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HAYS - Radioactive H e a t  Sources i n  t h e  Lunar I n t e r i o r  

CORRECTIONS 

Page 3, l i n e  7. Levin and Maeva r e fe rence  should be 1961, 

Page 8, l i n e s  7 and 8. ""A4SII should be llxLyslB 
Page 14, l i n e  7 .  I n s e r t  a f t e r  "(KANAMORI - e t  -9 a1  1968)" 

t h e  phrase  "and thermal conduct iv i ty  (MURASE and 

McBIRNEY, 1970) I' 

no t  1962. 

Table 1. Mean r a d i u s  should be 1738 (KAULA, 1971) 

Mean d e n s i t y  should be 3.35 g/cm3 (KAULA, 1971) 

References t o  MacDonald (1959) should be t o  

MacDonald (1959a) 

Add t h e  fol lowing re ferences :  

Levin, B,Yu (1962) i n :  Z ,  Kopal and Z.K. Mikhailov, 

eds., The Moon (Academic P r e s s ,  New York) (. 

Ringwood, A,E. and E, Essene (1970) i n :  Proceedings -- of  t h e  

Apollo - 11 Lunar Science Conference 1, 769-799, G e o c h i m .  

Cosmochim, Acta, Supplement - 1, 
Sonett ,  C O P , ,  D.S. Colburn, and K. Schwartz (1968) Nature, 

219, 924-926, 
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Abst rac t  

Published models for  t h e  Moon's thermal h i s t o r y  
t y p i c a l l y  imply p r e s e n t  day c e n t r a l  temperatures f a r  too  
high t o  be c o n s i s t e n t  w i t h  the r ecen t ly  proposed luna r  
temperature p r o f i l e  of Sonet t  and o thers ,  i n f e r r e d  from 
apparent e l e c t r i c a l  conduct iv i ty  of  the luna r  i n t e r i o r ,  
Furthermore, chemical d a t a  on Apollo samples show t h a t  
t h e  Moon i s  deple ted  r e l a t i v e  t o  chondr i tes  i n  v o l a t i l e  
elements, inc luding  potassium, and p o s s i b l y  enriched 
r e l a t i v e  t o  chondr i tes  i n  r e f r a c t o r y  elements, including 
uranium and thorium, 

Addit ional  thermal models have the re fo re  been 
inves t iga t ed  i n  o rde r  t o  set  upper l i m i t s  on luna r  radio-  
a c t i v i t y  c o n s i s t e n t  w i t h  t h e  proposed temperature 
d i s t r i b u t i o n ,  

For an i n i t i a l l y  cold, uniform Moon, devoid of 
potassium, a maximum uranium content  of 2 3  p a r t s  per 
b i l l i o n  i s  in fe r r ed .  T h i s  i s  about t w i c e  the c h o n d r i t i c  
value and an o rde r  of magnitude less than the l e a s t  
r ad ioac t ive  luna r  rock samples. Accret ional  hea t ing  and 
more r e a l i s t i c  K/U r a t i o s  imply s t i l l  l o w e r  uranium 
contents ,  Surface concentrat ion of r ad ioac t ive  h e a t  
sources  i s  probable  only i f  deep melt ing has  occurred. 
This, too, impl ies  p r e s e n t  day c e n t r a l  temperatures g r e a t e r  
than 14OO0Ce E i t h e r  the Moon has  a m o s t  unusual geochemistry 
o r  the SONETT -- e t  a1 temperature d i s t r i b u t i o n  i s  grossly i n  
e r r o r ,  
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1, Introduction 

Since the pioneering studies of UREY (1951, 1952, 

1955, 1957, 1962) there have been numerous attempts t o  

calculate the thermal h is tory  and present day temperature 

dis t r ibut ion of the Moon (e,g, MACDONALD, 1959a, 1961, 

1962, 1963; LEVIN, 1962, 1966; MAEVA, 1965; LEVIN and 

W V A ,  1962; FRICKER e t  a1 1967; MCCONNELL e t  a l ,  1967; 

ANDERSON and PHINNEY, 1967; WOOD, 1971)- Most of these 

- -3 

workers have based the i r  estimates of lunar radioactive 

heat sources on the observed compositions of chondritic 

meteorites, The assumption of chondritic radioactivity 

distributed more o r  less uniformly throughout the lunar 

i n t e r io r  leads immediately t o  the conclusions that  the 

in t e r io r  of the Moon has been pa r t i a l ly  or completely 

melted and tha t  the present-day internal  temperatures l i e  

a t  o r  near the solidus curve, A selection of published 

estimates of present day lunar temperatures i s  shown i n  

figure 1, 

Examination of Apollo lunar samples, however, shows 

clear ly  tha t  the Moon does not have chondritic radioactivity,  

Indications are tha t  potassium i s  depleted re la t ive  t o  

chondrites by an order of magnitude or more, and that  

uranium and thorium are probably enriched re la t ive  t o  
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chondr i t e s  by a f a c t o r  of  two or more, (e ,ge  G A N A ~ A T H ~ ~  

