemens
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exist in the Earth’s lower mantle (McWilliams et al., 2012;
Ozawa et al., 2011).

Lattice thermal conduction is not the sole heat
transport mechanism in solid (Mg,Fe)O, and radiative
and electronic conduction may be important in the Earth.
The high-pressure optical absorption measurements on
(Mg0.85Fe0.15)O ferropericlase indicated that the obtained
radiative thermal conductivity (krad) was 0.1'0.2 W/m/K
at the lowermost mantle conditions (Lobanov et al., 2017).
Iron enrichment lowers the krad of (Mg1#xFex)O, and thus
the krad of magnesiowüstite would be much smaller than
that of ferropericlase. Experimental and theoretical evi-
dence for the metallization of (Mg,Fe)O at lower mantle
conditions has been reported (Fischer et al., 2011a, 2011b;
Holmström and Stixrude, 2015; Holmström et al., 2018;
Ohta et al., 2012, 2014). The reported values of the
electrical conductivity of metallic (Mg,Fe)O are '0.4–
1.1 & 105 S/m depending on iron content, pressure, and
temperature, which corresponds to an electronic thermal
conductivity of '3.6–10 W/m/K according to the Wiede-
mann–Franz law (i.e. Holmström et al., 2018). Such an
electronic contribution will be added to klatt when
metallization of (Mg,Fe)O occurs in the lower mantle.

Finally, in this study we found that the present
experimental technique and model permits us to estimate
the klatt of (Mg1#xFex)O on a wide variety of iron contents at
high pressure from those of MgO and FeO endmembers.
The pulsed light heating thermoreflectance system com-
bined with a laser-heated DAC is currently feasible and
ongoing. Direct measurement of thermal conductivity of
iron-rich (Mg,Fe)O in-situ at high pressure and high

Fig. 3. Room temperature klatt of (Mg1#xFex)O as a function of iron
content at (a) 1 bar and (b) 15 GPa. Filled circles, this study; diamonds,
MgO (Dalton et al., 2013; Touloukian et al., 1970); right and left-pointing
triangles, MgO with 3000 ppm Fe and 7500 ppm Fe, respectively (Morton
and Lewis, 1971); square, (Mg0.9Fe0.1)O (Goncharov et al., 2015); triangle,
(Mg0.81Fe0.19)O (Ohta et al., 2017); open hexagonal, (Mg0.80Fe0.20)O
(Manthilake et al., 2011); open pentagon, (Mg0.44Fe0.56)O (Hsieh et al.,
2018); open circle, Fe0.95O (Akiyama et al., 1992). Broken lines indicate
the averaging model (Eq. 1) and solid black curves are the fitting results
by Eq. (2).
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• P–x dependence of κ(Mg,Fe)O is well constrained
• Fe spin transition decreases κ(Mg,Fe)O
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Fig. 4-4. Temperature dependence of thermal conductivity of MgO which density is (a) 
3.83 g/cm3 and 3.47 g/cm3, (b) 4.38 g/cm3, (c) 4.70 g/cm3, and (d) 5.13 g/cm3. Red circles 
indicate our obtained results. Theoretical data and our suggested density dependence 
based on Eq. (4-5) are shown in curves in each graph (a) ~ (d). 
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Fig. 5-4. Thermal conductivity of low-spin Fp at 127 GPa. Blue circles show our 
experimental results. Blue solid curve and band are based on Eq. (5-3) with a = 0.45 ± 
0.11. Blue broken curve shows temperature exploitation from result of previous TR 
measurement on Fp19 (Ohta et al., 2017) with T-0.24 relation.  
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• High P–T κ(Mg,Fe)O is examined
• κ(Mg,Fe)O at lowermost mantle = ~5 W/m/K
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(a)

(b)

FIG. 3. (a) Lattice thermal conductivity (κlat) vs T of CaPv
(symbols) at several densities. Error bars show the computational
uncertainties (6%–7%) caused by fitting the frequency dependence
of phonon quasiparticle linewidth [42]. The uncertainty arising from
MD simulations is found to have negligible effects on the fitting
and thus, in the final result for κlat (see test reported in Fig. S5 of
the Supplemental Material [42]). Solid curves show the fitting to
Eq. (4). (b) κlat versus P of CaPv at a series of temperatures. Shaded
areas indicate the same computational uncertainties as in (a). Solid
symbols with error bars are experimental measurements.

