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            Thermal History of the Earth and the Formation 

                       of Its Core ; Part II 

 Jun IRIYAMA* 

                              (Received August 31, 1970) 

                The hypothesis of a rapid growth in the Earth's core is tested 
             from the thermal history of the Earth. Calculation shows that the 

             conversion of gravitational to thermal energy from a uniform to the 
present differentiated Earth is 1.68 x 1038 ergs. 

                Earth models in which the core was substantially complete at 
            4500 My ago or 3000 My ago within a short period less than 100 My 

             give the observed heat flow. 

                               1. Introduction 

   The separation of the core is the principal event of the Earth's evolution. The 

reconstruction of the Earth from a uniform, metal-silicate phase mixture to the present 

state has released substantial amounts of gravitational energy. We should not ignore 

the gravitational energy when calculating theoretical models of thermal history of the 

Earth containing the iron core. However, reports of this type of study have apparently 

not been published to date. 

The time-scale of the core accumulation is uncertain. Staceyo, Birch2)'3), Shimazu4>, 

Tozer5), and Fujii and Uyeda6) argue that the core was substantially complete at an 

early stage in the Earth's history within a short period less than 100 My. The purpose 

of this paper is to study the thermal history of the Earth assuming a rapid formation 

of the core resulting from the differentiation of the mantle. 

   The temperature of the surface is always adopted as equal to 273°K. The age of 

the Earth is set equal to 4.5x109 years. We assume that in the original Earth the 

metallic iron is preexisted and distributed among silicate phase. The concentration of 
radioactive elements throughout the Earth until core formation commences is assumed 

to be equal to that of chondritic meteorites. At the original state of uniform chondritic 

composition, we put U=1 X10-8 g/g, K40=8X10-8 g/g (reduced to the present values), 

and Th/U=4. After separation of the core, the abundance of U, Th, and K40 in the 

silicate mantle is changed to satisfy the mass conservation, preserving the ratio of 

Th/ U. 

               2. Analysis and Model of Rapid Core Formation 

   In this section processes of core formation are analyzed and are classified. 

(2-1). Initial cold Earth (RC) : 
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    The co血mencement of core differentiation wou1d be determined by me1ting of the

iron and by a reduction in the viscosity of si1icate phase in the mahtIe，as pointed out

by Tozer5），and Uyeda7）．The formation of the core wou1d not proceed unti1the mant1e

is，by radioactive heati㎎，to become soft eno㎎h to permit the iron to fa11．We may

take thg temperature dependence of the mant1e viscosity to be of the form exp（五ノ尾丁）

where E is an activation energy and后the Bo1tzmann’s constant．Hence，as Tozer5）

has argued，the process of core formation re1eases a1ot－of energy which wi11cause a

further fa11in viscosity，so that this process wi11quick1y estab1ish itse1f or be cata－

strophic．The rate of the gravitationa1energy re1ease wi11be itse1f dependent on the

rate of core formation in a mamer which encourages a catastrophic change．

   From this point of view the t二me sca1e of the core accumu1atidn wou1d be a

geo1ogica11y short time1ess thanユ00My．Now，if we assume an initia11y co1d Earth，

the core is substantia11y comp1ete at the time between1500toユ600My after the end

of the accretion process of the Earth．The rapid growth of the core provides a source

of energy fast re1eased at the time between1500and1600My．The i血itia1temeperature

distribution To（γ）in this case is given in Figure1，whicb－is reproduced from that

ca1cu1ated by Lubimova8）．This core formation procgss is referred to as mode1RC．

（2－2）． ∫m〃クαZん。云Eα竹ん （RH）

   From geochrono1ogica1data，the－Earth has an age of about4500My．Shimazu4）

argues that this age refers to the time when the upper mant1e and the crust can be

regarded as a c1osed system with characteristic U／Pb，and the va1ue of4500My is

regarded as the age of the upper mant1e．Shimazu4）has pointed out that the separation