e t  al, 1970; GAST~ e t  a1 1970), Furthermore, s eve ra l  

l i n e s  of evidence, i nc lud ing  the t r i a x i a l  f i g u r e  of t h e  

Moon, t h e  ex i s t ence  of mascons and t h e i r  pe r s i s t ence  f o r  

b i l l i o n s  of years,  the r e l a t i v e  pauc i ty  of  su r face  f e a t u r e s  

suggest ing t e c t o n i c  a c t i v i t y  and i n t e r n a l  deformation, 

and recent ly ,  the su rp r i s ing ly  l o w  l e v e l  o f  i n t e r n a l l y  

generated s e i s m i c  a c t i v i t y ,  have l e d  some i n v e s t i g a t o r s  

t o  conclude that  the Moon i s  a r e l a t i v e l y  "cold" body w i t h  

present-day temperatures fa r  below mel t ing  throughout the 

Moon. T h i s  conclusion, i n  tu rn ,  r equ i r e s  tha t  the deep 

i n t e r i o r  of the Moon has never melted, s i n c e  a p a r t i a l l y  

molten i n t e r i o r  could not  cool  appreciably i n  4 -6  x 10 

yea r s  even without  i n t e r n a l  heat genera t ion  (UREY, 1962). 

9 

A t  t h e  A p o l l o  1 2  Lunar Science conference i n  

January 1971, SONETT e t  a1 (unpublished proceedings) 

presented  a new estimate of  p re sen t  day temperatures i n  

t h e  o u t e r  900 k i lometers  of  t h e  Moon, based on a luna r  

e lectr ical  conduc t iv i ty  p r o f i l e  as i n f e r r e d  from ana lys i s  

of the magnetic f i e l d  induced i n  t h e  Moon by the impinging 

s o l a r  wind, T h i s  new estimate, shown i n  f i g u r e  1, l i e s  

far b e l o w  a l l  p rev ious ly  publ ished estimates, Similar ,  though 

less de ta i l ed ,  e s t ima tes  have been given b y  NESS -- e t  a1 (1967) 
-- __ .- -- - - .  



5 

Questions may be raised about various aspects of the 

SOMETT -- et a1 analysis, particularly the inversion from 

electrical conductivities to temperatures, Nevertheless, 

it is the first detailed quantitative estimate of lunar 

temperatures that appears to be fully consistent with 

"cold Moon" theories. It seems appropriate therefore to 

remxiklcx the question of lunar radioactivity and thermal 

history to see if models can be constructed that are 

consistent with the SONETT -- et a1 temperature distribution. 

In fact, if one assumes the temperature distribution 

to be essentially correct, it proves to be possible to 

set a rather rigid upper limit on lunar radioactivity. 

If this upper limit then seems geochemically unreasonable, 

one is forced to reject the temperature distribution, 
..._ __ 
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2, Method of Approach 

The  classical equat ion f o r  the temperature d i s t r i b u t i o n  

i n  a s p h e r i c a l l y  symmetric body is: 

r 

(CARSLAW and J A E G E ~  1959) I f  the densi ty ,  heat capac i ty  

and thermal conduct iv i ty  can be taken as constant ,  and 

i f  t h e  heat source function, A3 has a simple form, there 

are a n a l y t i c a l  s o l u t i o n s ,  UREY (1962, and earlier papers)  

g ives  s o l u t i o n s  f o r  simple boundary condi t ions  t h a t  are 

u s e f u l  i n  the l u n a r  problem. I n  m o r e  complex cases, 

numerical methods must be used. MACDONALD (1959a) o u t l i n e s  

a u s e f u l  technique tha t  has been followed by m o s t  subsequent 

workers, Both U r e y ' s  s o l u t i o n s  and numerical computations 

are used i n  th i s  study, and where d i r e c t  comparison i s  

poss ib le ,  g ive  s i m i l a r  r e s u l t s ,  Density and heat capac i ty  

are assumed t o  be cons t an t  and uniform w i t h  values  ind ica t ed  

i n  Table 1, Thermal conduct ivi ty ,  K, and h e a t  production, A, 

are t r e a t e d  i n  sepa ra t e  s e c t i o n s  b e l o w ,  An i n i t i a l  

temperature d i s t r i b u t i o n ,  T (r, 0) , and a su r face  temperature, 

T (a,t), are requi red  t o  d e f i n e  t h e  problem, Present  day 

mean su r face  temperature i s  about -4OOC (BALDWIN, 1961)-  

Surface temperature i n  the p a s t  i s  n o t  w e l l  known, b u t  
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temperatures much l o w e r  than a t  p r e s e n t  s e e m  un l ike ly .  

