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Tab lo  1  C o n t a i n s  experimental r e s u l t s  f o r  2 8  s y n t h e t l c  co impos i t lons  r c l a t e d  t o  hlgl ,  T I - b a s a l t  rllrr Iri molybclt.rlum c.ul1- 
s u l e s  a t  f 0 2  Of t h e  Fe/FeO e q u i l i b r i m .  P r imary  l l q u i d u s  f l e l d s  o f  o l i v l n e ,  p l g e o n i t e ,  a u g l t e ,  a n o r t h l t e ,  
l l m e n l t e a n d  a r m a l c o l i t e  a r e  fourad,  and  t h e  s l x  f i e l d s  must  come c l o s e  t o  c o n j u c t i o n  i n  a c o t e c t l c  l l q u l d  whose com- 
p o s t i o n  l l e s  i n t e r m e d i a t e  be tween  528  and 8 9 ,  a l l  s i x  p h a s e s  a p p e a r i n g  a l m o s t  simultaneously a t  t h e  l i q u l d u s  I n  s u c h  
a l i q u i d ,  a t  a  t e m p e r a t u r e  o f  c l o s e  t o  11450C. P h a s e  e q u i l i b r i a  d a t a  f o r  some Apol lo  1 7  s o i l s  I n  t a b l e  2 show e a r l y  
c r y s t a l l l z a t i o n  o f  a n o r t h l t e  a f t e r  o l l v i n e  and  i r o n - t i t a n l m  o x l d e s .  The o r a n g e  s o i l  74220 h a s  a  v e r y  h i g h  l l q u l d u s  
t e m p e r a t u r e ,  a n d  e x t e n s i v e  e a r l y  o l i v l n e  c r y s t a l l l z a t l o n  b e f o r e  t l .?  e n t r y  o f  o t h e r  p h a s e s .  A p o l l o  1 7  h l @  T102 r o c k  
c o m p o s l t l o n s  ( t a b l e  2) show e a r l y  c r y s t a l l i z a t i o n  o f  i r o n - t l t a n i u m  o x i d e s  a n d  fe r romagr ies l an  s i l l c a t e s  be f0 r . c  anor -  
t h l t e  a p p e a r a n c e .  The c a n p o s i t r o n s  of A p o l l o  1 7  r o c k s  a n d  s o ~ l s  r e semble  t h o s e  of  Apo l lo  11 m a t e r i a l s ,  b u t  a r e  
p o o r e r  l n  s l l l c a ,  and  h i g h e r  I n  !dg/Mg + F e .  ' h e  a v e r a g e  r o c k  composition e r u p t e d  a t  t h e  Apol lo  11 s i t e  was t h a t  o f  :r 

l l q u l d  I n  s i m u l a t a n e o u s  e q u l l l b r l u m  w l t h  many crystalline p h a s e s  (including a n o r t h l t e ) .  P h e n o c r y s t s  of  a n o r t h l t c ,  
c l l v l n e ,  i l m e n l t e ,  s p i n e l  and pyroxene  were  a l l  p r e s e n t  I n  s m a l l  amounts  I n  e v i d e n t l y  r a p l d l y  quenched m a t r l x  among 
t h e  l l t h l c  f r a g m e n t s  I n  s o i l s  a n d  b r e c c i a s  (O'Hara u. i n  p r e s s  EPSL). 