of the’core affects the U／pb ratio of the si1icate mant1e，for the meta1carries down

signi自。ant amounts of Pb but not U．Hence，if the mant1e－core separation is continued

signiicant1y during the stage of a c1osed system，the consistent va1ue of4500My for

the age of mant1e cannot be obtained from rocks differentiated from the mant1e at

different ages．Hence，Shimazu4）argues emphatica11y that the E乞rth had separated into

the core and the mant1e at or before4500My ago．

   From this point of view it is necessary to assume that the core was substantia11y

comp1ete at the time between O．0to1．0×108years．The rapid growth of the core

provides a source of energy fast reIeased at the time between0．0toユ．0×108years．The

initia1tgmperature distribution To（γ）in this case is given in Figure2．This core

formation process is referred to as mode1RH．

                                   3． 丁止eory

   －Here variρus basic formu1as are ana1yzed as fo11ows：

（3一ノ）。 工0∫∫0∫9γ00”α”δmOZ力0才em”02emeγ9ツ．

   For an undifferentiated and the present differentiated Earth，we ca1cu1ate the

gravitationa1potentia1energies．The1oss of gravitationaI energy is the difference of the

two1arge quantities．As a result of the rapid growth of the core，we sha11assume

that the gravitationa1energy is rapid1y emitted over the who1e body of the Earth

within a short period1ess than1OO My．

                                                             Memoirs of Chubu
                                     （2）
                                                             Institute of Techno1ogy



           Therma1History of the Earth and the Formation of Its Core；Part II     139

   To construct of a density mode1for the undifferentiated Earth，we・assume an

equation of state of the form（MacDona1d9））

             aρ／aプ＝ρ03gノ（αρ2），                                 I  （ユ）

whereρo＝surface density andα＝ratio of incompressibi1ity to density．

   In the undifferentiated Earthρo andαare taken to be4．09g／cm3and29（km／

sec）2respective1y． The boundary conditions atγ二0 （center．of the Earth）and児

（surface）are as fo11ows：

             γ＝O：aPノ〃＝O，                  （2）

                  9＝0，   I              （3）

             γ＝R：aPノ〃＝ρ（R）9（R）．              （4）

   The gravitationa1potentia1energy of the Earth（negative），Ω，is expressib1e in a

Protean variety of forms（Birch2））

             Ω一一・π／ζ・附二一1・中1・伽      （・）

（3－2）． Heαナ〃。m∫∫eγ

   The equation governing the transfer of heat is given by

        ∂Tノ∂ナ＝（ユ／ρCク）［▽・（K▽T）十A＋Gコ，  ．   一     （6）

      where K＝tota1therma1conductivity，

            G＝rate of heat production by gravitation，

            A＝rate of heat production by radioactivity，

            Cカニspeciic heat＝1．26jou1es／9－de9．

We sha11take the therma1conductivity in the mant1e to be of the form

             K＝K〃。lm＋K〃。m、．                （7）

   The photon conductivity（K〃。f。、）is given by

             K〃。圭m＝16m2βT3ノ（3ε），                               （8）

where m2＝refractive index＝3，ε＝opacity＝ユO cm一■，andβ stands for the Stefan－

Bo1tzmam constant．

   The phonon conductivity（K〃mm）is given by

             K〃舳舳＝B／T，                  （9）

where the constant B is determined from the condition that on the Earth’s surface

（where T＝277．K）the therma1conductivity K〃。m．shou1d be equa1to the conductivity

of the crusta1rocks K＝0．0334 jou1es／cm－sec－deg（Levinユ。」）．

   The therma1conductivity of the core is assumed to be due to free e1ectron or O．4ユ8

jOu1eS／Cm－SeC－de9．

4． ］1己es111ts

   肋がa∫0γm0〃0m0∫肋eC0γe

（4一ノ）、∫m〃〃。o〃亙〃肋（RC）：

   In mode1RC we investigate the therma1history of an initia11y co1d Earth with

consideration of the energy emitted in the rapid growth of the core．The densities for

the initia1，undifferetiated Earth are1isted in Tab1e1．As compared with previous－ 垂≠垂?