S ince  t h e  i n t e n t i o n  of t h i s  paper  i s  t o  e s t a b l i s h  an upper 

l i m i t  t o  luna r  r a d i o a c t i v i t y  c o n s i s t e n t  with a given 

temperature d i s t r i b u t i o n ,  o r  a l t e r n a t i v e l y  t o  set a lower 

l i m i t  t o  temperatures c o n s i s t e n t  with a given l e v e l  of 

r a d i o a c t i v i t y ,  t h e  i n i t i a l  temperature i s  taken a s  uniform 

a t  233OK and t h e  su r face  temperature i s  he ld  cons t an t  a t  

t h i s  value,  

Numerical c a l c u l a t i o n s  w e r e  performed on t h e  IBM 360 /65  

computer a t  the Aiken Computation Center, Harvard Universi ty .  

Radial increments of 100 km and t i m e  increments of 10 years  

w e r e  used f o r  explora tory  runs t o  reduce computation t i m e .  

The increments w e r e  decreased to  20 k m  and 10 years  f o r  

c r i t i c a l  ca l cu la t ions .  Time increments w e r e  au tomat ica l ly  

reduced when necessary t o  m e e t  t h e  s t a b i l i t y  c r i t e r i o n  given 

by MACDONALD (1959a, eq. 19) (. 

8 

6 

For each model of lunar  r a d i o a c t i v i t y ,  a temperature 

p r o f i l e  a t  t = 4.6 x 10 years  was computed and compared w i t h  

t h e  SOMETT -- e t  a1  d i s t r i b u t i o n ,  

9 
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3 ,  Radioactive Heat Sources 

The r a t e  of r ad ioac t ive  h e a t  production p e r  u n i t  m a s s  

i s  given by: 

i i i  A ( t )  = 
+ 
L 

w h e r e  Ai i s  the p r e s e n t  day ra te  of h e a t  production per  

u n i t  mass of i so tope  i, a the i s o t o p i c  abundance r a t i o ,  

x the concent ra t ion  of t h e  element, and * the decay 

cons tan t ,  Values f o r  Ai, a and h a r e  given i n  table 2;  i’ 

o r i g i n  of the t i m e  coordinate ,  to, i s  taken a s  4 ,6  x 10 

i 

i 

9 

years ,  The es t imat ion  of x is the  crux of t h e  problem. i 

I n  Urey’s  e a r l y  papers  on the s u b j e c t  (1951, 1955, 

1957) he took a s  h i s  model for  t h e  r a d i o a c t i v i t y  of the 

Moon, t h e  potassium, uranium, and thorium content  of 

chondr i t i c  meteorites. H e  po in ted  o u t  t ha t  an Earth of  t h i s  

composition would be expected t o  have a surface h e a t  f l u x  

approximately equal  t o  the observed terrestrial  f lux ,  a 

f a c t  also noted by BIRCH (1958) ,  O t h e r  arguments for 

chondr i tes  as a model for  p r i m i t i v e  p l ane ta ry  ma te r i a l  

a r e  given by CBONALD i1959b) There i s  a growing body 

of evidence, however, t h a t  t h e  Earth cannot have a 

c h o n d r i t i c  composition ‘ e - g -  GAST, 1960, 1968, 1’371: 

WRLEY, 1968, LOR, 1964), The Earth appears t o  be 
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sys temat ica l ly  depleted r e l a t i v e  t o  chondri tes  i n  those 

elements t h a t  a r e  v o l a t i l e  o r  have compounds v o l a t i l e  a t  

r e l a t i v e l y  l o w  temperatures,  Indeed, chondri tes  themselves 

show systematic  f r a c t i o n a t i o n  of these  elements from 

meteor i te  t o  meteor i te  (LARIMER and ANDERS, 1967, 1970).  

WASSERBURG e t  a1 (1964) show t h a t  d e s p i t e  a v a r i a t i o n  of 

2 o rders  of magnitude i n  potassium and uranium absolute  

abundances, t h e  K/U r a t i o  of t e r r e s t r i a l  rocks i s  remarkably 

constant  a t  10,000, and d i s t i n c t l y  d i f f e r e n t  from t h e  K/U 

r a t i o  of chondri tes ,  about 80,000. The t e r r e s t r i a l  Th/U 

r a t i o ,  on t h e  o the r  hand, does not  appear t o  d i f f e r  g r e a t l y  

from the  chondr i t i c  value of 3,7, though the re  i s  considerable  

s c a t t e r ,  

t e r r e s t r i a l  r a d i o a c t i v i t y  based on K/U = 10 and Th/U = 3 , 7  

with uranium content  enr iched above chondr i t i c  values  a s  

WASSERBURG _.- e t  a1 then cons t ruc t  a n e w  model of 

4 

necessary t o  r e e s t a b l i s h  balance between h e a t  production and 

sur face  h e a t  f lux ,  They c i t e  add i t iona l  evidence (HOYLE and 

FOWLER, 1963) f o r  uranium contents  i n  the  range 3 3  t o  52 

p a r t s  pe r  b i l l i o n  r a t h e r  than the  10 t o  1 3  ppb of chondri tes .  

