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Earth system dynamics modeling 
and target of this talk…

Target area of this talk
The long-term thermal and chemical evolution of Earth could be described as core-
mantle-plate-environmental system connected in terms of heat transfer caused by 

mantle dynamics (the slowest dynamics)



Earth as a cooling system
Radiogenic heat producing element (HPE) 

Geochemical analysis as well as ‘geoneutrino’ 
observations
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Figure 1. Radiogenic power of bulk silicate Earth (BSE) is constrained between 7 and 29 TW by the combined measurement of geo-neutrinos
from the mantle [7]. The lower bound on BSE radiogenic heating obtains with a homogeneous mantle and the lower limit of radiogenic heating in
continental crust. The upper bound on BSE radiogenic heating obtains with a 150-km thick sunken layer enriched in heat-producing elements at
the base of depleted MORB-source mantle and the upper limit of radiogenic heating in continental crust.

Radiogenic heating in the mantle is an important component of the energy budget of the Earth. The other main
components are the flow of heat across the core-mantle boundary [11] and the rate at which the mantle sheds primordial
heat. Together with the heat generated in the crust, these sum to the surface heat flux of 47 ± 3 TW [12]. Improving
the estimate of mantle radiogenic heating better constrains models of the origin and thermal evolution of the Earth.
Although the required precision is currently under investigation, there is clearly much room for improvement in this
estimate. Additional exposure to the flux of geo-neutrinos reduces experimental errors and detailed investigations of
the crust better defines the subtracted crust fluxes [5]. These improve precision but do not eliminate uncertainty in
the radiogenic heating. Ambiguity in the amounts and distributions of uranium and thorium in the mantle remain.
For example, a perfect measurement of the mantle signal rate at the central value of the estimated 7.7 TNU suggests
8 − 11 TW of radiogenic heating in the mantle, assuming radial symmetry. Assigning increased uranium and thorium
concentrations to deep mantle seismic structures suggests a similar spread in values and motivates observational
strategies [13].

We describe various Earth models classified by low, medium, and high levels of radiogenic heating. These models
all accommodate the estimated 7 TW of radiogenic heating in the crust [5]. Depending on the model the residual ex-
cess in the mantle is as low as 3 TW [14] and as much as 18 TW. In addition to minimum levels of mantle radiogenic
heating defined by studies of the source of mid-ocean ridge basalt (MORB) [15, 16, 17], we consider heterogeneity
of radioactive isotopes associated with seismically resolved mantle structures, including large low seismic velocity
provinces (LLSVPs) and ultra-low velocity zones (ULVZs). Variation in the values of the radioactive isotope content
of MORB-source mantle and potential heterogeneity of radioactive isotopes associated with seismic structures con-
tribute uncertainty to the estimate of mantle radiogenic heating. We then describe observational strategies for reducing
these uncertainties and resolving mantle models.

Dye et al. [2015]

FCMB~10 TW; FS~40 TW; QR~10 to 
30 TW - Cooling rate ~ 125 to 200 

K/Gyrs

Melting Model in the upper mantle 
- Cooling rate ~ 75 K/Gyrs [Abbott 

et al., 1994]



However, the amount of HPE would 
not matter with thermal evolution

Not very different for the 
amount of HPE in the mantle 

- Cooling rate ~ 70 to 80 K /Gyrs

Nakagawa and Tackley [2012]



4. Discussion

4.1. Temperature, pressure, oxygen fugacity, and silicate
polymerization dependencies on DK

Righter et al. (1997) reported that the partition coefficient of
element M, DM, in the case of pure molten iron is expressed as

logDM ¼ Aþ B=T þ C # P=T þ D# logf O2 þ E# ðNBO=TÞ; ð3Þ

where T and P represent temperature in Kelvin and pressure in GPa,
respectively, and A, B, C, D, and E are fitted parameters.

To clarify the temperature, pressure, oxygen fugacity, and sili-
cate polymerization (NBO/T) dependencies, we calculated the
expression of the partition coefficient of potassium by the method
of least squares using the present results together with the results
of previous studies (shown in Table 4) and obtained

logDK ¼ &0:64 ð'0:02Þ & 2150 ð'43Þ=T & 12:7 ð'2:7Þ # P=T

þ 0:15 ð'0:01Þ # logf O2 & 0:06 ð'0:01Þ # ðNBO=TÞ ð4Þ
Fig. 3 indicates that Eq. (4) is appropriate for estimating log DK

under any pressure and temperature conditions in the pure-Fe
system.

