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V a r i a t i o n s  i n  i s o t o p i c  compositions i n  l u n a r  s o i l s  have been repor ted  
f o r  s e v e r a l  l i g h t  elements:  H, C ,  N ,  0 ,  S i ,  S, K. Of t h e s e ,  hydrogen, car-  
bon and n i t r o g e n  a r e  c l e a r l y  dominated by t h e  e f f e c t s  of a d d i t i o n  of m a t e r i a l  
t o  t h e  s o i l s  from e x t r a l u n a r  sources ,  a s  i n d i c a t e d  by t h e  much h igher  concen- 
t r a t i o n s  of these  elements i n  t h e  s o i l s  r e l a t i v e  t o  igneous rocks.  Severa l  
mechanisms have been proposed t o  account f o r  t h e  i s o t o p i c  v a r i a b i l i t y  i n  t h e  
remaining f o u r  elements.  It i s  t h e  a i m  of t h i s  paper t o  p r e s e n t  a u n i f i e d  
model t o  account f o r  a l l  of t h e  observa t ions .  

Oxygen, s i l i c o n ,  s u l f u r  and potassium a l l  have t h r e e  o r  more i s o t o p e s  i n  
n a t u r e  ( a l l  s t a b l e  except f o r  K ~ ' ) ,  so  t h a t  measurements of two independent 
i s o t o p e  r a t i o s  can be made f o r  each element t o  determine whether t h e  observed 
f r a c t i o n a t i o n s  a r e  due t o  mass-dependent processes ,  such a s  chemical reac- 
t i o n s  o r  d i f f u s i o n ,  o r  t o  some o t h e r  processes  s p e c i f i c  t o  p a r t i c u l a r  nu- 
c l i d e s ,  such a s  nuc lea r  r e a c t i o n s .  Eps te in  and ~ a ~ l o r ( l )  r epor ted  t h a t  v a r i -  
a t i o n s  i n  ~ i ~ ~ / ~ i ~ ~  were 2 a s  g r e a t  as those  i n  ~ i ~ ~ / ~ i ~ ~  i n  t h e  same 
samples. Rees and ~ h o d e (  showed t h a t  ana lo  ous mass-dependent r e l a t i o n s  
hold f o r  v a r i a t i o n s  i n  s ~ ~ / s ~ ~ ,  s ~ ~ / s ~ ~  and S86/S32 r a t i o s .  I n  t h e  p resen t  
work, measurements of 017/016 and 0 l 8 / 0 l 6  on p a r t i a l l y  r e a c t e d  p o r t i o n s  of 
s o i l  14163 a l s o  i n d i c a t e  a 1:2 r e l a t i o n s h i p  i n  magnitude of t h e  i s o t o p e  
e f f e c t s .  A s i m i l a r  t e s t  f o r  potassium can be  made i n  p r i n c i p l e ( 3 ) ,  b u t  i t  i s  
very d f  i c u l t  due t o  t h e  low abundance of K ~ O .  A t  l e a s t  i n  t h e  case  of t 4f oxygen t h e  mass-dependent r e l a t i o n s h i p s  probably r u l e  o u t  s i g n i f i c a n t  com- 
p l i c a t i o n  of t h e  i s o t o p e  e f f e c t s  by a d d i t i o n  of e x t r a l u n a r  m a t e r i a l .  A l l  of 
t h e  d a t a  on t h e s e  four  elements can be understood i n  terms of processes  
a c t i n g  on indigenous l u n a r  m a t e r i a l s .  

Other genera l  obse rva t ions  of i s o t o p i c  v a r i a b i l i t y  i n  0 ,  S i ,  S, and K 
a r e  a s  fol lows:  
(1) A l l  have very  uniform composition i n  lunar  c r y s t a l l i n e  rocks ,  i n d i c a t i n g  

no e a r l i e r  low-temperature process ing.  
(2) A l l  show enrichments of t h e  heavy i so topes  i n  s o i l s  r e l a t i v e  t o  rocks .  
(3) The magnitude of heavy i s o t o p e  enrichment i n  0 and S i  a r e  c r r e l a t e d  

wi th  one another  and wi th  va r ious  measures of s o i l  r n a t ~ r i t y ' ~ , ~ , ~ ) ,  such 
a s  noble gas con ten t ,  m e t a l l i c  i r o n ,  p a r t i c l e  t r a c k s ,  e t c .  