The p re fe r r ed  values  f o r  t he  "Wasserburg" model a s  

w e l l  as t h e i r  es t imates  of t h e  chondr i t i c  values  a r e  reproduced 

i n  t a b l e  3 ,  One o r  both of  these  two models have been adopted 

by most subsequent i n v e s t i g a t o r s  of lunar  thermal h i s t o r y ,  
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W i t h  the a v a i l a b i l i t y  of A p o l l o  l u n a r  samples, 

it is  now worthwhile t o  rec 

r a d i o a c t i v i t y  , 

i d w t h e  ques t ion  of luna r  

Analyses of Apollo 11 and 1 2  l u n a r  rock samples 

r evea l  marked dep le t ion  re la t ive t o  c h o n d r i t i c  meteorites 

and r e l a t i v e  t o  terrestrial  basalts of a l a r g e  class of 

easily v o l a t i l i z e d  elements inc luding  potassium 

(e,ge G A N A P A T H Y S  s, 1970: GAST, e t  al, 1970; O'KELLEY 

- e t  -9 a1 1970, 1971; TAYLOR -- e t  a1 1971) e 

On the other hand, c e r t a i n  r e f r a c t o r y  elements 

inc luding  uranium and thorium are s t rong ly  enriched i n  

t h e  l u n a r  rocks r e l a t i v e  t o  c h o n d r i t i c  me teo r i t e s  and 

moderately enriched r e l a t i v e  t o  terrestrial  b a s a l t s ,  

A widely b u t  n o t  u n i v e r s a l l y  accepted i n t e r p r e t a t i o n  

of these  observa t ions  r equ i r e s  a high temperature f r a c t i o n -  

a t i o n  process  either preceeding (LARIMER and ANDERS, 1967, 

1970; GAST, 1971) o r  accompanying ( RINGWOOD 1966, 1970: 

TUREKIAN and C L A W  1969) p l a n e t a r y  accre t ion ,  The Earth 

would then  con ta in  r e l a t i v e l y  more of  t h e  volat i le-poor ,  

r e f ac to ry - r i ch  component than t h e  p a r e n t  bodies  of c h o n d r i t i c  

meteor i tes ,  b u t  r e l a t i v e l y  less  than  the Moon, Accordinc_xly, 

we  expect  t h e  K/U r a t i o  of t h e  Moon t o  be much less than 

the terrestrial  ratio,  and the absolu te  abundance of 

uranium and thorium i n  the Moon t o  be somewhat l a r g e r  than 
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i n  the Earth,  The f i r s t  of  these expec ta t ions  i s  c e r t a i n l y  

m e t ,  a t  l e a s t  i n  the luna r  su r face  rocks; t h e  second we 

s h a l l  tes t  below, 

FANALE and MASH (1971) have inves t iga t ed  potassium- 

uranium systematics  using Preliminary Examination Team 

d a t a  f o r  t h e  Lunar Samples. Figure 2 i s  from t h e i r  paper, 

except t h a t  more complete d a t a  have been assembled f o r  

t he  luna r  rocks. The  WASSERBURG -- e t  a1 (1964) r e l a t ionsh ip :  

K/U = 10 i s  c l e a r l y  displayed and a s i m i l a r  t rend  i s  

apparent f o r  t h e  l u n a r  rocks. FANALE and MASH conclude 

t h a t  t h e  o v e r a l l  l una r  K/U r a t i o  i s  almost c e r t a i n l y  less 

than t h e  c h o n d r i t i c  value and probably, b u t  no t  necessar i ly ,  

less than t h a t  of t h e  e a r t h ,  Data of  O'KELLEY -- e t  a1 (1970,1971) 

y i e l d  averages of  2680 and 2066 f o r  Apollo 11 and Apollo 1 2  

c r y s t a l l i n e  rocks respec t ive ly .  The corresponding values  f o r  

Th/U a r e  3,9 and 3.8, very  s i m i l a r  averages a r e  obtained i f  

d a t a  o f  o t h e r  i n v e s t i g a t o r s  a r e  used, Prel iminary i n v e s t i g a t i o n  

of Apollo 14 samples (LSPET, 1971) i n d i c a t e s  K/U and Th/U 

values  of 1350 and 3,7 respec t ive ly .  