（Iriyamaユ1）），the present，paper has improved in the a㏄uracy of density ca1cu1ation．

                                    （3）
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   For the present Earth．（Bu11ard12）），the    Tab1e1．

gravitationa1potentia1energyis＿2，488×1039

ergs；for’the undifferentiated Earth，一2，290

×1039 ergs．The tota1工。ss of the grav－

itationa1energy due to core－rna早t1e separation

becomes1．98×1038ergs．However，the1ost

gravitationa1energy is not comp1ete1y cqn－

verted to heat．After Urey13）and Birch3）

we assume that some15％of the1oss of

graVitatiOna1energy remainS aS Strain energy

in the Earth’s interior．Therefore the net

energy chan96 in reconstruction of the

Earth is1．68Xユ038ergs．This is1．5times

greater than thさtotaI amounts of heat1．10

×1038 ergs1iberated－by radioactivity in the

chondritic Earth （seβ Sectio早 斗）． It is

assumed that the gravitationa1energy had

been rapid1y emitted over the who1e body

of the Earth at the time between1．5to

1．6×109years．

   In the present ca1cu1ations we sha11use

three mg4e1s about the concentration of

radioactive e1ements in the mant1e．In one

Density and pressure in the

undi丘erentiated Earth．
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6，87              2．024

6，82             1．962
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6，54             1．613
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6，34             1．385

6，22             1．260

6，09             1．129

5．94              ．O．993

5，77             0．854

5，58              0，712，

5，38              0．569

5，14             0．428

4，87              0．289

4，56             0．155

4，19             0．029

4，09             0．000

mode1，as a resu1t of the rapid growth of the core atナ＝1．5×109．years，we assume

that the rad－ioactivity had been rapid1y concentrated in the upper600km Of the Earth

at the time between1．5to1．6×109years．In a second mode1we assume that the

radioactivity had been rapid1y concentrated in the upper200km at that time．Fina11y，

for the sake of comparison，it is assumed that the radioactivity had been rapid1y

concentrated in the who1e mant1e at that time．These three mode1s are referred to

as mede1RC－U6，RC－U2，and RC－M respective1y．

   The deve1opment of temperature as a func乍ion of the亡ime within mode1RC・U6

is shown in Figure1．It is seen that at a11depths there was a sharp increase in

temperaure at the time between1．55to L65×109years．After th6very rapid rise in

temperature，the outer1ayers of the Earth coo1rapid1y，whi1e at a11depths greater

than1400km the－temperature does not great1y change with time．It is c1earIy seen

that the gravitationa1energy has dominated the therma1history of the Earth．

   In mode1s RC－U6，RC－U2，and RC－M the present temperature distributions are

1istedエn Tab1e2．In mode1RC－U2the present temperature is higher than that of

RC－U6in the uppermost1ayer．

   Figure2shows the history of surface heat iow for RC mode1s．In a11these mode1s，
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Ta阯e2．Present temperature distributions for
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atナ＝1．6×109years，there was a sharp increase

in heat且ow fo11owed by a rapid－decrease．The

maximum va1ue of the heat且ow took p1ace

atナ＝1．63×109years，i．e．，2．87×109years ago，

                                      （5）
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which o㏄urred about1．3×108years after the differentiation of the core．For mode1