The c h e m i c a l  characteristics o f  t h e  h l &  t l t a n i u m  b a s a l t s  a n d  s o i l s  a r e  b e s t  a c c o u n t e d  f o r  ~ f  t h e  o r i g l n a l  magma was 
d e r l v e d  f rom t h e  r e s l d u a l  l i q u l d  I n  a  h i g h  l e v e l  magma chamber i n l w h l c h  t h e r e  was w e l l  advanced  ex t reme  f r a c t i o n a l  
c r y s t a l l l z a t i o n  of a n o r t h i t e - b e a r i n g  c u m u l a t e s .  E r u p t i o n  was f o l l o w e d  by e n r i c h m e n t  of t h e  f l o w  b a s e  I n  o l i v l n e  and 
~ r o n - t i t a n i u m  o x i d e s  r e l a t l v e  t o  t h e  upper  p a r t s .  I f  s u c h  a  model i s  a d o p t e d  f o r  A p o l l o  1 7  t h e  o r a n g e  s o l 1  must  b e  
r e g a r d e d  a s  a n  Impac t  m e l t ,  a n  i n t e r p r e t a t i o n  s u p p o r t e d  by t h e  l l q u i d u s  t e m p e r a t u r e  which 1s e x c e p t l o r l a l l y  h l g h  f o r  'I 

(magma of I n t e r n a l  o r l g l n .  

F l g u r e  1A shows v a r i a t i o n  o f  l i q u i d u s  p h a s e  i n  2 4  o f  t h e  2 6  s y n t h e t l c  ne twork  samples  s t u d i e d  a s  a  f u n c t l o n  of S102 
and TiO:, c o n t e n t .  F l e l d s  i n  which  p i g e o n l t e  ( P I G ) ,  a n o r t h i t e  ( A N ) ,  o l i v i n e  (OL),  o r  t l t a n l u m - r l c h  o x i d e  (TI-OXIDE) 
a r e  t h e  l l q u i d u s  p h a s e s  a r e  i n d i c a t e d .  A n o r t h i t e  d o e s  n o t  a p p e a r  a s  a  l i q i d u s  phase  a t  t h i s  low oxygen f u g a c i t y  i n  
t h e  c o m p o s i t i o n s  1 - 9 ,  2 3 ,  5 6 ,  5 9 ,  6 9 ,  89  b u t  i t s  l i q u i d u s  f i e l d  l i e s  v e r y  c l o s e  t o  t h e  s u r f a c e  d e f i n e d  by t h o s e  com- 
p o s i t i o n s .  Samples 2 8  a n d  38  b o t h  d i s p l a y  a n o r t h i t e  l i q u i d u s  a s  d o  s a m p l e s  8 3 8 ,  538 and  528 whlch a r e  i n t e r m e d i a t e  
be tween  8  and  3 8 ,  5  and 38  and  5  and  2 8  r e s p e c t i v e l y .  The n a r r w  a n o r t h i t e  f i e l d  l n d l c a t e d  be tween  t h e  o l i v i n e  a n d  
p l g e o c r t e  f i e l d s  t h u s  e x p r e s s e s  t h e  c o m p o s i t i o n  r e g i o n  i n  which  a n o r t h i t e  w i l l  most  r e a d i l y  crystallize from T102- 
r l c h  magmas i n  t h e  p r e s e n c e  of o l i v l n e  and  p i g e o n i t e .  F i g u r e  2A shows t h e  v a r l a t l o n  o f  l l q u i d u s  p h a s e  i n  t h e  same 
r a n g e  of s y n t h e t l c  c a m p o s i t i o n s  a s  a  f u n c t i o n  o f  SiOZ and  CaO+A1203 c o n t e n t .  

TABLE 2 .  P r e l l m ~ n a r y  ;rtmos:,hcrlc p r e s s u r e ,  Fe/FcO oxygen  f u g a c l t y  d a t a  f o r  A p o l l o  17 samples  

Temp OC 70017 70181 71501 74220 74241 74261 75061 75081 
1279  g  g  g  a d  2 g ' s  g ( d ) g  g  ( d ) g  
1207  a c d g  a d g  a d g  a d ( e ) g  a d g  a d g  a d g  a c d g  
1177 a c d g  a b d g  a d e g  a d e g  
1 1 6 3  a c d e g  a b d g  a b c d e f g  a d e g  a M f g  abdg  a b c d g  a b c d g  
1140  a b e g  a b e f g  a b e f g  a d e f g  a b e f g  a b e g  a b e g  a b d e f g  
1129  a b e f g  a b e f g  a b e f g  a b e f g  a b e f  a b e f g  abe f  g  a b e f g  

a = o l l v l n e ;  bz  p l a o o c l a s u ;  c = a r m a l c o l i t e ;  d z s p l n e l ;  e=ilmertlte;f=clinopyroxene; g=glasu  
O t h e r  r e s u l t s  74220 1352=a ,2gqs ;  1 3 2 5 = a , d , 2 g 1 s ;  1152=adeg;  74261 1325=g  