(4) Th r e  i s  some evidence f o r  s u r f a c e  c o r r e l a t i o n  f o r  t h e  e f f e c t s  i n  0 and 
sif1,5,6~7),d ~ ( 8 )  

(5)  There i s  no heavy-iso ope nrichment i n  0 ,  S i  and K i n  l a s s e s ,  such a s  
Apollo 15 green g l a s s  f 3  3 and Apollo 17 orange g l a s s  (g ,  9 ) , which 
appear t o  have been exposed, whi le  molten,  t o  t h e  l u n a r  vacuum, b u t  
which have n o t  been exposed f o r  a long time on t h e  s u r f a c e .  

Various models have been proposed t o  account f o r  some of t h e s e  obser-  
v a t i o n s ,  invo lv ing  thermal v o l a t i l i z a t i o n  o r  r e a c t i o n  wi th  s o l a r  wind pro- 
tons  a t  high o r  low temperatures.  It has  no t  been e s t a b l i s h e d  which mech- 
anisms a r e  dominant. The key t o  understanding t h e  e f f e c t s  observed i n  t h e s e  
f o u r  elements may l i e  i n  t h e  r e c e n t  observat ions  of s i z a b l e  i s o t o p e  e f f e c t s  
i n  potassium(3).  I n  t h i s  case ,  t h e  chemistry of t h e  element involved seems 
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t o  a l low no reasonable  mechanism o t h e r  than thermal v o l a t i l i z a t i o n  a proc- 
e s s  observed t o  occur  i n  t h e  l a b o r a t o r y  under moderate condi t ions( i0) .  How- 
ever ,  obse rva t ion  5 above impl ies  t h a t  s i g n i f i c a n t  v o l a t i l e  l o s s  w i t h  con- 
comitant i s o t o p i c  f r a c t i o n a t i o n  r e q u i r e s  temperatures i n  excess  of l i q u i d u s  
temperatures.  Such temperatures  a r e  l o c a l l y  a t t a i n a b l e  i n  t h e  r e g o l i t h  i n  
micrometeorite i m p a c t s ( l l ) .  Laboratory s t u d i e s  have shown t h a t  
and s u l f u r  have r a t h e r  s i m i l a r  v o l a t i l i t i e s  i n  l u n a r  m a t e r i a l s (  
t h a t  processes  vapor iz ing  s i g n i f i c a n t  amounts of potassium should a l s o  
vapor ize  some s u l f u r .  

Since t h e r e  i s  a n e t  enrichment of K 4 1  and s~~ i n  s o i l s  r e l a t i v e  t o  
c r y s t a l l i n e  rocks,  m a t e r i a l  ba lance  r e q u i r e s  a dep le t ion  somewhere e l s e .  
Analyses of K41/K3' a r e  too  few t o  r u l e  ou t  t h e  p o s s i b l e  e x i s t e n c e  of a low- 
K41 r e s e r v o i r  on t h e  moon, b u t  such a p o s s i b i l i t y  seems much l e s s  l i k e l y  f o r  
s u l f u r .  A more probable  exp lana t ion  i s  t h a t  t h e   rich and K3'-rich mate- 
r i a l  has been l o s t  from t h e  moon, presumably i n  the  same high-temperature 
event  which vaporized these  elements. An e s t i m a t e  of t h e  minimum l o s s  of 
m a t e r i a l  can be made, assuming i s o t o p i c  f r a c t i o n a t i o n s  given by t h e  nverse  
square  roo t  of t h e  mass r a t i o ,  and assuming a Rayleigh f rac t iona t ion t13)  i n  
t h e  vapor iza t ion  p rocess .  The i s o t o p i c  enrichments,  f o r  va r ious  va lues  of 
t h e  r e s i d u a l  f r a c t i o n  f  a r e  given i n  Table 1. 

