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THE ASSUAlPTIOX that the earth was formed 
by condensation of a cold cosmic cloud ap-  
pears to offer a inore satisfactory explanation 
of its composition than does the assumption 

that the earth was condensed directly from a mass of 
hot gas.l On the latter assumption, i t  is difficult to 
account for  such facts as  the presence of water ,but 
the absence of quantities of the noble gases, the con- 
stant isotopic composition of matter in the earth and 
nleteorites, and the presence of both metallic and oxi- 
dized iron. 

The composition of the earth is essentially that of 
the solid particles which may be presumed to be pres- 
ent in a cold cosmic cloud. The process of condensa- 
tion then must separate these particles from the large 
excess of gaseous material and bring them together 
to form a mass with the characteristics which the 
geologists ascribe to the earth in its initial state. The 
essential features of this geological pictureZ are a 
central core of iron (with about 8 percent nickel), 
surrounded by a mantle of magnesium and iron meta-, 
and orthosilicates and an outer layer of basalt. I n  
the initial stages there was no surface water, no atmos- 
phere, and no granite masses on the surface-that is, 
no continents. 

Init ial  Compositiorb of t h e  Cosnzic Cloud 

Brown (3) has summax.ized the data on the relative 
abundances of the elements in the sun and stars. His 
values are given in Table 1. At a temperature of not 
more than a few hundred degrees Kelvin, a cosmic 
cloud formed from the elements with these abundances 
would consist of solid particles and gases. The eight 
of the gaseous materials was several hundred times 
that of the solids. Chelnioal therniodynamies per-
mits definite conclusion as to the compounds present in 
both the gas and the solid particles. The niore im- 
portant materials are sulnmarized in Table 2, and the 
thermodynamic data relating to their stabilities a t  
298' K are given in Table 3. I t  may be presumed 

1 This point of view mas expressed by Harold Urey, Harri- 
son Brown, and the author a t  the Rancho Santa Fe  Confer. 
ence on the Formation of the Earth,  held under the sponqor- 
ship of the National Academy of Sciences, January 23-25, 
1950. 

2The geologists present a t  the Rancho Santa Fe  Confer- 
ence were in general agreement on the broad aspects of this 
picture. 

J u l y  28, 1950 

that the average co:llposition of the solid particles was 
constant throughout the cloud. Because of the large 
excess of hydrogen and water, stabilities are deter-
mined by oxidation-reduction potentials relative to 
these substances. Oxygen will be present either in 
very stable solid oxides or as water; the nitrogen as 
nitrides or ammonia; and the carbon as  carbides or 
methane. A very important proble~n is that of iron 
and ferrous oxide. 

FeO + H, = F e  t H,O, AF,,, = 3.8 kcal ; 

From the relative abundances of H and 0 (Table 1) 

the ratio P ( H  0 )  Hence,-'- in  the gas phase is 5 x lo-*. 
P ( H , )  

a t  298' K the equilibrium favors the reduction and 
FeO is umtable. However, if the FeO is combined 
with SiO, to form FeSiO,, the equation becomes 
FeSiO, t H, = F e  + SiO, + H,O, AF,,, = 12 kcal; 

Hence, FeSlO, (also Fe,SiO,) is stable a t  298' K 
and would remain so below 600' K. This becomes an 
extremely significant fact, since the amount of oxi-
dized iron will depend upon the SiO, available fo r  the 
formation of the iron silicates. AIgSiO, and MgzSiO, 
appear to have equal or greater stability than FeSiO,  
and Fe,SiO,, and the amount of oxidized iron should 
therefore depend upon the relative abundance of Xg 
and Si. From Table 1 the relative abundances are 
found to be 8870 and 10,000, respectively. The me- 
teorlc silicates are approximately 45 percent ovtho. 
Hence 8870 Mg would tie u p  only 6865 SiO, and 
leave 3135 SiO, fol- the formntion of iron silicates. 
Assuining the percentage of the ortho and meta sili- 
cates is the same for  both Mg and Fe,  the ratio of 

6868
magnesium to oxidized iron is then - or 2.2.

3135' 
Bro~vll(2) has given the weight percentages of mag- 
nesium and oxidized iron in the silicate phase of 
meteorites as 16.62 and 13.23, respectively. The cor- 
responding atomic ratio is 2.9, which is in approxi- 
mate agreement with the value calculated above, and 
if a col-rection is made for  the SiO, combined with Ca, 
S a ,  and K,  the agreement would be even better. 
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CosnrIc RELATIVE A B U X D A ~ C E S  

Element Abundance* Element Abundance 

.A 
I< 
Ca 
Sc 
Ti 
1-

( ' r  

1111 

F e  
Co 
N1 
Cu 
ZII 
Gil 

* Atoms per 10,000 atoirls of Si. 