The recently reported values of κlat and total thermal con-
ductivity (κtot) of the LM, the latter including a radiative
contribution (κrad), considered the LM as a mixture of MgPv
and Pc only [18,19,48,49,51,52]. In the LM, both MgPv
and Pc contain significant amounts of iron, and MgPv also
contains aluminum; therefore, it is necessary to consider the
impact of these substitutions on κlat. Such an impact was
shown to be substantial, reducing κlat by ∼50% for MgPv and
Pc [48]. By including the impurity effects and the radiative
contribution [2,19], theoretical and experimental estimations

TABLE I. Experimental pressures (P), temperatures (T ), thermal
diffusivities (D), and lattice thermal conductivities (κlat) of CaPv.

Run P (GPa) T (K) D (mm2/s) κlat (Wm−1 K−1)

1 44(2) 1250(120) 3.49(53) 20.0(31)
44(2) 1260(130) 3.14(46) 18.1(27)

2 52(2) 1330(130) 3.82(59) 22.2(34)
52(2) 1370(140) 3.52(55) 20.6(32)

3 55(3) 300(0) 16.70(247) 37.3(55)
67(3) 1950(200) 2.84(47) 18.3(30)

FIG. 4. Thermal conductivities along the geotherm [60]. κlat of
CaPv is shown in orange, the experimental radiative thermal con-
ductivity (κrad) [53] of a pyrolitic aggregate is shown in purple, the
total thermal conductivity (κtot) of the LM without CaPv is shown in
yellow and with CaPv in blue. Shaded areas indicate computational
uncertainties. Available estimations of κlat [48–52] and κtot [18,19] of
the LM are shown for comparison.

of κlat [48–52] and κtot [18,19] of the LM has yielded large
uncertainties (Fig. 4). However, the contribution of CaPv has
been omitted [18,19,48,49,51,52] in these studies.

With a large κlat, CaPv should contribute significantly to
the κlat of the LM. CaPv contains insignificant amounts of iron
and aluminum and their effect on κlat should be negligible.
Therefore, it is reasonable to approximate the ab initio value
of CaPv’s κlat as its LM value. Our predicted κlat along
a typical LM geotherm [60] with a thermal boundary layer
above the CMB is shown in Fig. 4. We compute κtot of the LM
in the following four steps. First, κlat of pure MgPv and pure
Pc were also investigated [42] using the same method. The
obtained κlat are shown in Figs. S3 and S4 of the Supplemental
Material [42], respectively. Second, as in previous studies, we
assume κlat values of MgPv and Pc are reduced by 50% after
considering impurity effects [48]. Third, κlat of a pyrolitic LM,
i.e., ∼7 vol% CaPv, ∼75 vol% bridgmanite (postperovskite
in the D” region [21]), and ∼18 vol% ferropericlase [7],
is obtained using the Voigt-Reuss-Hill averaging [49,66]
scheme. Fourth, κtot is obtained by adding the recent exper-
imental determination of κrad of a pyrolitic aggregate [53] to
κlat. κtot of the LM along the geotherm is shown in Fig. 4,
along with several other previous estimates [18,19,48–52].
We predict κtot = 6.0(4) Wm−1 K−1 at 2600 km depth, and
κtot = 4.9(3) Wm−1 K−1 at the CMB. The Supplemental
Material [42] presents a discussion on discrepancies between
different published results. With its relatively low abundance
(∼7 vol%), the inclusion of CaPv increases κlat of the LM by
∼11% and κtot by ∼9% at all depths. In regions populated
with subducted mid-ocean ridge basalt (MORB) [13], where
CaPv is more abundant (>23 vol% [61]), the inclusion of
CaPv is expected to increase the MORB’s κlat by ∼40% [42].

184101-5

Zhang et al., 2021PRB
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Fig. 5-5 Thermal conductivities of lower mantle minerals at 135 GPa. 
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Thermal conductivity of pyrolite
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Fig. 5-6. Thermal conductivity of aggregate that imitates the composition of the Ppv-rich 
(a) pyrolitic and (b) chondritic lowermost mantle. Green band shows our calculated 
thermal conductivities of the Ppv + Fp + Dm aggregate. Red broken and orange solid 
bands show that of the Ppv + Fp aggregate. 
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Fig. 5-7. Thermal conductivity of aggregate that imitates the composition of the Bdg-rich 
(a) pyrolitic and (b) chondritic lowermost mantle. Green band shows our calculated 
thermal conductivities of the Bdg + Fp + Dm aggregate. Red broken and orange solid 
bands show that of the Bdg + Fp aggregate. Open circle shows experimentally obtained 
thermal conductivity of the Bdg + Fp aggregate (Geballe et al., 2020). 

