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Fron t i sp ie ce - S a te l l i te view o f  the Jo seph i ne P e r ido t i t e , southwe s tern 
Ore gon and northern Ca l i f ornia. The per ido t i t e  is p l a i n ly outl ined by 
the more densely vegetated gr eywack e s  and vo lcanics surrounding i t . The 
perido1i te is an a lp ine-type har zburgite ma s s i f  covering app roximate ly 
6 4 0  km . The per ido t i te was the location of the Chapman Conference on 
Partial Me l t i n g  in the Earth's Upper Mantle, Sept . 1 0 - 1 4 th 1 9 7 6. The 
photograph is approx ima t e ly 5 0  km acro s s . 
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FOREWORD 

The Ame r i c an Geophy s i c a l  Un ion Chapman Conference on P ar t i a l  
Me l ting in  t h e  E a rth ' s  Upper Mantle  wa s h e l d  September  l 0 - l 4 th ,  1 9 7 6  
in s outhwe s tern Oregon . The conference in c lud ed a one day mee ting in  
B rook ings Ore gon and a 3 l/ 2 day f ie l d  trip to the Jo sephine P e r idotite . 
F i f ty- two s c ient i s t s  and s tud en t s  from the U . S .  and abroad a ttended and 
twenty- four pape r s  we re pre sented . 

-, 
The purpo se  o f  the c on ference wa s to bring together s c ienti s t s  

work ing on the proc e s s e s  invo lved in the formation o f  magma s in  the 
l aboratory with tho s e  worke r s  who are looking for evidence of magma 
generation in the f i e ld . The Jo s eph ine P e r idotite wa s chosen as the 
s i te for the con feren c e  as it cons i s t s  of some 6 4 0  km

2 
of r e l a t ive ly 

fresh  uppe r mant l e  perido t i te . Th i s  peridotite ma s s i f  contains  many 
features  whi c h  may be p roduc t s  of the me l t i ng proc e s s , and h a s  been 
s tudied in some deta i l  by the c onvenor . 

Th i s  vo lume pre sents  the r e s ul t s  o f  the Chapman Con fe rence with 
the in tent o f  p roviding a review of current and pa s t  r e s e arch on magma 
generation . The pape r s  cove r a dive r s i ty of top i c s and shou ld provide 
the reader wi th a f a i rly bro ad perspe c t ive on the prob lems i nvolved in 
s tudy ing the o r i g i n  o f  magma s . 
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EXPERIMENTAL MELTING STUDIES 

SOLUBILITY OF VOLAT I LES I �  SILICATE MbLTS UNDER THE P RESSURE AND 
TEMP ERATURE C O:'JD I T I ONS OF PART I AL MELT I N G  I N  THE U P P E R  lv1ANTLE 

B j¢rn 0. Hys e n  
G e ophy s ica l"Labora tory 

Car neg i e  I n s ti tution o f  Wa sh i n g ton 
Wa s h i n gton , D . C . 2 000 8 

Ab s t ract 

Ava il abl e  da ta on the s ol ub il i ty of H 2 0 , C 0 2 , a nd S 0 2 in s il i cate 
me l t s  a t  h i gh pre s s ur e  are reviewed . I t  i s  emp ha s i ze d  tha t ( l )  the s o l u
b il i ty o f  H 2 0  i s s e vera l t ime s  grea ter tha n  that o f  bo th C 0 2  a nd S0 2 ;  
( 2 ) the s ol ub i l ity o f  H 20 i s  e s s e n tially depend e n t  o n l y  o n  pre s s ure , wher e 

a s  the s ol ub i l i ti e s  o f  C0 2 and S0 2 probab l y  dep end on temp er ature a nd b ulk 
compo s i ti o n  in add i tion to pre s s ure . The s o l ub il i ti e s  o f  carb o n  d i oxide 
and s ul fur d i o x i de i n cr ea s e  w i th bo th i n c r ea s i n g  pre s s ure a nd i ncre a si n g  
temp era tur e . The s o l ub il i ty o f  C 0 2 , a nd po s s ib l y  tha t of S0 2 , are a l s o  
po s i ti vely c o r r ela ted wi th the b a s i c i ty o f  the me l t .  