Condenscltiow of the Ear th  Cloud 

I t  nlay be assumed that the lnitial dlameter of the 
earth cloud n a s  le-. than half the distance between 
the orblts of Rlars and T7enus, or 5 x l O l 2  centimeters 
Durlng the conden,:itlon of the cloud under gravita- 
tional forces to forill the earth, t ~ ~ o  Important pro- 
cesses occurred: one, the loss of the gaseoui illaterial 
and, two, a concentratlo11 of the lron particles toward 
the center of the mass. 

Tlle gaseous material escaped elen if t h ~  total rnass 
(gas plus solids) n a s  several hundred tunes the pres- 
ent mass, slnce the gravltatlonal force at  the sulface 
of the Inass was lnsuficient to hold the gase- untll the 
dlalneter was greatlj reduced. The problem cannot 
be stated exactly ~vlthout a knowledge of the surface 
temperature. The sulface toward the sun would be 
heated, and the gravitational heatlng would be con-
slderable, as will be discussed latei. A temperature 
of not less than 400' I< (1)~ n l lbe taken as a rough 
estnnate ( 5 ) .  A t  that teniperature a gas with a 
lnolecular ~velght of 40 would escape untll the radlus 
n a y  r~duced  at  least 100 times. I t  seems probable, 
tlleil, that in the condensation from a radius of about 
2 5 x lo1? cm to 6.37 x lo8  cm, even the h e a ~ l e r  gases 
were lost and the earth as originally formed was ~71th- 
out an appreciable atmosphere. Thlr is In agreement 
n lth the conclusions of Brown ( 2 ) .  

During the rnajor poition of the condensatlon 

C:rrrr u ,Solids (continued) 

B Osides 01. their coml?ounds of 
1 1 2 0  Pe, a n d  a l l  eleinentii more 
CHI  electropositire t han  Fe,  e.g.. 
NH3 B7egSiOl. XgSiO:. Caa (AlOa)n . 
He. Ne, etc. 7lEIz0, A1 (OH): 

Solids Nitrides, FezN, etc. 
Xe ta l s  ( F e  and all  Carbides. B'esC. etc. 

less electropositive Halides. CaB72. NaCI, SHaCl, etc. 
c~lementsj Sulfides. FeS. PbS. etc. 

process the particles are '(falling" through an appre- 
ciable concentration of gases. By Stokes' laiv the 
velocity of fall is given by the expression 

2 a 2 ( d - d m ) GV =  
9r; 

where a is the radius of the particle, d is density, s 0 1 1  

tlie density of the medium, G the acceleration of grav- 
ity, and < the viscosity coefficient. The density of the 
particles Taries froin about 8 for the lron-nickel to 
3.5 fo r  olirlne alld 2.9 for  the basalt. Thus fro111 the 
density difference, the iron-nlckel particles ~vould fall 
with a. velocity two to three tiines that of the silicate 
mineral. Howeyer, it is likely that the iron particles 
with a simple crystal lattice grew to lnuch greater size 
than the more complicated silicates, and, since the 
velocity is proportional to the square of the radius, 
this factor could have produced large differences in 
velocities. An iron particle with a = cm would 
fall three lnillion times faster than a silicate particle 
with a = 10-5 cm. I t  seems likely, then, that the process 
of condensation concentrated the metals toward the 
center of the earth and also concentrated the heavier 
orthosilicates around the nietal core with the lighter 
basalt nearer the surface. 

TABLE 3 

AH, AF, A N D  S AT 298' I< 

AH (kcal)  4B7 (kcal)  

1x2 . . . . . . . . . . . . .  0 

NIL, . . . . . . . . . . .  1104
-

CO . . . . . . . . . . . .  - 26.41 

H.0 as) . . . . . .  - 57 80 

1 1 2 0  (l iquid) . . . .  - 68.31 

SiO2 . . . . . . . . . . .  - 205.4 

FeO . . . . . . . . . . .  - 6 3  7 

COa . . . . . . . . . . . .  - 94.15 

CEI& . . . . . . . . . . .  - 17.89 

FeSi0:l . . . . . . . . .  - 276 

Ii7eeSiOi . . . . . . .  - 343.7 

FesC . . . . . . . . . . .  5.0 

Fed . . . . . . . . . . .  - 0.9 

T i N  . . . . . . . . . . .  - 73.0 

T i c  . . . . . . . . . . . .  - 31  


I t  is possible that the riioon m7as fornled in the later 
stages of condensation. When the diameter was sev- 
eral t ln~es that of the final value, tidal waves in the 
"loose material" may have been sufficient to cause a 
rupture. Since the heavier iron and mineral particles 
had already been concentrated toward the center of 
the earth, the composition and density of the moon 
forlned at  that stage would correspond to that of the 
outer layers of the earth. 