  

(a)

(b)

135 GPa

0

5

10

15

20

25

2000 2500 3000 3500 4000

Th
er

m
al

 c
on

du
ct

iv
ity

 (W
/m

/K
)

Temperature (K)

Bdg + Fp + Dm

Bdg + Fp
Geballe et al., 2020

Pyrolitic mantle

Bdg + Fp

135 GPa

0

5

10

15

20

25

2000 2500 3000 3500 4000

Th
er

m
al

 c
on

du
ct

iv
ity

 (W
/m

/K
)

Temperature (K)

Chondritic mantle

Hashin-Shtrikman average for κpyrolite



Calculations of T profiles at the lowermost mantle

For Review Only

7

195 , (5)
��(
(�)�&)

�& = 1
��(

����)$(

����)

�
�
[	(
(�)��)��(
(�)�&)�
 ]

196 where CP and + are the isobaric heat capacity and density of the lower mantle as a function 

197 of depth z, respectively, and Cp was set as a constant value of 1,300 J/kg/K. Density as a 

198 function of depth z was applied for + at 0.51z + 4094 kg/m3, which was derived by linear 

199 fitting of the one-dimensional density-depth profile in the Earth’s lower mantle 

200 (Dziewonski and Anderson, 1981). We considered two lower-mantle rock models: 

201 pyrolytic (Bdg(or PPv):Fp = 8:2) and perovskitic rock (Bdg or PPv individually). We 

202 used the commercial software package COMSOL Multiphysics for the finite element 

203 method calculation. Mantle geometry was set as a two-dimensional rectangle with a 

204 height of 1,200 km (corresponding to 1,700–2,900 km in depth) and a width of 1,000 km, 

205 but to simplify this, we assumed no variations in the input physical parameters along 

206 radial direction. Triangle meshes were applied as grids, the depth resolution for which 

207 was set as 0.75 km. We fixed the CMB temperature (TCMB) at 3,400 K based on the most 

208 recently provided melting temperature of a dry peridotite at CMB pressure (Kim et al., 

209 2020). The temperature at 1,200 km above the CMB was fixed at 2,353 K (T0), i.e., the 

210 adiabatic mantle temperature (Tadiabat) provided in the literature (Brown and Shankland, 

211 1981). The location and Clapeyron slope of PPv transition, i.e., 8 MPa/K, were taken 

212 from the literature (Ohta et al., 2008b; Tsuchiya et al., 2004). The initial temperature was 

213 set to T0 = 2,353 K for all depths (all grids), except in the case of TCMB (=3,400 K). At 

214 each depth, we entered the T-dependent conductivity of the pyrolite or perovskitic mantle 

215 modeled as noted above. Time integration was divided into 100 steps in t = 107–109 years. 

216 The “average geotherm” determined here denoted a temperature profile that deviated 

217 from Tadiabat at a depth where PREM showed a kink, which likely occurred because of the 

218 onset of the TBL. The top of the TBL in “hot geotherm” is defined by the 2? discontinuity 

219 under the Central Pacific, which is thought to be a relatively hot domain due to the 

220 presence of upwelling plumes. The temperature gradient in the TBL was obtained by 

221 calculating the average temperature gradient from the CMB to the point where (T J 

222 Tadiabat)/(TCMB J Tadiabat) was 0.01.

223 The calculated average TBL geotherms of the pyrolitic and perovskitic models were 

224 almost the same (Figure 2). The estimated temperature gradient in the average geotherm 

225 was 5.0 ± 0.4 K/km, which was smaller than the previous estimation based on seismic 

226 studies (10 ± 3.8 K/km) (van der Hilst et al., 2007). This may have been because they 
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κ: from our experiments
CP: 1300 J/kg/K (fix)
ρ: 0.51z+4094 kg/m3 from PREM (Dziewonski & Anderson 1981)
TCMB = 3400 K (Kim et al., 2020GRL)
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697
698 Figure 2 (a) Shear velocity models at the CMB in several different regions inferred from 