Cornen. 
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ermalcollte reacts out a f t e r  the appearance of i l m e n i t e  a n d  o l ~ v i n e  reacts  out a f t e r  the appearance of p lgeonl te .  

1 2 23 3 4 5 56 6 58 59 69 7 9 

a u g ( l l h 0 ) a n  
an  1155 

Bug 1155 
'Irn ~ l m  1135 

- i lm 1145 
p1 

43.5 40.1 30.2 37.9 11.9 41.3 40.3 38.3 ' 4 3 . 0  41.5 40.0 48.5 44.8 
3.8 7.2 8.7 10.1 .6 6.5 10.1 I 11>7 
9.8 9.2 

8.3 9.8 11.4 4.3 
8.8 

7.9 
8.5 11.7 10.8 10.4 10.0 10.6 10.1 9.7 11.0 10.2 

19.t; 31.7 22.5 23.4 16.6 19.0 10.0 21.1 18.5 19.5 20.6 15.5 1 7 . ~  
12.2 11.4 11.0 10.6 9.3 8.5 8.2 7.9 
10.8 10.1 9.8 

8.3 7 .9  7.6 8.7 8.0 

_ I _ _ _ _ _ _ _ _ _  - 9.4 12.9 11.9 1 1 5  11.0 11.5 11.2 10.7 12.1 i1.2 

89 9 838 538 38 28 528 548 / 48 848 828 818 18 
-- 

p l g  1170 a m  1177 a N 1 1 9 0  an>1190 a n w l l 9 0  a n  1185 a n  aug 1197 plg(1175) P I ~  1160 ~ l g > ~ ~ ~ ~  ~ l g , ~ ~ ~ ~  
am 1165 pigi1177 cpx 1165 01 ,1180 cpx 1177 p ~ g  1151 01 ]1170 2""" an 1154 an 1150 01 01 

a n  11m 1156 
aug 1165):" "73 a" 1 1 4 8 a u g  an ;%',::::) :xg{1154 an 1146 an 1146 

1 1 m i 1 1 4 5  an 1145 ilm 1136 fg ii$g ~ l m  1136 i lm 1135 llm(l135 p ~ g  1145 
I l m  1136 ilm 1140 

i l m  1136 
Pig 

43.3 ' 4 1 . 7  44.6 42.9 44.5 -43.8 12.5 43.8 46.2 45.5 44'3 45'2 45'C 
- ~~ . 

7.1 7.5 6.2 9.0 8.8 7.5 6.5 7.2 8.4 7.5 7.1 
9.5 11.1 

9.4 13.0 13.4 15.9 11.4 l l e l  9.5 8.3 9.3 10.8 9.7 9.1 
9.8 

19.0 20.0 16.0 16.5 14.0 16.7 17.8 18.1 17.1 17.5 17'3 
18" 