B e ca u se o f  th e  lar g e  d i f ference  i n  the s ol ub il i ty o f  H 2 0 , C 0 2 , and 
S0 2 , par t i a l  me l t i ng o f  a vo la ti l e -bea r i n g  man t l e  w il l  re s ul t i n  a re s id ue 
tha t i s  mo s t  s trong ly e n ri ched i n  the vo la t i l e  comp o ne n t  that i s  the l ea s t  
s o l ub l e  i n  s i l i cate me l t .  S uc h  vapor fra c t i ona tion b e come s more e f fe c t i ve 
the mor e a c i d i c  the ma gma . 

S ome mod e l s  o f  par t ial me l t i n g  a nd fra c ti o n a l  crys ta l l i za tion i n  a 
vol at i l e -bearing upper ma ntl e are re vi ewe d i n  the l ight o f  s o l ub i l i ty 
me chani sms o f  H 2 0 a nd C 0 2 i n  s i l i cate me l ts a nd the d i f f er e n t  r e la t i ve 
s o l ub i l i ti e s  o f  the vola t i l e  c omponen ts  i n  the me l ts . 

In t r o duc t i on 

E v i de n c e  from f l uid i n cl us i on s  i n  man tl e -der i ved mine r a l s  and the 
pre s e n c e  o f  hydrous and carbo na te mi nera l s  ( s e e  Ir v ing a n d  Wy l l i e , 1 9 7 5 , 
for  review ) i nd i ca t e  the pre s ence o f  C 0 2 a nd H 2 0 i n  the man tle . The pre 
domina n t  s pe c i e s  i n  vol cani c ga s e s  ar e H 2 0 , C 0 2 , and S0 2 ( No rd l i e , 1 9 7 1 ; 
Ande r s o n , 1 9 7 5 ; Ge r l a c h  a n d  No r d l i e , 1 9 7 5 a , b , c ) , s ugge s ti n g  tha t  S 0 2 , i n  
addi t i on t o  C 0 2 a nd H2 0 ,  may o c c ur i n  the upper mantle . 

D a ta on pha s e  r e l a t i o n s  o f  vo la ti le -bear i n g  s i li c a te s y s tems 
re l ev a nt to par tia l me l ti n g  in the upper man t l e  h ave l ed to th e  s ug ge stion 
tha t H 2 0 a nd C 0 2 may be  imp o r t ant i n  c on trol l i n g  the c ompo s i tions  o f  
par t ia l  me l ts o f  vo la t i l e -bear in g  per idot i te a t  h i gh pre s s ure a nd temp er 
a t ure (Ku s h i r o >  Yo de r> a n d  Nis h i k awa , 1 9 6 8 ;  Kus h i r o , 1 9 6 9 , 1 9 7 2 , 1 975 ;  
Eg gle r ,  1 9 7 3 ,  1 9 7 4 , 1 9 7 5 , 1 9 7 6 ;  My s e n  a n d  B o e t tc h e r , 1 9 7 5a , b ;  H u a n g  a n d  
Wy l l i e , 1 9 7 4 ; Wy l l i e  a n d  H u a n g , 1 9 7 5 , 1 9 7 6 ; B r e y a n d  Gr e e n , 1 9 7 5 ) . Da ta o n  
the s o l ub i l i ty o f  the volatil e s  i n  s il i c a te me l t s  and a n  under s ta nd i ng o f  
the s o l ub il i ty me cha ni s ms are ne c e s sary for e val u a t i ng mode l s  o f  ma gma 



gene s i s  in the up per ma ntl e . Th is paper presents a review o f  recent da ta 
on the so l ub i l i ty o f  volati le s i n  s uch me l ts and give s  comments on some 
mode l s  for ma gma gene ra tion (pa rtia l me l ting and fractiona l  cry s tal l i za ti o� 
in a vo la ti le-bea ri ng upper ma ntle . 

