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SUMMARY 

The a rgument  advanced by Phi lpo t t s  and Schne tz le r  that europium 
anomal i e s  in igneous rocks  and m i n e r a l s  a r e  mainly  caused  by c r y s t a l  
c h e m i s t r y  without control  by ox ida t ion- reduc t ion  r eac t i ons  is  re fu ted  on the 
grounds that  the two effects  cannot r ea sonab ly  be s e p a r a t e d  in a c r y s t a l l i z i n g  
igneous melt .  

DISCUSSION 

Had Phi lpot ts  and Schne tz le r  (1968) r ead  our paper  (Towell  et a l . ,  1965) 
more  carefu l ly  be fore  wr i t ing  t he i r s ,  they might  have recogn ized  that  the 
geochemis t ry  of europium in igneous rocks  is  p robably  m o r e  complex  than 
they p ropose  by the i r  s imple  argument .  They p ropose  that the redox  
potent ia l  of a mel t  does  not play a m a j o r  ro l e  in cont ro l l ing  the anomalous  
behav io r  of Eu and c la im that  it  is  due only to c r y s t a l  c h e m i s t r y  effects .  
More care fu l  read ing  a lso  might have p reven ted  the unfounded a l lega t ion  that 
Towell  et al. (1965) in a study of s a m p l e s  f rom the bathol i th  of southern 
Ca l i fo rn ia  over looked o r  denied the ro l e  of c r y s t a l  c h e m i s t r y  and a s c r i b e d  
the anomal ies  en t i r e ly  to redox  effects .  

In our  1965 paper ,  we pointed out: "Ce and Eu, which may have Ce 4+ 
and Eu 2+ s ta tes  under  ce r t a in  condit ions of oxidation potent ia l  or  chemica l  
environment ,  may become s e p a r a t e d  f r o m  the o ther  r a r e  ea r ths  through 
dif ferent  c r y s t a l  c h e m i s t r y ,  and these  abundances  may t h e r e f o r e  appea r  
anomalous  on our n o r m a l i z e d  cu rves . "  As an example  of the i n t e r r e l a t i o n  
between redox r eac t ions  and c r y s t a l  c h e m i s t r y ,  we pointed out that  Eu, in 
the fo rm of Eu 2+, can coprec ip i t a t e  ef f ic ient ly  with insoluble  su l fa tes  of Sr 2+ 
or  Ba2+ even if the ins tantaneous  concen t ra t ion  of Eu 2+ in the l iquid i s  s m a l l  
c o m p a r e d  to Eu 3+. The s ame  reason ing  might  apply to p r e f e r e n t i a l  inc lus ion 
of Eu 2+ in f e l d s p a r s  and o ther  m i n e r a l s .  Obviously,  redox  control  of the 
p r o c e s s  does not imply  complete  reduct ion  of Eu to the divalent  s ta te  in the 
l iquid phase  at any one t ime.  This  point was appa ren t ly  confusing to Ph i lpo t t s  
and Schnetz le r  who, it s e e m s ,  fa i led  to unde r s t a nd  the r e l a t i onsh ips  between 
the par t i t ion  of an e lement  between s p e c i e s  in a s ingle  l iquid phase  and the 
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partition of species  containing that element between different solid and liquid 
phases. This appears  to be a plausible interpretat ion of their  self-  
contradictory s ta tement  that: " . . . E u  anomalies,  while caused by the 
relat ive stability of divalent Eu, are  controlled largely by crys ta l  chemis t ry  
ra ther  than by the redox conditions in the melt ." It is a fundamental fact that 
the redox conditions impart  the relat ive stability or  instability to the divalent 
Eu in the melt. The c rys ta l  chemis t ry  of the solids that c rys ta l l ize  f rom the 
melt determines  the extent to which the available Eu 2+ is accommodated,  
rejected,  or  preferent ia l ly  accumulated by these crys ta ls .  Thus, the ro les  of 
redox potential and crys ta l  chemis t ry  in producing a Eu anomaly cannot be 
separated. 

By contrast ,  under the much more  oxidizing conditions prevail ing in 
sedimentary environments,  the Eu2+/Eu 3+ ratio in the liquid phase is so low 
that no Eu anomalies can be expected even where crysta l l iz ing solids could 
preferential ly accommodate  Eu2+ (Spirn, 1965, p.158). 