4 

I n  t h i s  paper, absolu te  uranium content  i s  chosen a s  t h e  

p r i n c i p a l  va r i ab le ,  The p r e s e n t  day Th/U r a t i o  i s  taken a s  

3 ,8  throughout, and t h e  p r e s e n t  day K/U r a t i o  i s  t r e a t e d  as 

an ad jus t ab le  parameter having t h e  following values:  
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0 (sets upper l i m i t  on uranium content )  

1350 (average Apollo 14  rock) 

2066 (average Apollo 1 2  c r y s t a l l i n e  rock) 

2680 (average Apollo 11 c r y s t a l l i n e  rock) 

10,000 ( " t e r r e s t r i a l "  va lue  of WASSERBURG e t  a l ,  1964) 

77,000 ( c h o n d r i t i c  va lue)  

Assuming no loss of h e a t  (roughly t r u e  f o r  t h e  Moon's 

9 
center) t h e  inc rease  i n  temperature over 4.6 x 10 years  

a s soc ia t ed  w i t h  one p a r t  p e r  b i l l i o n  of uranium 

(Th/U = 3.8, K/U = 0) i s  about 4OoC. This value i s  obtained 

by i n t e g r a t i n g  equat ion ( 2 )  over t i m e  and d iv id ing  by t h e  

h e a t  capaci ty .  The Apollo 1 2  K/U r a t i o  inc reases  the 

i n t e g r a t e d  temperature by lo%, t h e  t e r r e s t r i a l  K/U r a t i o  

inc reases  it by 43%, and t h e  c h o n d r i t i c  r a t i o  by 334% ( t a b l e  3 ) .  
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4, Thermal Conductivity 

Most previous s t u d i e s  of the Moon's thermal h i s t o r y  have 

followed CLARK (1956) i n  e s t ima t ing  thermal c o n d u c t i v i t i e s  by 

t h e  r e l a t i o n s h i p :  

2 3  16n S'P 
3 E  

K.= C + 
( 3 )  

where C i s  t h e  ord inary  phonon conduct ivi ty ,  n a mean index of 

r e f r a c t i o n ,  s the 'Stefan-Boltzmann constant ,  and E the opaci ty ,  

o r  mean e x t i n c t i o n  c o e f f i c i e n t ,  averaged over a l l  wavelengths 

and assumed t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  temperature- 

Recent t h e o r e t i c a l  and experimental  s t u d i e s  of the problem 

by FUKAO -- e t  a1 (1968) PITT and TOZER (1970) , ARONSON -- e t  a1 (1970) , 

and s LAND (1970), however, have shown th i s  assumption t o  be 

inapp l i cab le  t o  l i k e l y  p l ane ta ry  ma te r i a l s ,  Br ie f ly ,  o l i v i n e ,  

pyroxenes, and o t h e r  i ron-containing minerals  have an i r o n  

absorpt ion peak t h a t  broadens a t  high temperatures, blocking 

o f f  the t r anspa ren t  window t h a t  e x i s t s  a t  room temperature, A s  

a r e s u l t ,  the opac i ty  inc reases  s t rong ly  w i t h  i nc reas ing  temperature 

and t h e  r a d i a t i v e  con t r ibu t ion  t o  thermal conduct iv i ty  i s  

t h e r e f o r e  much less than t h e  T dependence t h a t  equat ion ( 3 )  

would suggest,  

3 
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Furthermore t h e  phonon conduct ivi ty ,  i t s e l f ,  i s  inve r se ly  

propor t iona l  t o  temperature,  The n e t  effect  of the decrease 

i n  phonon conduct iv i ty  and the  slow increase  i n  photon o r  

r a d i a t i v e  conduct iv i ty  is  that t h e  t o t a l  conduct ivi ty  remains 

constant  t o  wi th in  f i f t y  percent  from room temperature t o  a t  

l e a s t  llOO°C (FUKAO, 1969), D i r e c t  measurements a t  high 

temperature of  thermal d i f f u s i v i t y  (KANAMORI - e t  -9 a1 1968) show 

these effects c l e a r l y ,  Accordingly, f o r  most of the c a l c u l a t i o n s  

here,  a cons tan t  thermal conduct ivi ty  of ,010 cal/cm deg sec 

w a s  assumed, Va lues  as high as ,015 and as l o w  a s  .005 

a f f e c t  t he  i n f e r r e d  r a d i o a c t i v i t i e s  by less than t e n  p e r  cent ,  

U s e  of equat ion (3 )  w i t h  o p a c i t i e s  ranging from 3 c m  t o  

i n f i n i t y  has an equal ly  s m a l l  e f f e c t ,  The major conclusions 

of  th is  paper are the re fo re  not  a f f ec t ed  by t h e  remaining 

uncer ta in ty  about t h e  thermal conduct ivi ty .  

-1 
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5, Resul t s  and Discussion 

The first series of  c a l c u l a t i o n s  assumes a uniform 

d i s t r i b u t i o n  of  uranium and t h o r i a ,  K/U = zero, and a 

constant ,  uniform thermal conduct iv i ty  o f  ,01 cal/cm sec deg, 

Comparison w i t h  the SONETT -- e t  a1 c r i t e r i o n  that  the 

temperature must be less than  8OOOC a t  a depth of 900 km, 

y i e l d s  a maximum uranium content  of 23 p a r t s  p e r  b i l l i o n .  

