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En anomaly and mare b a s a l t  types: The s i z e  of theEu anomaly can be quan- 
t i f i e d  using Eu vs t r i v a l e n t  REE diagrams. Figure l a  shows Eu vs Sm f o r t h e  
Apollo 1 2  basalt; i n  which the Eu anomaly i s  evident  by the  loca t ion  of da ta  
below the  cliondrite l i n e ,  with E U / S ~  of the basa l t s  about 0.6 of the  chond- 
r i t e  values. Figure l a  a l so  emphasizes two poin ts :  (A)  There i s  good corres- 
pondence between REE contents and t ex tu ra l  (1) and petrographic-chemical ( 2 )  
c l a s s i f i c a t i o n s  of A12 basa l t s .  The A12  subgroups a re  thought t o  der ive from 
separate  p a r t i a l  melts from the  mantle r a the r  than from one another by low- 
o r  high-pressure c r y s t a l  f r ac t iona t ion  ( 2 ) .  The fe ldspa th ic  type (12038) has 
a smaller  Eu anomaly (0.75 chondri tes)  than the o thers  and may be a plag- 
ioclase accumulate. (B) The p r inc ipa l  component of REE va r i a t i on  i s  not  
va r i a t i on  i n  the  Eu anomaly b u t  a l i n e a r  dispersion i n  abundance along the  
"d i lu t ion"  d i rec t ion .  This t rend i s  accentuated i n  Figure l b  by the  low K 
Apolb 12 ,  the  Apollo 15 b a s a l t s  , and b a s a l t i c  achondrites.  I t  probably 
represents  a mixing-line between a REErichend-member w i t h  low Eu/Sm, and 
one of low REE content bu t  having Eu/Sm equal t o  o r  g rea t e r  than chondrites.  
The A 1 2  fe ldspa th ic  b a s a l t  and A l l  high K b a s a l t s  a r e  seen a s  spec i a l  cases. 
Point A implies t h a t  the  REE mixing-line i s  a property of the lunar  mantle. 
Both the mixing-line and the  Eu anomaly can be well  explained using the  
Graham-Ringwood model f o r  the  mantle and i t s  melting k i n e t i c s  ( 3 ) ,  which 
assumes t h a t  the  average mantle Eu/Sm i s  chondri t ic  but  t h a t  t r i v a l e n t  REE 
a r e  p r inc ipa l ly  held i n  accessory mineral phases which se l ec t ive ly  en t e r  the  + 
melt,  whereas most of the E U ~  i s  held by Ca-bearing r e f r ac to ry  phases. The 
REE dispersion between A12  subgroups is probably due t o  va r i a t i ons  of  the  
modal amount of accessory phases i n  the  mantle, and when the proportion of 
melt increases  a s  from the  average low K A l l  t o  A15 b a s a l t s ,  the  Eu/Sm be- 
comes more nearly chondr i t ic .  The model has been developed fu r the r  by Ring- 
wood (4) who proposes accessory perovskite f o r  the t r i v a l e n t  REE and refrac-  
to ry  m e l i l i t e  f o r  the Eu. 