Table 4
Experimental conditions, measured log DK, and calculated log DK in pure-Fe – silicate partitioning experiments.

Reference Pressure [GPa] Temperature [K] log fO2 (DIW)a NBO/T Measured log DK
b Calculated log DK

c

Ito et al. (1993) 26.0 2873 &2.82 0.39 &1.82 &1.96
Ohtani and Yurimoto (1996) 20.0 2773 &1.29 3.87 &2.01 &1.95
Bouhifd et al. (2007) 5.0 2173 &3.36 0.72 &2.17 &2.22

10.0 2173 &2.62 0.80 &2.23 &2.14
10.0 2173 &2.66 0.44 &2.11 &2.13
15.0 2173 &2.77 0.51 &2.26 &2.18

Corgne et al. (2007) 1.0 1973 &2.13 2.70 &2.33 &2.23
1.0 1923 &2.08 2.70 &2.15 &2.25
1.0 1973 &2.10 2.60 &2.26 &2.22
1.0 2113 &1.91 2.80 &2.21 &2.13
1.0 2173 &2.07 2.60 &2.05 &2.12
3.6 2073 &2.21 2.70 &2.10 &2.21
3.6 2273 &2.25 3.00 &2.02 &2.14
3.6 2473 &2.22 2.60 &2.09 &2.03
3.6 2123 &2.19 2.60 &2.15 &2.18
3.6 2273 &2.17 2.60 &2.02 &2.10
3.6 2423 &2.06 2.80 &2.20 &2.04

This study 27.0 2700 &3.84 0.02 &2.24 &2.16
27.0 3350 &3.10 0.05 &1.92 &1.87
37.0 2600 &2.82 0.07 &2.12 &2.09
46.0 3200 &2.87 0.02 &1.91 &1.94
46.0 3400 &2.59 0.10 &1.77 &1.85

a The activity coefficient of the metal is calculated by using the equation reported by Wade and Wood (2005).
b Measured log DK was obtained by the K content in metal [wt%] divided by the K content in silicate [wt%] in each study.
c Calculated log DK is derived from the equation (4) (see section 4.1 in detail).

Fig. 3. Comparison of measured and calculated DK. Measured DK are the data
obtained in the present experiments. Calculated DK is the estimation using formula
(4) (see main text for details). Error bars of calculated DK in these results are almost
the same as the symbol size. In this figure, there is little difference between
measured and calculated DK values. The 2sigma for fitting by the equation (4) is
shown as dashed lines following the expression by Righter et al. (1997). Therefore, a
value derived using formula (4) is appropriate to estimate the possible potassium
abundance in the metal at high pressure and high temperature in the pure-Fe
system.

Fig. 4. Temperature dependency of log DK at 1, 27, and 60 GPa. DK has a positive
temperature dependence and negative pressure dependence. The black dashed, blue
dotted, and red solid lines are calculations made at various pressures using formula
(4) with least-squares fitting parameters. The temperature range at the base of the
magma ocean is based on the estimation of Bouhifd and Jephcoat (2011) (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).

K. Watanabe et al. / Physics of the Earth and Planetary Interiors 237 (2014) 65–72 69

HPE in the metallic core - Tiny partition 
coefficient: Mainly partitioning into the 

mantle

Watanabe et al. [2014]

Major HPE source in the core - 
Potassium 

DK~O(0.01) - only few 10s ppm 
could be partitioned into the molten 
iron: Very small contribution of core 
heat budget - HPE would not be 
likely to be found in the mantle 

rather than metallic core. 

Also suggested from partitioning of 
light elements in the metallic core 

[Hirose et al., 2013].



Recent hot topic on structure in the core-mantle 
boundary region - A weird (mysterious) feature found 
in seismological and geomagnetic secular variation 

analyses  

Helffrich and Kaneshima [2010] 
- Seismology

Buffett [2014] - Geomagnetic secular variations 
MAC wave in the stable region could be explained.



Goal of this talk

• Formulate thermo-chemical evolution of 
Earth’s core 

• Implement it into numerical mantle convection 
simulations 

• How does it work in core-mantle evolution 
system. 

• Implications and conclusions.



The origin of stable region below the 
CMB - Thermal or chemical or both?

Buffett and Seagle [2010]  
- Core-mantle chemical coupling

Buffett et al. [2001]  
- Sediment caused by inner core growth?

Labrosse [2015] - sub-adiabatic region 
occurred by high core thermal 

conductivity

Core-mantle  
thermo-chemical coupling?