Effects of v a r i a t i o n s  i n  thermal conduct iv i ty  w e r e  

then t e s t e d ,  A h igh  uniform conduct iv i ty  of ,015 

cal/cm sec deg, a s  w e l l  as use of Equation 3 w i t h  an 

opacity as l o w  as 3 c m  , a l l o w s  the uranium content  t o  

be as high as 2 5  parts p e r  b i l l i o n ,  Mon-zero va lues  f o r  

K/U and cons idera t ion  o f  higher i n i t i a l  temperatures due 

t o  a c c r e t i o n a l  hea t ing  o r  decay of shor t - l ived  r a d i o a c t i v i t i e s  

l ead  t o  s t i l l  l o w e r  va lues  for  the maximum uranium content ,  

For example, a K/U of  2066 (mean of  Apollo 1 2  c r y s t a l l i n e  

rocks) ,  and an i n i t i a l  temperature of 330°K y i e l d  a 

uranium content  o f  19 p a r t s  p e r  b i l l i o n ,  

-1 

Since the c h o n d r i t i c  uranium con ten t  of 11 p a r t s  p e r  

b i l l i o n  would s e e m  t o  be a lower l i m i t  t o  the p o s s i b l e  

luna r  value,  acceptance of  the SONETT -- e t  a1 temperature 
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d i s t r i b u t i o n ,  r e q u i r e s  t h e  l u n a r  uranium content  t o  l i e  

wi th in  the rather narrow l i m i t s  of 11-25 p a r t s  p e r  b i l l i o n  

with a probable  value of  about 19 p a r t s  per b i l l i o n ,  These 

va lues  l i e  s u b s t a n t i a l l y  b e l o w  t h e  range of 3 3  t o  52 p a r t s  

p e r  b i l l i o n  uranium i n f e r r e d  for t h e  Earth by WASSERBURG e t  a1  

(1964)* This c o n f l i c t s  w i t h  t h e  argument given above, based 

on t r a c e  element p a t t e r n s  i n  luna r  su r face  rocks, which 

p r e d i c t s  a l u n a r  uranium content  q r e a t e r  than t h a t  of t h e  

Earth. A f u r t h e r  d i f f i c u l t y  l i e s  i n  t h e  observat ion t h a t  t h e  

lowest uranium content  so f a r  observed i n  a l una r  c r y s t a l l i n e  

rock i s  190 ppb with t y p i c a l  va lues  ranging from 200 t o  800 

ppb (O'KELLEY - e t  -3 a1 1970,1971) e Thus uranium enrichment 

f a c t o r s  of 10 t o  40 would be requi red  during the  production of 

luna r  b a s a l t s ,  I n  f a c t ,  t h e  uranium contents  of l una r  b a s a l t i c  

rocks a r e  s i m i l a r  t o  those  of  t e r r e s t r i a l  b a s a l t s .  

Strong upward concent ra t ion  of h e a t  sources i n  the  Moon 

would be a p o s s i b l e  escape from these  d i f f i c u l t i e s ,  The 

most l i k e l y  mechanism for such upward concentrat ion,  however, 

p a r t i a l  mel t ing throughout the Moon, would r equ i r e  r e j e c t i o n  

of the SONETT -- e t  a1 temperatures and p r e s e n t  d i f f i c u l t i e s  f o r  

o t h e r  "cold Moon" t h e o r i e s  (UREY, 1962) e 

Primary s t r a t i f i c a t i o n  dur ing  acc re t ion  has  been argued 

f o r  the Earth { T U N K I M  arid CLARK,1969; CLARK, TUREKIAN and 

GROSSMAN, 1971) and such a process  appl ied  t o  t h e  Moon could  
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conceivably produce upward concent ra t ion  o f  h e a t  sources,  

N o t e ,  however, t h a t  the processes  thus  f a r  proposed r e q u i r e  

r a d i c a l l y  d i f f e r e n t  behavior for  uranium and thorium, on the 

one hand, and for  potassium, on t h e  o the r ,  I f  uranium i s  

enriched a t  the surface,  potassium i s  l e f t  i n t h e  i n t e r i o r  

and vice-versa,  Thus, t h i s  r o u t e  of escape appears 

unpromising 

One i s  l e f t  then w i t h  t w o  a l t e r n a t i v e  conclusions: 