- 

Origin of o ld  Rb-Sr model ages:Like Eu, the abundance of S r  is depleted 
i n  mare b a s a l t s  r e l a t i v e  t o  chondri tes ,  presumeably due a l so  t o  subs t i t u t ion  + 
f o r  ca2 which w i l l  induce c a e l a t e d  changes i n  Sr ,  Eu concentrations.  There 
is f a i r  coherence between Eu and S r  i n  mare b a s a l t s  a s  a whole, much be t t e r -  
coherence within groups, and a c l e a r  "Sr anomaly" : evident ly the  process 
which depleted Eu i n  mare b a s a l t s  depleted S r  even more s t rongly.  Despite 
sampling e f f e c t s  due t o  the use of t i n y  rcckchips, m ode1 Rb-S,r ages o f  a l l  A 
12, A15 and A l l  low K mare b a s a l t s  a r e  close t o  4.5 b. y. , ins tead  of being 
variably younger according t o  the p r o p a t i o n  of Sr re ta ined  i n  the  lunar  
mantle during the melting process. This observation is  d i f f i c u l t  t o  reconci le  
with knowledge of p a r t i t i o n  coe f f i c i en t s  f o r  Rb and S r  and with the c l e a r  
evidence f o r  the r e t en t ion  of S r  and Eu i n  the lunar  mantle. Three kinds of 
hypothesis have been proposed t o  explain the o ld  model ages: ( A )  Rb and S r  
were t o t a l l y  ex t rac ted  (o r  ex t rac ted  without change i n  %/Sr)  from the mantle 
during the (eqdibr ium)  p a r t i a l  melting t h a t  formed mare b a s a l t s  a t  various 
times; the deplet ion of Eu and S r  i n  the  lunar  mantle occurred during an 
e a r l i e r  chemical event a t  4.5 b.y. An unsat isfactory fea ture  of this hypoth- 
e s i s  is  the equal ex t r ac t ion  of Rb and Sr:  Rb should be enriched i n  the melt 
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of these elements. (B) b and i t s  radiogenic 8 7 ~ r  (p lus  o the r  low melting- 

I 
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po in t  components) da t ing  from a 4.5 b.y. chemical event a r e  added t o  and 
dominate the o r i g i n a l  Rb i n  var ious b a s a l t i c  melts by wall-rock reac t ion  
("contamination"),  during the  ascent  of the magma. The Eu and S r  anomalies 
would be r e l i c t  i n  the  lunar  mantle from a 4.5 b.y. event.  The c l a s s i f i c a -  
t i o n  of b a s a l t s  and the nature of t h e i r  source i n  the lunar  mantle a r e  
based on major-element chemistry; trace-elements added by contamination 
would be i r r e l e v a n t ,  a t  l e a s t  i n  terms of descr ibing the  mantle source of  
mare basa l t s .  However t he  hypothet ical  contamination process must add major- 
elements a s  wel l  a s  t r a c e  elements. In documented t e r r e s t r i a l  b a s a l t s ,  there  
a r e  well-defined co r re l a t ions  of major-elements with a l k a l a i s  t h a t  have 
a r i s en  from contamination ( 5 ) .  I t  is  possible  t h a t  s imi l a r  co r r e l a t ions  a r e  
present  i n  the Apollo 12 b a s a l t s ,  though much l e s s  obvious. The A12 pigeon- 
i t e -basa l t s  (2)  have higher  Si02 r e l a t i v e  t o  Ti02 than the  A12 ilmenite- 
bearing basa l t s ;  t h i s  is  matched by t h e i r  higher FbfSr and higher i n i t i a l  
8 7 ~ r / 8 6 .  (C)  The mare b a s a l t s  form by non-equilibrium p a r t i a l  melting of a 
4.5.b.y. o ld  lunar  mantle i n  which a l l  the  Rb and radiogenic Sr  a r e  located 
i n  a lka l i - r i ch  low melting p o i n t  mineral phases bu t  common Sr  i n  more 
re f rac tory  phases a l so .  The average mantle has chondr i t ic  Eu/Sm but  Sm i s  
concentrated i n  the low melting-point phases, so t h a t  b a s a l t s  formed by a 
low degree of p a r t i a l  melting have a la rge  Eu anomaly. This hypothesis re- 
qu i res  t h a t  separa t ion  between Rb-rich and Sr-rich mineral phases i n  the 
lunar  mantle exceeds the  d i f fus ion  range f o r  S r ,  so  t h a t  radiogenic 8 7 ~ r  i n  
the Rb-rich s i t e s  does not  equ i l i b ra t e  with common Sr.  It implies very la rge  
gra ins ize  i n  the mantle (of the  order  1 m) o r  very low modal abundances of 
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the Rb-rich phases and/or Sr-r ich phases. I t  a l so  requires  t h a t  the melt 
should be rap id ly  formed and rapidly removed t o  avoid Sr  isotope equi l ibra-  
t i on  with the re f rac tory  Sr-bearing phases i n  the residue.  