699 double-array stack studies (modified after Kawai and Tsuchiya, (2009)), and (b) the 

700 estimated temperature profile above the CMB. Yellow and dark yellow lines indicate the 

701 calculated average geotherm with perovskitic and pyrolitic model, respectively, and 

702 brown and orange lines indicate the calculated hot geotherm with perovskitic and pyrolitic 

703 model, respectively. Pink and blue broken lines indicate the estimated hot and cold 

704 geotherm in (Dekura and Tsuchiya, 2019), respectively. Black line and gray band indicate 

705 the Clapeyron slope of the PPv transition with MgSiO3 (Tsuchiya et al., 2004) and 

706 pyrolitic compositions (Ohta et al., 2008b), respectively.

707

Page 25 of 26 AGU Books

For Review Only

24

697
698 Figure 2 (a) Shear velocity models at the CMB in several different regions inferred from 

699 double-array stack studies (modified after Kawai and Tsuchiya, (2009)), and (b) the 

700 estimated temperature profile above the CMB. Yellow and dark yellow lines indicate the 

701 calculated average geotherm with perovskitic and pyrolitic model, respectively, and 

702 brown and orange lines indicate the calculated hot geotherm with perovskitic and pyrolitic 

703 model, respectively. Pink and blue broken lines indicate the estimated hot and cold 
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707

Page 25 of 26 AGU Books

• “Average geotherm”: T > 155 km above CMB ≒ Tadiabat

• “Hot geotherm”: Top of TBL corresponds to D” discontinuity under central Pacific



Calculations of T profiles at the lowermost mantle
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708
709 Figure 3 The complied CMB heat flux and surface flow. Orange and brown bars indicate 

710 the estimated CMB heat flow of pyrolitic and perovskitic composition, respectively, and 

711 yellow and green bars indicate those with the reported thermal conductivity of pyrolitic 

712 rock (Geballe et al., 2020) and MgSiO3 PPv + MgO aggregate (Dekura and Tsuchiya, 

713 2019), respectively. Gray and open bars indicate the CMB heat flow estimated from the 

714 seismically inferred temperature gradient above the CMB beneath Central Pacific (Lay et 

715 al., 2006) and Central America (van der Hilst et al., 2007), respectively, and with the 

716 typically used lowermost mantle thermal conductivity of 10 W/m/K (Stacey, 1992). Red 

717 and pink bars indicate the CMB heat flow estimated from the thermal conductivity and 

718 adiabat of the top of outer core estimated by Ohta et al. (2016) and Konôpková et al. 

719 (2016), respectively.

720
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Heat flux from the core

Q = -ACMB･κ･dT/dz

Okuda & Ohta, AGU books in press.

QCMB, average = 10.4±2.5 TW
Large regional variation in QCMB



Earth’s heat budget revisited

Total surface
heat flow:
46±3 TW

Tidal heating
~0.4 TW

Radiogenic heat production
~20.1±~8 TW

Core cooling
3~12 TW→10.4±2.5 TW

Mantle cooling
8~28 TW→13.6±7 TW

Similar magnitude of core and mantle cooling

Subjecting slab efficiently cools Earth

Plume heat flow
< 6 TW (Hogard et al., 2020EPSL)

Subducting slab cooling
> 7.6 TW

• Young inner core less than 1 Gy


• Degree-two mega plume generation

From talks in this symposium



Inference of cooling history of slab

On going collection of κ of slab material under pressure
Simulations of slab warming (in future)

Sweidan et al. poster herePage & Hattori, 2019



Points for discussion

Total surface
heat flow:
46±3 TW

Tidal heating
~0.4 TW

Radiogenic heat production
~20.1±~8 TW

Core cooling
3~12 TW→10.4±2.5 TW

Mantle cooling
8~28 TW→13.6±7 TW

Plume heat flow
< 6 TW (Hogard et al., 2020EPSL)

Subducting slab cooling
> 7.6 TW

• How much water do slab contain?


• How precise can we determine the mantle temperature?


• How precise can geoneutrino obs. constrain radiogenic heat? 

From talks in this symposium



Acknowledgements

• Yoshiyuki Okuda


• Akira Hasegawa


• Kotaro Onga


• Bill Sweidan


• Takashi Yagi (AIST Tsukuba)


• Kei Hirose (The University of Tokyo)


• M. Kodama & S. Hirai (Tokyo Tech)


• and so many


