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Heat generation from long-lived radioactivity

Energy Decay/atm Decay const A | Relative Isotopic Present Terrestrial

10° erg 109 yr Abundance Abundance 10%° g
238 75.9 155125 0.9928 1.82
235y 72.4 0.8485 0.0072 0.0132
232Th 63.8 0.49475 1 6.79

40K 1.14 5543 1.167x10™ 214
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9.4.1 Heat production in the Earth during geological time
assuming that the present surface flux is in equilibrium with
radiogenic heat production. In the lower part of the dia-
gram the separate contributions of U, Th and K are shown.
Present day values of Th/U = 3.7 and K/U = 10,000 are
assumed.



Energy Budget of the Earth

Heat flow measurement: 44 TW

Heat Generation:

Crust+Mantle ~ 20 TW (for K, U, and Th): Based on Chondrite
model

No radiogenic heat in the core

Heat flux from the core: 1~-10 TW (for driving geodynamo)

Invalance of Heat:
Out flow from Earth 44TW > Crust+Mantle+Core 21~30TW
l.e., Urey ratio (Radiogenic heat production/Heat flow)
~ 0.5
Secular cooling ? Periodic change?
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Global circulation of materialsin the Earth

M aterials moves from Surfaceto Core and vice versa

Ocean

Upper Mantle

l Lower Mantle

Outer Core

Inner Core—



EE

< RN

GBI

F1ZE. km







1010 { H
He
8 o _
100N Tl (KBR) ORREEE
[ Ne Si%10° & U1 & = Oz B F Lt
106 - WS e
M Arﬂﬂc Ni
TR TR
P r@ | Mn R 1 Zn
i o
102 — F v Cu GEEEHFEr
) B G Lr
. le Sc 15 Thw | Mo Ce g Pt Pb
0% 5 Nb
Be B AuTI®Bi
Eu
102
| | | | | | I |
0 10 20 30 40 50 60 70 80 90

RTFES




Refractory
Inclusions

"Fluffy"
Type A CAl's |,



TR R f B =8

1.50
I

1.00

0.50

IR /X E 191 5QuetzalcoatlDEE AT <L

0.40 0.e0 0.80 1.00
EE (um)




L

) 1 |
N U R T Tl T4 Sl
Cla»Fo4 b

Iﬂ'1

10




wit %

50+ FHETE (FREEFERC)
40H

30H

20
104

- i
0--"Si0z Alz03  FaD Magh Rzl F—

Ca0 TR T

D_

Si0z AlzDz  FeD EZ MO

2L
Moo

i i
Cal Magd K0 MO

O3 AlpDy  Fad



O.1r

Al/Si

0.057

0.8

1.0

1.2
Ma/Si

1.4




Rock Type

1 Quaternary Sedimentary
2 Neogene Sedimentary
3 Paleogene Sedimentary
4 Cretaceous Sedimentary
5 Jurassic-Triassic Sedimentary
B Paleozoic Sedimentary
7 | Paleozoic Accretionary(Sedimentary)
8 | Paleczoic Accretionary(Volcanic)
9 | Paleozoic Accretionary(Limestone)
10 | Jurassic Accretionary({Sedimentary)
11 | Jurassic Accretionary(Volcanic)
12 | Jurassic Accretionary(Limestone)
13 | Jurassic Accretionary({Chert)
14 | Cretaceous Accretionary(Sedimentary)
15 | Palasogene Accretionary(Sedimentary)

16 | UnknownAge Ultramafic

18 Metamorphic(HighPressure)

19 | Quaternary Volcanic({Felsic-Nonalkali
20 | Quaternary Volcanic{Mafic-Nonalkali)

21 | Neogene Plutonic(Felsic-Nonalkali)
22 | Neogene Plutonic{Mafic-Nonalkali}

23 | Neogene Volcanic{Felsic-Nonalkali)
24 | Neogene Volcanic(Felsic-Nonalkali}

25 | Quaternary Volcanic(Mafic-Alkali)

26 | Neogene Volcanic(Felsic-Alkali)

27 | Paleogene Plutonic(Felsic)

28 | Paleogene Plutonic(Mafic)

29 | Paleogene Volcanic(Felsic-Nonalkali)
30 | Paleogene Volcanic(Felsic-Nonalkali)

31 | Cretaceous(Late) Plutonic

32 | Cretaceous(Middle) Plutonic

33 | Cretaceous(Early) Plutonic

34 | Cretaceous VolcaniciFelsic-Nonalkali)
35 | Cretaceous Volcanic(Mafic-Nonalkali
36 | Jurassic Plutonic(Felsic)

37 | Jurassic-Carboniferous Ignecus

| Average

.IUIJ 1 2

10
U Concentration [ppm]

[y

Togashi et.al. (2000)

(Geochemlstry Geophysics Geosystems volume 1 number 27)

. 37
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U: 2.32ppm
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FIGURE 8-2

Abundances of elements in “primitive mantle” (mantle + crust)
relative to Cl, derived by mixing mantle components-to obtain
chondritic ratios of the refractory lithophile elements.
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Condensation temperatures and sequence of phasesnand

elements separating from gas of solar compositions at 107-4 atm total pressure
Temperature corresond to 50 percent condensation of a given element or compeuna