The age of the Won: The -4.5.b.y "chemical event" evident  from the mare 
b a s a l t s  i s  even more s t rongly  defined by the model ages of some of the s o i l s .  
It has been widely assumed t h a t  t h i s  event  r e f e r s  t o  a per iod of melting of 
a t  l e a s t  the  outer  p a r t  of the  moon t h a t  occurred on a global  sca le .  During 
t h i s  period, it has been proposed t h a t  plagioclase was f loa t ed  t o  form the 
lunar  highlands and t o  generate the  Eu and Sr  anomalies i n  the  source regions 
of the l a t e r  mare basa l t s .  This is not the only in t e rp re t a t ion  f o r  the  4.5.b. 
y. event. It would equal ly well  r e f e r  t o  the  pre-lunar chemistry t h a t  i s  re- 
g i s t e r ed  i n  chondri t ic /achondri t ic  mater ial  from which the moon accreted.  A s  
f a r  a s  Rb-Sr systematics a r e  concerned, there  is  no need t o  melt  the moon 
a t  4.5 .b. y. t o  produce o ld  model ages i n  the mare basa l t s .  Old ages could a l -  
so be produced from an undi f fe ren t ia ted  lunar  mantle, and the  Eu and Sr  
anomalies and REE systematics  i n  mare b a s a l t s  by l a t e r  non-equilibrium 
melting. In o the r  words, the time of accre t ion  of the moon i s  not  wel l  con- 
s t r a ined  by the i so top ic  da ta .  It  w i l l  be g rea t e r  than the o l d e s t  mineral 
ages of rock fragments (Q 4.2 b.y.?) seen t o  be derived by pos t  accret ion 
processes (e .  g. igneous c l a s t s  i n  impact breccias)  , but  i t s  o lde r  l i m i t  
depends i n  d e t a i l  upon theor ies  of lunar  or ig in .  I f  there  was an  i n i t i a l  
per iod of deep melting on the  moon, then t h i s  probably occurred a t  % 4.5 b.y. 
and accre t ion  was e a r l i e r  s t i l l .  On the o ther  hand, accre t ion  would have 
occurred between the younger l i m i t  s e t  by the o ldes t  mineral ages and 
% 4.5 b.y. a s  an o lde r  l i m i t ,  i n  the absence of i n i t i a l  melting. 

The low model age of the high K Apollo 11 basa l t s .  The contamination 
hypothesis ( B )  , e a s i l y  copes with the high K b a s a l t s  by assuming wall- 
rock react ion with a 3.85 b. y. environment. On the Eu V b  . Sm p l o t  ( f i gu re  lb) , 
the high K b a s a l t s  l i e  on a l i n e  between low K A l l  b a s a l t s  and the  non-mare 
KREEP b a s a l t s ,  so  t h a t  contaminationby KREEP would be a good explanation f o r  
t h e i r  spec ia l  Eu/Sm and REE concentrations.  However, an objec t ion  t o  t h i s  i s  
the o ld  model age, 4.4b .y , so f a r  observed f o r  KREEP b a s a l t s  ( '6) .  KREEP-type 
b a s a l t s  of model age no t  g rea t e r  than 3.85 b.y. a r e  required a s  the  mixing 
end-member. The non-equilibrium melting hypothesis ( C )  can a l s o  explain the 
young model age by assuming v io l a t ion  of one o r  more of i t s  p a r t i c u l a r  
cons t ra in ts .  For example, a very low degree of melting may not  embrace a l l  
the radiogenic S r  t h a t  has d i f fused  o u t  of t he  low-melting phases i n t o  
nearby Sr-rich phases. 
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