Philpotts and Schne tz le r ' s  (1968) discussion of the Eu/Eu* ra t ios  
obtained f rom rocks  of the batholith of southern California (Towell et al., 
1965) mer i t s  comment.  They point out that our observed decrease  in fe ldspar  
Eu/Eu* (Eu observed/Eu predicted) ra t ios  would have been expected in light 
of their later  resul ts  on phenocrys ts  f rom other rocks if melts  were 
becoming increasingly depleted in Eu. It should be noted that this was ou:r 
original interpretat ion.  Fur ther ,  they state (Philpotts and Schnetzler ,  1968): 
"Similarly,  the Eu/Eu* rat io for  the plagioclase (An55) f rom the San Marcos  
Gabbro is about 8.5 whereas  for  the plagioclase (An20) f rom the leucograni te  
it is about 1.9; depletion of Eu in the melts  is again indicated, ra ther  than 
increasingly reducing conditions." At no t ime did we suggest nor imply that 
increasingly reducing conditions were present  in residual melts.  In fact,  the 
opposite is expected. Indeed, more  oxidizing conditions in residual  melts  
would decrease  the relat ive availability of Eu 2+ and this might also play a 
role in reducing the posit ive Eu anomaly observed in the plagioclase f rom 
the leucogranite in addition to the effect of a general  depletion of total Eu in 
these melts. 

Towell et al. (1965) were  also careful  to point out that a Eu anomaly 
associated with a minera l  f ract ion is not necessar i ly  due entirely to the 
proper t ies  of the major  minera l  component because of the possibi l i ty of 
significant influence of a c c e s s o r y  mineral  phases remaining in the separa ted  
fractions.  For  this and other reasons ,  it is not easy to propose a specific 
mechanism for  the anomalous behavior  of Eu in rocks and minerals .  

The existence of Eu anomal ies  and their  possible significance were 
recognized by Goldschmidt many yea r s  ago (Goldschmidt, 1954). More 
recently,  Chase et al. (1963) showed conclusively that Eu is dis t r ibuted 
differently than other lanthanides in the minera ls  of three grani tes ,  being 
relatively enriched in fe ldspar  and depleted in mica fract ions of the same 
rock. These and succeeding worke r s  have observed that granites  often show 
relatively low Eu abundances whereas  basal ts ,  in general,  do not show 
anomalies. In our 1965 paper ,  we repor ted  a p rogress ive  loss of Eu with 
increas ing differentiation index in the batholithic rocks,  but Schilling and 
Winchester  (1966) did not observe  a s imi la r  loss of Eu during the evolution 
of Hawaiian volcanic rocks.  Schilling (1966, pp.58-59) has shown that some 
steps in the evolution of the complete r a r e  earth patterns in both the se r ies  
studied by him and the one studied by us could have been produced by 

462 Chem. Geol., 4 (1969) 461-465 



f r a c t i o n a l  c r y s t a l l i z a t i o n  of a p p r o p r i a t e  a m o u n t s  of o l i v ine  (which  i s  
g e n e r a l l y  v e r y  p o o r  in r a r e  e a r t h s )  and aug i t e  and  p l a g i o c l a s e  such  a s  found 
in the  g a b b r o  of ou r  s e r i e s .  E u r o p i u m  was  a n o m a l o u s  in bo th  of t he  l a t t e r  two 
m i n e r a l s ,  the  aug i t e  hav ing  a nega t ive  Eu a n o m a l y  and p l a g i o c l a s e  a p o s i t i v e  
one. S i m i l a r l y ,  p y r o x e n e s  and p l a g i o c l a s e s  f r o m  an a c h o n d r i t i c  m e t e o r i t e  and 
a d i a b a s e  a n a l y z e d  by P h i l p o t t s  and S c h n e t z l e r  (1968) had  n e g a t i v e  and 
p o s i t i v e  a n o m a l i e s ,  r e s p e c t i v e l y .  The  l a t t e r  a u t h o r s  a t t r i b u t e d  the  
o c c u r r e n c e  of p o s i t i v e  Eu a n o m a l i e s  in the  f e l d s p a r s  to  the  p r e f e r e n t i a l  
i n c l u s i o n  of Eu 2+ in add i t i on  to n o r m a l  i n c l u s i o n  of Eu 3+ a long  with  the  o t h e r  
r a r e  e a r t h s .  They  s u g g e s t  that  n e g a t i v e  Eu a n o m a l i e s  in the  m a t r i x  
p y r o x e n e s  p r o b a b l y  a r e  due to " t h e i r  c r y s t a l l i z i n g  in an i m m e d i a t e  
e n v i r o n m e n t  tha t  was  d e f i c i e n t  in t o t a l  Eu" ,  wi thout ,  h o w e v e r ,  p r o p o s i n g  a 
m e c h a n i s m  tha t  cou ld  p r o d u c e  such  l o c a l i z e d  d e p l e t i o n s .  