I ,  If t h e  SONETT (1971)  temperatures 

a r e  co r rec t ,  the lunar  uranium content  

i s  unexpectedly low: 11-24 x 10 - Our 

ideas  on the geochemistry of  uranium i n  

t h e  t e r r e s t r i a l  and luna r  i n t e r i o r s  must 

be rev ised ,  

-9 

IIi, If t h e  lunar  uranium content  i s  g r e a t e r  

than 24 x lo-’, - or i f  t he  Moon was ever 

p a r t i a l l y  melted a t  depths  exceeding 

800 ki lometers ,  then the SONETT -- e t  a1  

temperature e s t ima te  m u s t  be d e c i s i v e l y  

r e j e c t e d ,  
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6, Some F u r t h e r  Speculation About  t h e  Moon 

A t  p r e s e n t  it i s  no t  c l e a r  which of t hese  a l t e r n a t i v e s  

i s  co r rec t .  I n  o rde r  t o  explore  t h e  range of  thermal 

models t h a t  s t i l l  s e e m  p l aus ib l e ,  p r e s e n t  day temperature 

p r o f i l e s  a r e  presented h e r e  f o r  t h r e e  Moon models ( f i g u r e  3 ) .  

Models I and I1 assume an i n i t i a l l y  cold, uniform Moon, 

slowly heated up by long-lived i n t e r n a l  r a d i o a c t i v i t y .  A 

sur face  layer ,  three hundred k i lometers  th ick ,  having the  

-1 -1 -1 
thermal conduct iv i ty  of b a s a l t  ( .006 c a l  c m  deg sec ) 

i s  assumed t o  o v e r l i e  uniform ma te r i a l  with thermal 

-1 -1 -1 conduct iv i ty  of - 0 1  c a l  c m  deg sec . Th/U i s  taken 

a s  3,8, and K/U a s  2066. 

Model I, with a uranium content  of 18 p a r t s  pe r  

b i l l i o n  y i e l d s  temperatures c l o s e l y  matching those of  

SONETT -- e t  a l ,  Temperatures are ,  and always have been, f a r  

below melt ing throughout t h e  Moon except f o r  p o s s i b l e  near 

su r face  t r a n s i e n t  heat ing.  Such a model i s  c o n s i s t e n t  w i t h  

t he  luna r  shape and mass d i s t r i b u t i o n  a s  w e l l  a s  with the 

i n f e r r e d  low e l e c t r i c a l  conduct ivi ty .  The model f a i l s  t o  

explain t h e  high r a d i o a c t i v i t y  and b a s a l t i c  chemistry of 

t h e  luna r  su r face  rocks, however, s ince  ex tens ive  chemical 

d i f f e r e n t i a t i o n  and volcanism would not  be expected, 
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Model I1 h a s  a uranium content  of 37 p a r t s  p e r  b i l l i o n ,  

roughly t w i c e  t h a t  of Model I and near  t h e  lower end of t h e  

range suggested by WASSERBURG -- e t  a1  (1964) f o r  t e r r e s t r i a l  

ma te r i a l ,  Again the luna r  i n t e r i o r  remains below melt ing 

temperatures, b u t  p r e s e n t  day temperatures a r e  s i g n i f i c a n t l y  

h igher  than those ind ica t ed  by t h e  e l e c t r i c a l  conduct iv i ty  

da t a ,  This model a l s o  f a i l s  t o  account f o r  chemical 

d i f f e r e n t i a t i o n  o f  t h e  su r face  rocks,  

Thermal p r o f i l e s  s i m i l a r  t o  t h a t  Model I1 can 

a l s o  be produced by a q u i t e  d i f f e r e n t  path.  I f  p a r t i a l  

mel t ing has occurred wi th in  t h e  Moon, and i f  potassium, 

uranium, and thorium w e r e  s t rong ly  concentrated i n  t h e  

l i q u i d  phase and e f f i c i e n t l y  t r anspor t ed  t o  t h e  su r face  or 

near-surface regions,  then temperatures wi th in  t h e  source- 

deple ted  i n t e r i o r  remain f ixed  near  t h e  so l idus  curve, 

Several  such models have been considered by FRICKER -- e t  a 1  

3967)  , McCONNELL -- e t  a1  (1967) , and WOOD (1971) These 

models account f o r  chemical d i f f e r e n t i a t i o n  of t h e  Moon, b u t ,  

l i k e  Model 11, they  a r e  apparent ly  i n  c o n f l i c t  with t h e  

e l e c t r i c a l  conduct iv i ty  da t a ,  Furthermore, such wholesale 

d i f f e r e n t i a t i o n  might by expected t o  produce a d e n s i t y  

s t r a t i f i c a t i o n  t h a t  would c o n f l i c t  with t h e  m o m e n t  of  i n e r t i a ,  

A p a r t i a l l y  molten i n t e r i o r  c r e a t e s  d i f f i c u l t i e s  f o r  t h e  

understanding of t h e  Moon's f i g u r e  (UREY, 1962) (. 
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Model 111 at tempts  t o  r econc i l e  t h e  abundant evidence 

f o r  su r face  volcanism and chemical d i f f e r e n t i a t i o n  w i t h  t he  

evidence f o r  an unmelted deep i n t e r i o r  and low present-day 

temperatures,  The Moon i s  assumed t o  have an i n i t i a l l y  cool  

i n t e r i o r ,  bu t  an i n i t i a l l y  hot surface.  Such a condi t ion 

might be produced by r ap id  acc re t ion  (RINGWOOD, 1966: 

WOOD, 1971)  o r  a l t e r n a t i v e l y  by e l e c t r i c a l  hea t ing  induced 

by an i n t e n s e  e a r l y  s o l a r  wind (SONETT e t  a l ,  1968). 