7.4 6.3 6.5 7.5 8.4 8.4 8.2 1 7.2 8.6 9.2 
7.7 7.4 7.1 

12.2 12.5 13.1 12.6 12.2 12.8 13e6 1 2 . 4 (  

~ e m p e r a t u r e s  oi appearance oi phases are probably 5 5%. Those In brackets (1195) a r e  i 1 0 0 ~ .  I n  many a-plea 
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F l g u r e s  18 ,  2 8  compare n a t u r a l  h igh- t i tan ium b a s a l t  d a t a  ( a t t a c h e d  key)  w i t h  t h e  phase boundaries deduced from f i g s .  
l A ,  2A. F l g u r e s  l C ,  2C compare Apollo 17  rock  and s o i l  c a n p o s i t i o n s  w i t h  t h e  same phase boundar ies .  The o t h e r  impor- 
t a n t  a s p e c t  of  t h e  c h e m i s t r y  v a r i a t i o n  of t h e s e  r o c k s ,  MgDe r a t i o  a s  a  f u n c t i o n  of s i l i c a - s a t u r a t i o n  l e v e l ,  1s d i s -  
played i n  t h e  Mg0-Fe0-Si02 p l o t s  ( f l g s .  3A-Dl. F i g u r e  3A shows t h e  s y n t h e t i c  n e t  ( t a b l e  1 )  and t h e  deduced r e g l o n  Of 
a n o r t h i t e - s a t u r a t e d  mu1 t i p h a s e  c o t e c t i c  l i q u i d  composi t ion  ( l a r g e  c r r c l e )  . F i g u r e  3 B  shows t h e  r e l a t i o n s h i p s  of 
v a r l o u s  n a t u r a l  Apollo 11 h i g h  t i t a n i u m  b a s a l t s  t o  t h a t  composi t ion ,  w h i l e  f i g u r e  3C f o l l o w s  t h e  t r e n d s  of l i q u i d  
Biolution i n  t h e  exper imenta l  e q u i l i b r i u m  crystallization of some of t h e  samples a t  an  f 0 2  s l i g h t l y  b u t  s i g n i f i c a n t l h  
Idgher than  i n  t h e  n a t u r a l  rocks .  F l g u r e  3D shows t h e  composi t ions  of Apollo 17 s o i l s  and rocks  i n  r e l a t i o n  t o  t h e  
s y l t h e t l c  n e t s  and Apollo 11 rock  d a t a .  

Fig 1 A  

Fig 1B 

Fig 1C 
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Fig 2 A  

PIG 8 1 PIG I 

K ~ Y  t o  Il-res 1-3 
( 1 )  Poin t s  i n  f l y r e s  1A-2A L 34 ere xdcn t i fzed  by t h e  nubera i n  tmble 1. 

~ymbol i sed  1 - 8  lA, >A, hy t ~ q u i d u a  phasc. i n  at losphc.rlc p resaure  orperi- 
w.,ltb as 11st.d 2" (2). 
( 2 )  Fl-ca 10.20.3H end X 
I .~quldua phase (excluding ~ ~ ~ " ~ 1 )  IS:- 0 o l i v i n e ;  + = p i m i t e ;  0 =  
s n o r t h l t c ;  X z t ~ t a n i r p - r i c h  oxide. xn t h e  f o l l a i n g  c a p o s i t i o n s  (-Pa 
C-F). . ~ n d l c a t o s  a ecmpoaltxon tor -hlch no phase e q u i l l b r i n  d a t a  are 

r a 4  = rmsr; l i m O c ;  mzL z 1- 1 ~ x . 2 .  1120"~  
AH = i r m  l i t h l c  fragment average. hlgh  p o t a e s i l a  grow. 
(Data I r a  Biggar 1971. O'ttara 1974) 
8 .  Natural  rock ,  grwndnass or g l a s s  c ~ p o s i t x o n s  be le ived ,  <ran pe t rograph ic  
evidence, to represen t  l iquid.  c l o s e  t o  s a t u r a t e s  wi th  o l lvxne ,  i rnor th i t e  
pyroxene end i r o n - t i t a n i u  oxide.  
(19.1 = ground.aee t o  a m r t h i t e  phenocryats i n  10019/15; frdgmenl  on^ 

(19.2 = groundwsa  t o  a n o r t h l t e  phemcrya t s  ~n 10019/15; f r a p e n t  two 
(21.2 : groundmass t o  a n o r t h i t e  phenocryats i n  10021/26; f r a s a e n t  t r o  
(18.1 z groundnass t o  o l i v i n e ,  s p i n e l ,  i h e n i t e  p h ~ n o c r y e t s  xn 10018/20; 

fraglent one 

(20.0 = t rapped l l q u ~ d  ~n olivine phenocryat ,  10020 
(Data f r a .  Roeder and weiblen 1 9 0 ;  O'ttare et 1974) 