RC－U6，the present surface heat且。w is62．8ergs／cm2－sρc；for mode1RC・U2，63．ユ

ergs／cm2－sec；for mode1RC－M，51．4ergs／cm2－sec，which are in agreement with the

observed heat且。w（Uyeda14））．

（4－2）、 ∫mダ〃αZん。ナ五α付ん （RH）：

   In mod－e1RH we investig4te the therma1history of an initia11y hot Earth with

cδnsideration of the energy emitted in the rapid growth of the core．It is assumed

that the gravitationa1energy had been rapid1yβmitted over the who1e body of the

Earth at the time between0．0toユ．0Xユ08years．

   In the present ca1cu1ations we sha11use three mode1s about the concentration of

radioactive e1ements in the mant1e．In one modeI，as a resu1t of the rapid growth of

the core at云＝0．0，we assume that the radioactivity had bee早rapid1y concentrated in

the upper600km of the Earth at the time between0．0to 1．0Xユ08years．In a second

mode1we assume that the radioactivity had been rapid1y concentrated in the upper

200km at that time．Fina11y，we assume that the radioactivity had been rapid1y

concentrated in the who1e mant1e at that time．These three mode工s are referred to as

        T（．K）
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Fig・3 The deve1opment of the temperature distribution within mode1RH－U6．
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mode1RH－U6，RH－U2，and RH－M respective1y． Tab1e3－Present temperature distributions

   The deve1opment of temperature as a     for RH mode1s．

fmction of time within mode1RH－U61s Depth，Mode1RH－U6Mode1RH．U・2Mode1RH．M
shown in Figure 3． It is seen that at a11de－

pths there was sharp increase in temperature

at the time between 0．2to1．1×108years．

This brief temperature rise at the very

beginningsoon ceased and coo1ing commenced．

Atナ＞ユ．ユ×ユ08years the outer1ayers of the

Earth coo1rapid1y，whi1e at a11depths greater

than 3000 km the te血perature decreases
s1ow1y with time unti1the present time．

   In mode1s RH－U6，RH－U2，and RH－M the

present tern－perature distributions are1isted

in Tab1e3．In mode1RH－U2the present
temperature is1ower than that in mode1RH一
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Fig．4 Variation of surface heat How

      with time for RH mode1s．

   U6at a11depths．

     Figure4shows the history of surface heat

  iow for RH mode1s．In a11these mode1s，at the

  very beginning，there was a sharp increase in

  surface heat且。w fo11owed by a rapid decrease．

     The maximum va1ue of the heat且。w took

  p1ace at 才＝1．ユ×108 years， i．e．，4．39×109 years

  ago，which occurred some1．1×108years after

  the differentiation of the core．For mode1RH－

  U6，the present surface heat且。w is68．7ergs／

  cm2－sec；RH－U2，67．4ergs／cm2－sec；for mode1

  RH－M，62．4ergs／cm2－sec．In mode1s RH－U2and

  RH－lM the modern va1ues are in rough

  agreement with the observed heat且。w．The

  heat且。w in mode1RH－U2has been1ower than

＿that in mode1RH－U6since2400My ago．This
  resu1ts from the rapid core－mant1e separation

  and－the rapid near surface concentration of the

  radioactive heat sources at a time4．5×109years

  a90．

5．Disc皿ssion and COnc1皿siOns

   In the process of the core formation，gravitationa1energy is transformed to therma1

energy，to the amount of about2800jou1es／9on an average va1ue for the who1e mass

of the Earth．This is equiva1ent to an average rise of temperature of about2200。．The

energy is higher than that given by Runcorn15）and Birch3）using different methods and

is1ower than that given by Urey工3），Stacey1），and Shimazu4）using approximate methods．

The1arge amount of energy re1eased favors the view that the core was substantia11y

                                    （7）
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comp1ete at the time between4500My and3000My ago，and that its process reached

comp1etion in a geo1ogica11y short time．A rapid growth of the core is a1so con丘rmed

by Stacey1），Tozer5），and Shimazu4）。16）by different thermodynamica1ca1cu1ations．For

the moon，Iriyama and Shimazu17）have obtained a simi1ar conc1usion．

   The re1ease of gravitationa1energy on core formation dominates the ther血a1state

of the Earth．The mo1ten state of the core is possib1e to attain even if the Earth is

an initia11y co1d and the core has no radioactive heat sources．
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