Element und K
Ca, Al, tu_ U, Th n)u:leg and silicates >1400
platinum m "W, Mo Ta, Zr, REE
Mg25104 ~1360
Fe-MNi metal ~1360
Remaining Si02 (as MgSi03) 1200~1350
Cr203 -
P 1290
A 1230
Li 1225
Mn2si04 1190
As 1135
Cu 1118
Z 1075
}AISuSC'E. ~1000
i 952
sh 910
F BE5
Ge B12
Sn 720
Zn 660-760
Se 684
Cd 680
5 (as Fes) 648
FeO (10% ss. As (Mg0.9Fe0.1)25i104) ~H00
Pb 520
Bi 470
In 460
Tl 440
Fe304 400
NI -
H20 (as hydrated silicates) ~300
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FIGURE 8-2

Abundances of elements in “primitive mantle” (mantle + crust)
relative to Cl, derived by mixing mantle components-to obtain
chondritic ratios of the refractory lithophile elements.



Cosmochemical predictions for U and Th sbundances

(1) Is the U content in the Earth similar to the Moon?
40ppb U and Th/U~3.7
40ppb U and corresponding K and Th ~ total heat
flux of 40TW of the present Earth

Geochemical model model suggests about 20 ppb in
the bulk silicate Earth

(2) Is the Th/U ratio of the Earth the same as the
chondritic ratio, 3.7. It varies from 2.2 to 6 in the
rock samples in the Earth.



A model for formation of the planets

Two comonent model:

High temperature component, A; no K and Th/U~3.7

And low temperature component, B; chondritic K, Th/U~3.7
(Ringwood, 1985; Wanke, 1989)

High temperature

1 A:B K/U Th/U U
Marcurey 0] 3.7 38ppb
Moon 2000~2500 3.7 40ppb
Earth 90:10 10000 3.7 14ppb
Mars 80:20 50000~70000 3.7 11~15ppb
Chon rite 50000~80000 3.7 12ppb

Low temperature



4. Thermal budget of the Earth



Energy Budget of the Earth

Invalance of Heat:
Out flow from Earth 44TW > Crust+Mantle+Core 21~-30TW
l.e., Urey ratio (Radiogenic heat production/Heat flow)
~ 0.5
Secular cooling ? Periodic change?
Energy release stored in the Early stage

Heat flow measurement: 44 TW

Heat Generation:

Crust+Mantle ~ 20 TW (for K, U, and Th): Based on Chondrite
model

No radiogenic heat in the core

Heat flux from the core: 1~-10 TW (for driving geodynamo)
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Energy released by core formation in an oliginally homogeneous plar

R E AT

Core Radius Energy Temperature

(km) Release (J) Rize (K)
Earth 3485 1.5*10731 2300
Mars 1400-2100 (1.8-2.3)*10729  300-330
Mercury 1840 2*10729 680

Moon ~200 10727 12
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Future directions

1. Heterogeneity in U and Th contents in the Earth
Test of Geochemical models

2. Heat source In the Deep Earth, i.e.
Lower manlte:
Existence of primitive source at CMB

Core:
Heat source in the Core
Evolution of the core: Formation of the inner core
Formation of the magnetic field
Growth of the inner core
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DEPLETED MANTLE
MORA RESERVOIR
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Fig. 1. (a} Cartoon of stratificd mantle convection that is consistent with the abserved geachemistry of mid-ocean ridge basalt (MORS)
and continental crust. This paradigm is often invoked to explain observed rare gas diffecences between oceun islund basalt (O78) and
MORB, observed isotopic dopletion of MORB and isotopic enrichmeut of continental crust, and trace clement contrasts between MORB
and continental crust. However, it does not seem to be consistent with geophysical evidence for significant preseni-day flow between the
upper and lower mantle, (b) Alternative paradigm of whole mantle convection that may prove to be consistent with both geochemical
and geophysical cvidence. In this scenario the mantle is a ‘plum-pudding’ mixture of recycled basalts and continental scdiments, rich in
incompatible elements, that have been stimed by convection into recycled residues from plume and ridge melt-extraction and surviving
‘primitive’ mantle. The asthenosphers *‘MORB-source’ is derived from typical plum-pudding mantle by melting an vpwelling plume
—- the plume melts become an OB, while the depleted leRovers from plume-melting pond beneath the lithosphere to supply the
asthenosphere. When this depleted asthenosphere upwells and melts a second time beneath a ridge. its melts become a MORB.



Kellogs et ol. (1999)

q.*’b
0 km N\
870 km
—
_
2800 km

Fig. 1. Diagram illustrating the possible dynamics of an intrinsically dense layer in the lower mantle.
Depth ta the top of the layer ranges from ~~1600 km to near the CMB, where it is deflected by
downwelling slabs. Internal circulation within the layer is driven by internal heating and by heat
flow across the CMB. A thermal boundary layer develops at the interface, and plumes arise from
local high spots, carrying recycled slab and some primordial material.
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