Table 1 
I s o t o p i c  Enrichments i n  Vaporization Residues. 

f  = Wt-fraction of r e s i d u a l  element 
1.0 0.9 0.8 0.7 0 0 6  0.5 

6K41 (O/oo) 0 2.6 5.5 8.8 12.7 17.4 
6s3'+ (O/oo) 0 3.2 6 .7  10.7 15.4 20,9 
6 s i 3 0  (O/oo) 0 3,6 7.6 12.2 17.5 23.8 
6018 (O/oo) 0 6,O 12.8 20.6 29.6 40.4 

Typical  va lues  of 6~~~ f o r  Apollo 15,  16 and 17 s o i l s  a r e  +5 t o  +80 /0o(~) ,  
implying potassium l o  s e s  on t h e  o r d e r  of 20-30%. Values of 6~~~ range up 
t o  +10°/oo(2,14*159168, implying s u l f u r  l o s s e s  i n  t h i s  same range. It i s  
d i f f i c u l t  t o  demonstrate l o s s e s  of t h i s  magnitude from a v a i l a b l e  e lemental  
analyses  of rocks and s o i l s ,  p a r t i c u l a r l y  f o r  potassium, due t o  ubiqui tous  
admixture of a potassium-rich KREEP component t o  the  s o i l s .  

Loss of oxygen and s i l i c o n  by v o l a t i l i z a t i o n  i n  micrometeorite impacts 
l s o  f e a s i b l e ,  a s  shown by t h e  vapor p ressure  measurements of DeMaria e t  

is $17) A n e t  l o s s  of about 1% would account f o r  t h e  observed o v e r a l l  en- a l .  
richments of about 0,5°/oo i n  6018 and 0.3*/00 i n  6 s i 3 0 .  The experiments of 
Epste in  & ~ a ~ l o r ( ~ , ~ ~ ~ )  have shown t h a t  these  o v e r a l l  enrichments a r e  due t o  
very much l a r g e r  enrichments l o c a t e d  i n  some smal l  p a r t  of t h e  s o i l  which i s  
e s p e c i a l l y  r e a c t i v e  wi th  f l u o r i n e ,  It i s  n o t  easy t o  s e e  how such i s o t o p i c  
enrichments could occur  i n  t h i n  s u r f a c e  f i l m s  a s  a r e s i d u e  of a v a p o r i z a t i o n  
process.  Furthermore, measurements i n  t h e  p resen t  work of 6018 i n  separa ted  
g lassy  a g g l u t i n a t e s  from s o i l s  14163, 15270 and 66081 show t h a t  t h e  agglu- 
t i n a t e s  a r e  no r i c h e r  i n  018 than t h e  whole s o i l  from which they came, It 
i s  t h e r e f o r e  proposed t h a t  t h e s e  h igh ly  f r a c t i o n a t e d  m a t e r i a l s  have been 
deposi ted on t h e  s o i l  g r a i n s  from a vapor which was der ived by micrometeor i te  
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impact ,  t h e  f r a c t i o n a t i o n  hav ing  t aken  p l a c e  i n  t h e  l u n a r  "atmosphere". 
Most a s p e c t s  of  t h e  mo e l  p r e s e n t e d  h e r e  a r e  i n  acco rd  w i t h  t h e  d i s -  

c u s s i o n  of  Gibson e t  a l .  (lo? and Barnes e t  a ~ . ( ~ )  i n  emphasizing t h e  l o s s  of 
p o r t i o n s  of  some e l emen t s  from t h e  s o i l s  and from t h e  moon by impact  vapor i -  
z a t i o n .  I n  t h i s  model, no s i g n i f i c a n t  r o l e  i s  seen  f o r  low-tempera ture  
chemica l  i n t e r a c t i o n s  w i t h  s o l a r  wind-derived m a t e r i a l  i n  producing  t h e  
i s o t o p i c  v a r i a t i o n s .  

References:  
(1)  Eps t e in ,  S. and Tay lo r ,  H. P. Jr., (1971). Proc.  Second Lunar S c i .  