I n t e r e s t i n g l y ,  S c h n e t z l e r  and  P h i l p o t t s  (1967) o b t a i n e d  r a r e  e a r t h  d a t a  
on p h e n o c r y s t s  of o l i v ine ,  aug i t e  and a m p h i b o l e  and a s s o c i a t e d  m a t r i x  
m a t e r i a l s  f r o m  a v a r i e t y  of p o r p h y r i t i c  b a s i c  and u l t r a b a s i c  i gneous  r o c k s  
which  r e v e a l e d  no Eu a n o m a l i e s .  Howeve r ,  the  c o e x i s t e n c e  of m i n e r a l s  wi th  
p o s i t i v e  and n e g a t i v e  Eu a n o m a l i e s  in n o n - p o r p h y r i t i c  r o c k s  i s  w e l l -  
e s t a b l i s h e d .  R e m o v a l  of v a r y i n g  a m o u n t s  of any p a i r  o r  g r o u p  of such  
m i n e r a l s  f r o m  r e a c t i o n  with  the  r e s i d u a l  m e l t  would  l e a v e  the  m e l t  wi th  
e i t h e r  no ne t  Eu a n o m a l y  o r  a n e g a t i v e  one,  o r  even  a p o s i t i v e  one.  S i m i l a r  
e f f ec t s  cou ld  be  p r o d u c e d  in m e l t s  g e n e r a t e d  by a n a t e x i s  (e .g .  p a r t i a l  m e l t i n g )  

CONC LUSIONS 

It i s  c l e a r  tha t  the  d e t a i l s  of the  m e c h a n i s m s  g o v e r n i n g  the  g e n e r a t i o n  
of Eu a n o m a l i e s  a r e  not  we l l  u n d e r s t o o d  at  t h i s  t i m e .  N e v e r t h e l e s s ,  i t  i s  
a l s o  c l e a r  tha t  the  i n t e r p l a y  be tween  r e d o x  c o n d i t i o n s  in  a m e l t ,  the  c r y s t a l  
c h e m i s t r y  of the s o l i d  p h a s e s ,  the  s e q u e n c e  in wh ich  the  l a t t e r  f o r m  and 
s e p a r a t e ,  and d o u b t l e s s l y  o t h e r  f a c t o r s  all together c o n t r o l  the  evo lu t ion  of 
Eu a n o m a l i e s  and the  o v e r a l l  g e o c h e m i s t r y  of Eu. 

The  v a l u a b l e  d a t a  of P h i l p o t t s  and  S c h n e t z l e r  (1968) shou ld  s e r v e  to  
s t i m u l a t e  con t inued  i n t e r e s t  in the  i m p o r t a n c e  and p o t e n t i a l  u s e f u l n e s s  of 
Eu a n o m a l i e s  in i gneous  r o c k s  and m i n e r a l s .  
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We a s s u r e  Towel l ,  Sp i rn ,  and W i n c h e s t e r  (Towe l l  et  a l . ,  1969) that  we 
r e a d  t h e i r  i n t e r e s t i n g  and v a l u a b l e  p a p e r  (Tow e l l  et  a l . ,  1965) wi th  e x t r a -  
o r d i n a r y  c a r e .  It was ,  in fac t ,  the  m a j o r  s t i m u l u s  f o r  many  of the  i d e a s  
e x p r e s s e d  in o u r  own p a p e r  ( P h i l p o t t s  and  S c h n e t z l e r ,  1968). We c o n s i d e r  i t  
m o s t  u n f o r t u n a t e  tha t  they  have  m i s u n d e r s t o o d ,  in p a r t ,  the  p u r p o s e  and 
conten t  of ou r  p a p e r .  In t h e i r  d i s c u s s i o n  ( T o w e l l  e t  a l . ,  1969), they  have  
a n s w e r e d  c r i t i c i s m s  tha t  we d id  not  m a k e  o r  in tend.  S i m i l a r l y ,  t hey  
a p p a r e n t l y  did  not  fu l ly  g r a s p  s o m e  of the  m a j o r  a r g u m e n t s  put  f o r t h  in our  
p a p e r ,  p e r h a p s  wi th  l e s s  than o p t i m u m  e x p o s i t i o n .  Some  of the  po in t s  r a i s e d  
by  Towe l l  et  al .  ( 1 9 6 9 ) a r e  i r r e l e v a n t  and  o t h e r s  a r e  r e s t a t e m e n t s  of po in t s  
qu i te  c l e a r l y  m a d e  in t h e i r  p r e v i o u s  p a p e r .  O t h e r  po in t s ,  h o w e v e r ,  r e q u i r e  
a r e s p o n s e ;  t h e s e  a r e  now t aken  up e s s e n t i a l l y  in the  o r d e r  in which  they 
a p p e a r e d  in the  d i s c u s s i o n  of Towe l l  et  al .  (1969). 

