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Cooling Earth’s evolution

Accumulation and core formation
Solidification of magma ocean
Birth and growth of the inner core

Core and mantle dynamics and plate tectonics
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The birth of inner core and geodynamo
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Core-mantle “thermal” Interaction and coevolution
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CMB thermal interaction and evolution

 Structure of thermal boundary layer (thickness of PPv layer)
 Mantle plume generation

Predominant driving force: heat inside the Earth



Earth’s heat budget and heat flow from the core

Mantle cooling
8~28 TW

|

Total surface

Core cooling _ Tidal heating
a1oTw ¥ heatflow: &— " = _

463 TW

T

Radiogenic heat production
~20x3 TW

Modified after Lay et al., 2008
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Large uncertainty in the estimate of mantle and core cooling



Core cooling

g =-KkdT/dz

Core-mantle boundary
Pressure (P): 135 GPa

Lay et al., 2008 Nature Geo.

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



High-pressure experiments using
diamond anvil cell (DAC)

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



Mineralogy in the Earth’s lower mantle

* (Mg,Fe)(Al,SI)O3z bridgmanite (bdg), post-perovskite (PPV)
e (Mg,Fe)O ferropericlase (fp)

e CaSiOz davemaoite* (dvm)  *named at the end of 2021

Pyrolitic lower mantle Bdg-enriched lower mantle
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Method
High P—T thermoreflectance technique in DAC

Thermal conductivity : k = pCp(d2/r)

p: density, Cp: heat capacity at constant P,
d: sample thickness, 1. heat diffusion time
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? Probe laser
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{ ] High-power CW laser
Pump lase |

AT at 1 pulse ~ 5 K Heat diffusion time: 7 (s)



High P-T thermoreflectance technique in DAC
Thermal conductivity : kK = (d?/1)pCp

T d

140 GPa, 1949 K

l A l 130 GPa, 300 K

— Transient temperature curve
— Model curve based on Eq. (1)
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Tange et al., 2009JGR



Other methods for measuring k at high Pand T

Time-domain thermoreflectance method

Pro e
\ \aion : pu l e Similar to ours but front-heat & front-probe

Metal
transducer — Gasket

7

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

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

/ Pressure medla \

\ \ \ e High-T measurement is not feasible so far

Pulsed-laser transient heating method

Gasket

e [ast detection of thermal radiation from sample

by—@
In/Pefoil e Measurements for pyrolite up to 124 GPa and
laser ' W 2460 K

——Sample
Pre e— )

dia e Large uncertainty in T

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

e Low-T measurement is not feasible

Advantage in our method: Kk with small T error in a wide P-T range



Experimental techniques are developing

before ~2011 now
bdg: 26 GPa and to 1200 K bdg: 140 GPa and to 450 K
PPv: none PPv: 180 GPa, and to 1500 K
Fp: 14 GPa, <1300 K Fp: 127 GPa, to 2000 K
dvm: none dvm: 70 GPa, to 2000 K
Kcve ~ 10 W/m/K following slides

(Stacey, 1992 Physics of the Earth)



Some fruits of our studies

Earth and Planetary Science Letters 465 (2017) 29-37

Contents lists available at ScienceDirect
Earth and Planetary Science Letters
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Thermal conductivity of ferropericlase in the Earth’s lower mantle CrosMak

Kenji Ohta®*, Takashi Yagib, Kei Hirose ¢, Yasuo Ohishi¢
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Internal Geophysics (Physics of Earth’s Interior)
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Results: Thermal conductivity of bridgmanite

* P—x dependence of Kbridgmanite IS CONstrained

e T effect Is not yet examined
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Results: Thermal conductivity of post-perovskite

P—T—x dependence of kppy IS constrained

Okuda et al., 2020EPSL



Lattice thermal conductivity (W/m/K)

Thermal conductivity of (Mg,Fe)O

* P—x dependence of kwgre)o IS Well constrained

e Fe spin transition decreases Kwg,re)o

0900 ——————+—— 71— .

| | © :MgO (Dalton et al., 2013)
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Hasegawa et al., 2019CRG
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Thermal conductivity (W/m/K)

Thermal conductivity of (Mg,Fe)O at high P& T

1000

* High P—T Kqug,Fe)o IS €Xxamined

* Kivg,Fe)o at lowermost mantle = ~5 W/m/K

10

g=5.13 g/cm?
130 GPa at 300 K
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Hasegawa et al., in prep.



Thermal conductivity of davemaoite

« Combination of exp. and ab initio
 Davemaolte with cubic structure

e Similar kK to PPv
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Thermal conductivity of pyrolite

Hashin-Shtrikman average for Kpyrolite

25
X | Pyrolitic mantle 135 GPa
=
=20 }
=3
2
S 1o+
S Bdg + Fp + Dm
210
S |
&)
g 5t Y Bdg + Fp
2 Geballe et al., 2020
— 0 ! I ! I ! I !
2000 2500 3000 3500 4000
Temperature (K)
25
< Pyrolitic mantle 135 GPa
=
= 20
=3
%’ 15 Ppv + Fp + Dm
O
>
e 10
o
o Ppv + Fp
S ¢ |
E
q) R
-
0 . - . - . - .
2000 2500 3000 3500 4000

Temperature (K)



Calculations of T profiles at the lowermost mantle

4 oT
(Z(P)) 1
ot — Cpz(PT))p(2(P, T))az[K( (P),T)

aT(z(P) t)] )

K. from our experiments

Cp: 1300 J/kg/K (fix)

P:. 0.51z+4094 kg/m3 from PREM (Dziewonski & Anderson 1981)
Teme = 3400 K (Kim et al., 2020GRL)

e “Average geotherm” T > 155 km above CMB = Tadiabat

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



Calculations of T profiles at the lowermost mantle
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Okuda & Ohta, AGU books in press.

Very similar thermal structure between pyrolite and perovskitite



Heat flux from the core

Q =-Acvp*k°dT/dz

Okuda & Ohta, AGU books in press.

QCI\/IB, average — 10.4+2.5 TW
Large regional variation in Qcwms



Earth’s heat budget revisited

Mantle cooling

8~28 TW—13.6+7 TW

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

Subducting slab cooling

>7.6TW
Core cooling etz SUrfELsE Tidal heating
3~12 TW—=10.4+2.5 TW heat flow: ~0.4TW
_ 463 TW
e Young inner core less than 1 Gy
e Degree-two mega plume generation T

Radiogenic heat production

~20.1+~8 TW

From talks in this symposium

Similar magnitude of core and mantle cooling
Subjecting slab efficiently cools Earth



Inference of cooling history of slab
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Page & Hattori, 2019 Sweidan et al. poster here

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



Points for discussion

e How much water do slab contain?

e How precise can we determine the mantle temperature?

e How precise can geoneutrino obs. constrain radiogenic heat?

Mantle cooling

8~28 TW—13.6+7 TW

Total surface

Core cooling
3~12 TW—10.4£2.5 TW

-—p» heat flow:

46+3 TW

|

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

Subducting slab cooling
>7.6 TW

<«

Tidal heating
~0.4 TW

Radiogenic heat production

~20.1+~8 TW

From talks in this symposium
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