The nlost difficult point to understand in the con-
densation process is horn7 the enornious gravitational 
energy could have been dissipated to such an extent 
that the earth condensed coinparatively cold. The 
total gravitation energy of condensing the solid par-  
ticles is 2.6 x l o 3 @ergs, or l o 4  calories per gram. I n  



the early stages of the condensation the escaping 
gases certainly carried away large amounts of energy, 
but in the final stages the particles are presumably 
falling in a near vacuum, and a body falling from 
only a few miles out from the earth's surface ~ron ld  
acquire a kinetic energy sufficient to heat it to several 
thousand degrees. 

The answer lies in the fairly high viscosity co-
efficient of a cloud of small dust particles even with 
no gas present and the low terminal velocity which 
the particles of the cloud would therefore possess. 
From kinetic tlleoiy the viscosity coefficient of a sys- 
tem of particles with a therinal velocity Vk ,mass m,. 
and ~ a d i u s  a. is:  

iissulning the thermal velocity fo r  a temperature 
inside the cloud of 600' K ,  which is below the tern- 
yerature a t  which the hydrated silicates would lose 
water, the value of the viscosity coefficient f o r  parti- 
cles of n = 10-%m is about lo-*. Using this value to 
calculate the terminal velocity of particles of this size 
and density p = 3, one finds 

I n  view of this low velocity of fall of the cloud, one 
feels justified in equating the rate of decrease of gravi- 

a Ion :tntional energy to the decrease in energy by radi t' 

where G is the gravitational constant. ?no the nlass of 
the earth, nz, the mass of the particle, Ro the radius 
of the earth, c the radiation constant, and t is time. 
Substitutillg V t d t  for  dB, and simplifying: 

This equation assumes that each particle is radiating 
into space-an assunlption that is, of course, not true. 
And a knowledge of the coefficient of opacity is re- 
qi~ired f o r  a n  exact solution ( 4). HOT\-ever, a cloud 
of particles with radii less than cm would ap- 
parently not acquire a high temperature in  slowly fall- 
ing to the earth's surfnce. 

B e n t i i ~ gof the Earth 
I f  the earth was formed as a corriparatively cold 

mass, we must next consicler the probleni of holv its 
present internal temperature mas attained. A cal-
culation of the energy produced by the raclioactivity 
of IC40 s h o ~ ~ s  that this source of energy is rery ap-  
preciable. The calculation, using Bro\i~n's (3) values 
for  the abundance of potassium, follo~i-s : 

Abundance of I<,0.12 percent. 
Total K = 0.0012 x 6.1 x 10" = 0.73 x 102j  grains. 
K40 a t  present, 0.012 percent of total K = 0.88 x loz1 

granis. 

Half-life of IC40, 1.5 x l o g years, uncorrected for  K-
capture. 

-4ssumed age of earth, 3 x l o 9  gears. 
Amount of K40 a t  trine of earth's formation, 4 x 

0.88 x loz1=3.52 x loz1 grams. 
Maximum energy from K40 P-,1.3 Mev. Mean en- 

ergy from IC40 P-, 0.5 Mev. Energy corrected for  
K-capture, 0.6 Mev. 

Heat  produced by reduction of K" fro111 3.52 x lo2' 
grams to 1.76 x 10" grams =-

I 
x 1.76 x loz1x 0.6 x

40 
lo6x 2.3 x lo4= 6.1 x lozg  calories. 

dssuming all IT is in  the mantle, and weight of 
mantle is 50 percent of weight of earth : 

6.1 x loz9 
Heat per gram of mantle = 

3.05 x lozi  =200 eal jg. 