We d id  not c l a i m  tha t  the  a n o m a l o u s  b e h a v i o r  of Eu i s  due  only to 
c r y s t a l  c h e m i s t r y  e f fec t s .  S i m i l a r l y  we d id  not  m a k e  " the  unfounded 
a l l e g a t i o n  tha t  Towe l l  et  al .  ( 1 9 6 5 ) . . . o v e r l o o k e d  o r  d e n i e d  the  r o l e  of 
c r y s t a l  c h e m i s t r y  and a s c r i b e d  the  a n o m a l i e s  e n t i r e l y  to  r e d o x  e f f e c t s . "  
We c o n s i d e r  i t  r e g r e t t a b l e  if o u r  p a p e r  gave  i m p l i c a t i o n s  to t h i s  ef fec t .  
H o w e v e r ,  t h e r e  s e e m s  to be  a d i f f e r e n c e  of op in ion  a s  to the  r e l a t i v e  
i m p o r t a n c e  of c r y s t a l  c h e m i s t r y  and r e d o x  e f f e c t s ,  and,  i ndeed ,  w h e t h e r  the  
two can  be  s e p a r a t e d .  A s  was  p r e v i o u s l y  no ted  ( P h i l p o t t s  and S c h n e t z l e r ,  
1968), Towel l  et  al .  (1965) s u g g e s t e d  tha t  " f u t u r e  s tudy  of Eu d i s t r i b u t i o n s  
m a y  e v e n t u a l l y  be  u se fu l  in e s t i m a t i n g  r e d o x  p o t e n t i a l s . "  We a l s o  c o n s i d e r  
th i s  to be  a p o s s i b i l i t y ;  we b e l i e v e  tha t  i t  i s  f i r s t  n e c e s s a r y ,  h o w e v e r ,  to 
de f ine  q u a n t i t a t i v e l y  the  much  l a r g e r  e f f ec t s  of c r y s t a l  c h e m i s t r y .  An 
e x p l a n a t i o n  of ou r  " s e l f - c o n t r a d i c t o r y "  s t a t e m e n t  tha t  "Eu  a n o m a l i e s ,  wh i l e  
c a u s e d  by  the r e l a t i v e  s t a b i l i t y  of d i v a l e n t  Eu,  a r e  c o n t r o l l e d  l a r g e l y  by 
c r y s t a l  c h e m i s t r y  r a t h e r  than by  r e d o x  c o n d i t i o n s  in the  m e l t "  i s  a s  fo l lows :  
Redox  cond i t i ons  o p e r a t i v e  d u r i n g  the  f o r m a t i o n  of igneous  r o c k s  a r e  such  
that  Eu (in c o n t r a s t  to the  o t h e r  r a r e - e a r t h  e l e m e n t s )  shows  s i g n i f i c a n t  
s t a b i l i t y  in the  d i v a l e n t  s t a t e .  Th i s  i s  the  b a s i c  c a u s e  of Eu a n o m a l i e s  in 
igneous  r o c k s .  H o w e v e r ,  we a r e  not a w a r e  of any  e v i d e n c e  tha t  differences 
in r e d o x  cond i t ions  have a f f e c t e d  the  p r e s e n c e  o r  s i z e  of e u r o p i u m  a n o m a l i e s  
in u n a l t e r e d  t e r r e s t r i a l  i gneous  r o c k s  o r  m i n e r a l s .  We do not  deny tha t  t h e r e  
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