Conf., Geochim. Cosmochim. Acta,  Suppl. 2, Vol. 2, pp. 1421-1441. MIT. 
j(2) Rees, C. E. and Thode, H. G ,  (1972). Proc. Thi rd  Lunar S c i .  Conf., 

Geochim. Cosmochim. Acta,  Suppl. 3 ,  Vol. 2 ,  pp. 1479-1485. MIT P r e s s .  
(3)  Barnes,  I. L., Garner ,  E. L., Gramlich, J. W . ,  Machlan, L. A . ,  Moody, 

J. R., Moore, L. J., Murphy, T.  J., Sh i e ld s ,  W. R. (1973). Proc.  Four th  
Lunar Sc i .  Conf., Geochim. Cosmochim. Acta,  Suppl. 4 ,  Vol. 2, pp. 1197- 
1207, Pergamon. 

( 4 )  Clay ton ,  R. N . ,  Grossman, L. and Mayeda, T. K. (1973). Sc ience  182, 
485-488, 

( 5 )  Eps t e in ,  S. and Taylor ,  H, P. Jr., (1972). Proc. Thi rd  Lunar S c i .  Conf., 
Geochim. Cosmochim. Acta ,  Suppl. 3 ,  Vol. 2 ,  pp. 1429-1454. MIT P re s s .  

(6)  Tay lo r ,  H. P. Jr. and Eps t e in ,  S. (1973). Proc. Four th  Lunar Sc i .  Conf.,  
Geochim. Cosmochim. Acta ,  Suppl. 4, Vol. 2 ,  pp. 1657-1679. Pergamon. 

(7) Clay ton ,  R. N o ,  Onuma, N.  and Mayeda, T. K. (1971). Proc.  Second Lunar 
Sc i .  Conf., Geochim. Cosmochim. Acta,  Suppl. 2, Vol. 2, pp. 1417-1420. 
MIT Press .  

(8) Rees, C. E. and Thode, H, G. (1974). Lunar Science V. The Lunar 
Sc ience  I n s t i t u t e ,  Houston. 

(9)  Clay ton ,  R. N , ,  Hurd, J. M. and Mayeda, T. K. (1973). Proc. Four th  
Lunar Sc i .  Conf., Geochim. Cosmochim. Acta,  Suppl. 4 ,  Vol. 2 ,  pp. 1535- 
1542. Pergamon. 

(10) Gibson, E. K. J r . ,  Hubbard, N. J , ,  Wiesmann, H., Bansal ,  B. M.,  Moore, 
G. W. (1973). Proc. Fourth Lunar Sc i .  Conf., Geochim. Cosmochim. Acta ,  
Suppl. 4 ,  Vol. 2, pp, 1263-1273. Pergamon. 

' (11)  Gau l t ,  D. E., ~ S r z ,  F. and Hartung, J. B. (1972). Proc. Thi rd  Lunar 
Sc i .  Conf., Geochim. Cosmochim. Acta ,  Suppl. 3 ,  Vol. 3, pp. 2713-2734. 
Pergamon. 

(12) Gibson, E. K. Jr. and Moore, G. W. (1973). Proc. Fourth Lunar Sc i .  
Conf., Geochim. Cosmochim. Acta,  Suppl. 4 ,  Vol. 2, pp. 1577-1586. 
Pergamon. 

(13) Lord Rayleigh (1896). Ph i l .  Mag. 42, 493-498. 
(14) Kaplan, I. R., Smith, J. W. and Ruth, E. (1970). Proc. Apollo 11 Lunar 

Sc i .  Conf., Geochim. Cosmochim. Acta,  Suppl. 1, Vol. 2, pp. 1317-1329. 
Pergamon. 

(15) Kaplan, I. R. and Petrowski ,  C.  (1971). Proc. Second Lunar Sc i .  Conf., 
Geochim. Cosmochim. Acta,  Suppl. 2, Vol. 2, pp. 1397-1406. MIT P re s s .  

(16) Smith, J. W. ,  Kaplan, I. R. and Pe t rowski ,  C. (1973). Proc. Four th  
Lunar Sc i .  Conf., Geochim. Cosmochim. Acta,  Suppl. 4, Vol. 2, pp. 1651- 
1656. Pergamon. 

(17) DeMaria, G . ,  Ba lducc i ,  G . ,  Guido, M., and P i acen t e ,  V. (1971). Proc.  
Second Lunar Sc i .  Conf.,  Geochim. Cosmochim. Acta, Suppl. 2, ~ o l .  2, 
pp. 1367-1380. MIT Press .  

0 Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 