Specific heat of mantle material 0.2 cal/g. 
200

Rise of t e ~ r ~ p e ~ a t u r e  -= 1000° C.
0.2 

Thus m the first 1.3 x 10"ears the ICkO alone mould 
have increased the temperature of the mantle to about 
1300" C. I f  most of the potassium were concei~trated 
in  the outer basalt layer, this region could easily at- 
tain temperatures above 2000° C. I n  addition to  
the R40eft'ect, the heat liberated by the uranium radio- 
active series must be considered. A calculation for  
the decomposition of Ua3j to lead over the period 2.8 x 
l o 9  to 9 x 10, years ago gives as  the heat produced 3 x 
10" calories, or about 50 percent of that  liberated by 
IC40, and a summation of the heat from all the radio- 
active series monld probably add another 25 percent. 

Fornzution of the iltrt%osphe?'e 

As the temperature of the interior of the earth in- 
creased, various cheniical reactions occurred, a num-
ber of which liberated the materials now forming our 
atmosphere. 

1.A portion of the basalt decomposed to give the 
granite, which rose to forin the continents, and dunite, 
which tended to sink to lover levels. 

2. The hpclratecl silicates and alunlinates were 
broken down with the liberation of steam, which rose 
to the iurface to form the present water. 

3. Ferrous oxide oxidized many of the carbides to 
form PO2, e.g., 

FP,C + 2FeO = 5Fe CO,; AF,,, = 19,000 calories. 
The free energy of the reaction is positive a t  298' K, 
but the entropy of the reaction is about 50 calideg; 
hencr, the reaction will go above 500° K. 

4. Since the exceis of hydrogen has been lost, the 
newly forriled steain will oxidize more F e :  

F e  + II,O = FeO + H, ; AF,,, =- 3800 calories. 
Nost of the free iron which serrlairied in  the outer 
layers was thus oxidized. 

5 .  Kitrides were hydrolyzed by steani to ammonia: 



2Fe,N + SH,O = 3 F e 0  t F e  t 2NH, ; AF,,, = 
- 21,900 calories. 

Free Fe,K ~ ~ ~ o u l dhave been unstable in  the original 
cloud, but considerable quantities doubtless were pres- 
ent as a dilute solution in Fe .  The same is true of 
the Fe,C. The anlmonia would deeompose in t b  hot 
regions into N, and H,. Urey has suggested that am- 
monia was also liberated from NE1,Cl by reaction with 
basic oxides. 

Later Clzanges in the Atmosphere 

At  this stage the atmosphere consisted of water 
vapor, carbon dioxide, nitrogen, hydrogen (which was 
slowly lost fro111 the gravitational field), and possibly 
some ammonia. Photochemical changes have added 
our present supply of oxygen. The hydrolysis of khe 
coinplex silicates freed basic oxides such as CaO and 
XgO, which absorbed large amounts of the CO,. Any 
ammonia has been oxidized to nitrogen by the oxygen. 
Argon has been added by the p-decomposition of K40. 

The Origipo of the Earth Cloud and the Other Planets 

Since the earth cloud of gas and dust particles was 
unstable with respect to its ability to retain the gas, 
it must have been formed by the breakup of a larger 
cloud, and the other planets were doubtless formed in 
the same manner from the same cloud. The charac- 
ters and origin of the larger cloud are open to con- 
siderable conjecture. Von Weizsacker (6)  has dis- 
cussed the mechanics of the condensation of a cosmic 
cloud to form a sun and planets. The problem has 
also been treated by Whipple ( 7 ) ,and the following 
postulate is somewhat along the lines suggested. 

I n  the process of condensation of the coiniic cloud 
(A in Fig. 1),it may be assumed that the sun ac-
q ~ i r e d  a small diffuse companion ( B ,  Fig. I),either 
in the original condensation process or from one or 
two smaller neighboring clouds. This diffuse com-

COlvlC CLOUD 

GAS AN0 PARISCLES 
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cloud, and the nlajor planets from the rnore massive 
portion. ,211 the ininor planets should have con-
densed to bodies without a n  atmosphere. The major 
planetary cloud.. were all of sufficient mass to hold the 
lighter gases, and their cornposition should approxi- 
inate the total roinposition of the initial cloud, i.e., the 
sum of the gases plus the solid paiticles. Pluto, on 
the other wing, is presumably more like the earth, and 
any rnore distant planets would be expected to be 
smaller. 

The suggested formation of the earth cloud from 
a dif'fuse companion of the sun is not essential to the 
arguments with regard to the development of the earth 
in its present state; however, the hypothesis does give 
a reasonable picture of the distribution of mass among 
the various planets, and some bicture is required that 
gives a connilon origin of all the solid material of the 
earth and inetroritea to account fo r  their constant 
isotopic composition. 
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