Two types of stable region 
beneath the CMB

Sub-adiabatic shell allows growing beneath the compositionally-stable region only if 
the heat flow across the CMB is sub-adiabatic - Assume that the heat flow in the 

stable region would be equivalent to the CMB heat flow.



First - Compositional evolution

Assumptions 
1. Two diffusion processes are 

assumed in the stable region - 
Simple chemical diffusion and 

baro-diffusion. 
2. Fe(mw)→Fe(m)+O(m): Oxygen 

is the light element of Earth’s 
core; This oxygen is supplied 
from core-mantle equilibrium 
chemical reaction (Frost et al., 
2010); Chemical boundary 
condition at CMB is as a 

function of CMB temperature. 
3. At the interface, the neutral 

buoyancy state is assumed.

From the mass balance at the interface,

Based on Buffett and Seagle [2010 in JGR]



Core-mantle chemical coupling - 
Thermodynamics model developed 

from high P-T experiments

required to cause this density deficit, if oxygen is the only
light element in the core. This is in good agreement with
previous estimates [Alfè et al., 2002a], which at the very
least serves to show that our equation of state for FeO liquid
is consistent with determinations made through more so-

phisticated methods. Accounting for the negative excess
volume of mixing between Fe and FeO decreases the
amount of O required to satisfying the density deficit by
approximately 0.5 wt%.
[25] At low pressures, Fe-FeO immiscibility is reflected

in large positive deviations from ideality of the Fe-FeO
liquids. The negative excess volume of mixing drives
activities toward ideal mixing with increasing pressures,
but by core-mantle boundary (CMB) pressures this causes
negative deviations from ideality to develop. While we
cannot assess the effects of pressure on the excess volumes,
we note that such negative deviations imply the presence of
ordered intermediate liquid species such as Fe2O. This could
be an indication that corresponding solid phases with similar
stoichiometries may also become stable at these conditions,
although to date none have been identified.
[26] By extrapolating the model to conditions of the

present-day CMB (136 GPa), the relationship between the
oxygen content of the core and the Fe/(Fe + Mg) of
magnesiowüstite at the CMB can be determined. Estimates
for the temperature at the CMB range between 3500 and
4500 K, and the oxygen content of the core would need to
be in the range of 6–9 wt%, if oxygen is the sole cause of
the core’s density deficit. The range reflects the uncertain-
ties in both the density of the core and the effect of oxygen
on the density of Fe. As shown in Figure 14a, these ranges
of temperature and oxygen content correspond to a range in
magnesiowüstite Fe/(Fe + Mg) of 0.02–0.08, which is
below that expected for the bulk of the mantle (Fe/(Fe +
Mg) = 0.12) even if the favorable partitioning of FeO into
magnesiowüstite over all other silicate phases is ignored
[Wood, 2000; Kesson et al., 1998; Murakami et al., 2005].
Therefore, even if oxygen is the sole light element in the
core, the core must be undersaturated in oxygen with
respect to the likely mantle FeO concentration. The mantle
at the CMB might, therefore, become strongly depleted in
FeO in order to achieve local equilibrium with the core. If
oxygen is not the only light element in the core or if it is
only a minor component, then an even stronger depletion of
FeO from the mantle could develop. On the other hand,
instead of the base of the mantle becoming depleted in FeO,
it is also possible that the core has developed a low-density,
dynamically stable FeO-rich outer layer, as a result of
reaction with the mantle. Seismic studies have proposed
evidence for a layer on top of the outer core of the order of
10 km thick [Eaton and Kendall, 2006; Tanaka, 2007]. As
the core cooled, the mantle at the CMB might even have
become enriched in FeO as a result of backreaction with this
outer core layer. Although not mutually exclusive, whether
chemical equilibrium at the CMB is achieved through FeO
depletion of the mantle or FeO enrichment of a layer at the
top of the core will depend on the dynamics of mixing in the
mantle and core. A well-mixed core will favor the former
possibility, while effective mixing of the mantle will favor
the latter.
[27] There are significant uncertainties in the model

inherent in the extrapolation to the CMB and in the use of
a simplified chemical system. The uncertainty in the deter-
mined Fe-FeO excess volume, for example, propagates to
an uncertainty in the calculated core oxygen contents shown
in Figure 14 of approximately 1 wt% oxygen. It is possible
that structural changes in Fe liquid affect Fe-FeO excess