The  i n i t i a l  temperature for Model I11 ( f i g u r e  3 )  

was obtained by assuming t h a t  t h e  propor t ion  of r e t a ined  

acc re t iona l  energy inc reases  l i n e a r l y  w i t h  r ad ius  from 

zero i n  t h e  e a r l y  s t a g e s  t o  e igh ty  p e r  c e n t  near the 

surface,  and t h a t  th is  hea t ing  i s  superimposed on a base 

temperature of 233'K, 

p e r  b i l l i o n  i s  assumed. 

A very l o w  uranium content  of 11 p a r t s  

I n  t h i s  model the upper 200 k i lometers  of  the Moon 

i s  i n i t i a l l y  p a r t l y  or wholly molten, Since m o s t  of t h i s  

e a r l y  s u r f i c i a l  h e a t  i s  r e a d i l y  l o s t ,  p r e s e n t  day temperatures 

a r e  wi th in  two hundred degrees of those given by Model I- 

This  model i s  t h e r e f o r e  c o n s i s t e n t  w i t h  most of the "cold Moon" 

evidence, although temperatures 100 t o  200 degrees i n  excess 

of the SONETT -- e t  a 1  estimate a r e  required,  
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The probable importance o f  a c c r e t i o n a l  hea t ing  i n  

t h e  h i s t o r y  of  t h e  Earth has  been emphasized by HANKS and 

ANDERSON (1969) and by RINGWOOD (1966,1970)- Accret ional  

hea t ing  of the on has  been considered by WOOD (19711, 

Wood's models, however, assume a h igher  concentrat ion of 

r ad ioac t ive  elements, and t h e r e f o r e  y i e l d  p re sen t  day 

temperatures t h a t  a r e  i n c o n s i s t e n t  with the i n f e r r e d  e l e c t r i c a l  

conduct ivi ty ,  
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7, Speculation About the Earth 

I f  the SONETT e t  a1 temperature dis t r ibut ion should 

be ver i f ied by further analysis or  by measurement of 

luna r  heat flux (LANGSETH - e t  -9 a1 1970) ,  a surprisingly low 

uranium content for  the Moon i s  unavoidable, Is the 

WASSERBURG -- e t  a1 (1964) value of 33 ppb for t e r r e s t r i a l  

uranium content a lso too high? Reduction of the t e r r e s t r i a l  

value t o  20 ppb yields  a t e r r e s t r i a l  heat production too 

low t o  account for the Earth 's  surface heat flux. I t  

would then follow t h a t  the Earth i s  now cooling, and tha t  

a t  l e a s t  a third of the present day t e r r e s t r i a l  heat flux 

i s  due t o  additional heat sources such as accretional 

heating o r  core formation, A similar conclusion has been 

reached by S and ANDERSON (1969) on other grounds, 

Such speculations point up the importance of further 

measurements re la t ing t o  lunar internal  temperatures. 
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TABLE 1 

Parameters used i n  T h e r m a l  Calcu la t ions  

Mean r ad ius  1735 km 

3 Mean d e n s i t y  3-36 g/cm 

Index o f  r e f r a c t i o n  1.7 

H e  a t  capac i ty  .29 cal/gm deg 

Average thermal 
conduct iv i ty  .01 cal/cm sec deg 

IKAULA, 1969) 

(KAULA, 1969) 

(MACDONALD, 1959) 

(MACDONALD, 1959) 

(PUKAO, 1969) 

-1 
Opacity 3, 5, 10, 100, 00 c m  
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Table 

Isotope 

238 U 

235 U 

Th232 

40 K 

Radioactive Heat Sources 
(CLARK, 1966) 

Heat Production Isotopic Decay Constant 
(ca1 gm-1 yr-1) Abundance (years-1) 

e 71 ,9928 ,154 

40  3 0072 ,972 

0 20 1 e 0000 ,0499 x lo-’ 

0 21 ~ 1 9  ,5305 
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Figure 1. Selected present day lunar temperature profiles 

from published literature and comparison with a 

recent estimate based on inferred lunar 

electrical conductivity. 

Figure 2. Potassium-uranium systematics in terrestrial 

and lunans material (after Fanale and Nash, 1971). 

Sources of data are given in Table 3 .  

Figure 3 .  Present day lunar temperature profiles for 

thermal models I, 11, and 111. 
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