C.  AveraW c m p o s l t i o n s  of rock types.  
OL : averam 1- K 0  l l t h i c  f r a p e n t s  i n  so11 (Prlnz et 1971);  
@H r averese hi@ 2 0 l i t h l c  f r a v e n t s  (see A ahove) (Pr ln r  e t  a 1  1971);  
* F  = averagP oi han3-picked m~crogehbro  i r e e e n t s  In s o i l  (Frnmiel  

(1470) 

CaO . Alz03  wnght .I. 

Fig 2B 

Fig 2C 

1470) 
. Y  = are- of hand picked vea icu ln r  h a s a l t  xrr  s o i l  (Fondrl  rt 1970) 
- 0  = aver- of h a d  -i.ene of l o r  K e ( o p h i t r r  n o u p )  b a s r l t r .  

a I-) refer& t o  $rc.cipitnta. n!lorthrtc rhl.l> 1l.s. 
t h t n  10X c r y s t a l l i n e  ff- J n a s  and Jnckaon 19711. 

- 1  = average or band ~ p e c i m o n t s  of high K 0  ( i n t c r a c r t a l  n o u p 1  b a a a l t s  
(-too et l e70)  

D)= i n f e r r e d  .are feldapmthic b a s a l t  cmponcn t ,  rvqulrl.d t o  h. mlxc.d 
- 0 )  wi th  bard specimen n v e r s p s  t o  explsxn s o l 1  c a p o s l t ~ o n s  ( k k r  

e t  e l  1970; Goles 1970) - 
D. l n d i v l d w l  hand a-men ana lyses  

X n  = 10017 i n t e r a e r t a l .  h ~ g h  K20 group 

ozo : toOio) 
n62 = o p h i t i c ,  l o r  K20 g r o w  

4 4 4  10044 o p h i t i c  g r o w  rocks, J- t o  l x e  r e l e t l v c l y  c l o s e  to 
.47 = 10047 a n o r t h i t e  s a t u r e t e d  ccmposit lons (Biggar et 1971) 

Cbeaical  ana lyaes  f m  Agre l l  et (1970);  Cmps ton  et (1470) 
Experuamta l  d a t a  f r m  O'Hpra && (1974). - 

6 .  S y n t b e t ~ c  mixtures l a d e  up t o  De.rt%cular ' rock'  c a p o s l t l o n s  
X A = Anderson && (11870) 
XR = R i n g o o d  and Esaene (1970) 
XT = T u t h i l l  and Sat0  (1570) 
% W  = Weill  (1970) 

= &hPi re r  nnd Yvan (1971) 
oYF = H g h  t i t a n i u .  basa l t  g l a s s  (Reid 1971) from Yare Fecund l ta t lu ,  

e x n e r i a e n t a l  d a t a  i n  t h l a  =per.  
1. 8011 ~ a m ~ l e s .  viewed here as reuresen t lnn  averam mama plus  c 3.5% of 
hizb le rd  de r ived  anor thoa i t e s  e t c .  

D 84 = s o i l  sample 10084 ( O ' k a  et 1970) 
(3 )  P l w e a  1C. ZC. 3D. *pollo 17 rock and 8011 compoalt lons are ind~rated 
by the f i n a l  four d i p i t a  of the  speci-n n m b e r r ,  codcd f o r  l lqu ldus  phrsr a s  
rn previous f i g u r e s .  
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Figure 3. Projections from 
anorthite,albite, orthoclase, / r s o ,  

CaSi03, TiOZ, Cr203 etc. into 
MgO-FeO-SiOZ 

Fig 3A 
synthetic net 

Fig 3B 
Natural rock data 
Apollo 11 

Fig 3C 
Crystallization of Apollo 

Fig 3D 
Apollo 17 results 
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