Figure 14. (a) The oxygen content of liquid Fe metal
versus the equilibrium magnesiowüstite Fe/(Fe + Mg) cal-
culated at the present-day core-mantle boundary pressure of
136 GPa between 3000 and 5000 K. The temperature at the
core-mantle boundary is likely in the range 3500–4500 K.
The shaded region indicates the range of oxygen contents
required to account exclusively for the density deficit of the
outer core. Magnesiowüstite FeO contents in equilibrium
with plausible core oxygen contents are much lower than
those expected for the bulk of the mantle, showing that
either the mantle adjacent to the outer core must be depleted
in FeO or that a stratified outer layer of the core must be
enriched in oxygen. (b) The oxygen content of liquid Fe
calculated with the thermodynamic model developed in this
study is compared with the previous models of Asahara
et al. [2007] and Ozawa et al. [2008] for which it
was assumed that KD is independent of magnesiowüstite
composition.

B02202 FROST ET AL.: CORE-MANTLE OXYGEN PARTITIONING
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B02202

Frost et al. [2010]

FeOmw→Fem+Om 
Equilibrium partitioning reaction 

Earth’s core - Under-saturated for light 
elements 

But not assumed for partitioning of 
HPE in the metallic core here. 



Next, thermal evolution

If the stable region can be found in the system, two temperatures can be also 
computed as following global heat balance equations.

Again, using the heat balance at the interface, we also find the thermal effects of 
displacement rate of stable region - 

Finally, the position of interface between stable and well-mixed regions can be 
computed as

Modified from Lister and Buffett [1998]



Simple case - Heat flow across the 
CMB given as a function of time
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What happens with the stable 
region - Preferable origin
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(b) Layer structure
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(c) TCMB(t=0)=4850 K

T-C effects
T-effect
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(d) TCMB(t=0)=6000 K
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(b) Thermo-chemical effects for QCMB=5 TW

T-C effect
C effect
T effect

Growth rate caused by sub-adiabatic effects - 1500 km for 1.0 billion years: Compositional effects 
are required for consistent thickness of stable region. 

From some constraint on CMB heat flow (~11 TW), the preferable origin would be purely 
compositional effects



Effects on chemical diffusivity of 
Earth’s core
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(b) Thermo-chemical effects for DC = 1.2x10-8 m2/s

T-C effect
C effect
T effect

CMB heat flow at the present time 
= 15 TW 

Initial CMB T = 4850 K 

To be consistent with a constraint 
on stable layer thickness estimated 
from geomagnetic secular variation 

(~140 km) [Buffett, 2014], the 
chemical diffusivity would be 

O(10-8) m2/s - Somewhat consistent 
with  with theoretical estimates 
[Pozzo et al., 2013; Ichikawa and 

Tsuchiya, 2015].



CMB heat flow given from 
numerical mantle dynamics model



Stable region - The strongest 
heat buffer



Core evolution diagnostics



Quick view on evolution of stable 
region



Influences of HPE in the mantle

Nothing happened with HPE in the mantle.



HPE effects in the mantle

High HPE - very slow cooling down but rapid cooling down in early Earth 
corresponding to the spike of surface heat flow (~initiate the plate-like behavior).



Summary and implications
• Incorporating ‘core-mantle chemical coupling’ into numerical mantle convection simulations to check 
how the stable region works for core-mantle evolution system 

• Reducing the initial CMB temperature from unrealistically high temperature - 4900 K with the stable 
region. 

• Low CMB heat flow may not explain the possible thickness of stable region - Compositional origin would 
be preferable and purely thermal origin may not be allowed (ceasing the geodynamo actions and so on). 

• High chemical diffusivity would be rather explained for the current constraint on thickness of stable 
region inferred from geomagnetic secular variations. 

• With realistic mantle dynamics (?), the core-mantle boundary would not be rapidly cooled down because 
the stable region works for the much stronger heat buffer of heat transport across the core but 
keeping high CMB heat flow (~13 TW). 

• HPE in the mantle may not affect the core evolution but small effects for mantle evolution. - If HPE in 
the mantle would be upper-limit value inferred from ‘geoneutrino flux’, the mantle would not be rapidly 
cooled down over the age of the Earth. Most amount of cooling might be happened in around the ‘early 
Earth’ = 50 K/Gyr. The heat transport system in a convecting mantle would be almost balanced after 
the early Earth stage has been finished, that is, CMB heat flow + HPE + magmatic heat flow-Surface 
heat flow ~ 0 TW. This would be consistent with the recent melting experiments under high P-T 
condition and its implications [Andrault et al., 2016].



The END! 
Thanks!