So l ub i l i ty Da ta 

Re cently , a con s i derab l e  amo un t  o f  da ta on the s o l ub i l i ty o f  H 2 0 
and C 0 2 i n  both s imp le mode l and na tura l comp le x  s i l i ca te me l t s  ha s 
accumul ated . The s o l ub i l i ty o f  s ul fur sp e c i e s  a t  p re s s ure s and temp e rat
ure s  corresponding to  the  uppe r  mantle ha s n o t  been  determine d e xp e r ime nt
a l l y , la rge ly because of s e ve re expe rimenta l  di f ficul ti e s  . .  Some ve ry 
recent p re l imina ry r e s ul ts ( B . O . My s e n  a n d  R . J. A r c u l u s , unp ub l i shed data ) 
are pre s en te d  and di s c us se d . The ma in empha s i s  in  thi s  review , howeve r , i s  
o n  the so l ub i l i ty o f  H 2 0 and C 0 2 under p re s s ure and temp e ra ture condi tions 
re levant to ma gma gene s i s  in the up pe r ma ntle . 

Wa t e r  So l ubi l i ty 

The f i rs t data on H 2 0 s o l ub i l i ty i n  na tura l  rock me l ts a t  h i gh 
pre s s ure s were p ub l i shed by Go r a n s on ( 1 9 3 1 ) . Hami l t o n ,  B u r n h am ,  a n d  O s b o r n 
( 1 9 64 )  found tha t the i r  s o l ub i l i ty data for ba sa l t  and ande s i te to PH 2 o  = 
6 kbar were con s i s tent w i th the model o f  wa ter s o l ub i l i ty o f  Wa s s e rb u rg 
( 1 9 5 7 ) , w ho s ugge s te d  tha t water di s so l ved i n  s i l ica te me l ts by forming OR

thr ough i nte raction b e tween H 2 0 a nd b r i dging oxygen i n  the s i l i cate me l t .  
On the ba s i s  o f  the rmodynamic data o n  H 2 0 a t  h i gh p re s s ure s a nd temper
a ture s ( B u r n h a m ,  Ho l low a y , a n d  D a v i s , 1 9 6 9 )  and  on hydrous s i l i ca te me l ts 
to 1 0  kba r and l l 0 0 ° C (B u r n h a m  a n d  D a vi s , 1 9 7 1 , 1 9 7 4 ) , B u rn h am ( 1 9 7 4 , 1 9 7 5 )  
conc l uded tha t  the s i mple concept o f  OH- forma t i on i n  the me l t  doe s  no t 
a dequatel y expla i n  th e expe rime n ta l  da ta . B u r n h am ( 1 9 7 4 ,  1 9 7 5 ) , therefore , 
propo s e d  a new model for H 2 0 s o l ub i l i ty i n  s i l i ca te me l t s  a t  h i gh pres s ure . 
B u rn h am ( 1 9 7 4 ) fo und tha t fo r H 2 0 contents  o f  me lts  up to 5 0  mo le  % ,  the 
s o l ub i l i ty of H 2 0 ( mo l e  fraction o f  H 2 0 in me l t ,  xH 20

n ) wa s p roportiona l  to 
the s q ua re roo t  o f  the wa te r fuga c i ty ,  fH2 0· Wi th Xn 2om > 0 . 5 ,  the 
wa te r s o l ub il i ty wa s found to va ry exponen t ia l l y  w i th !H 2 0 ( Fi g . l ) . 
B u r n h am ( 1 9 7 4 ) thus propo s ed the fol low ing two i dea l i zed s o l ub i l i ty mech
ani sms for H 2 0 ,  us in g the s y s tem NaAl S i 3 0g -H 2 0 a s  e xamp l e : 

F o r  XH 2 om _:_ 0 .  5 ,  

( 1 ) 
Fo r m 

XH 20 > 0 .  5 ,  

A1 S i 3 0 7 (0H ) + ( 2 ) 

Thi s  mode l wa s used s ucc e s s ful ly to predi ct H2 o s o l ub i l ity for a var i e ty o f  
s i l i ca te me l t s  t o  a t  l ea s t 1 0  kbar pre s s ure ( B u r n ham , 1 9 7 5 ) . � u r n h am ( 1 9 7 4 ) 
a l s o  s howe d  tha t ,  provi ded the compone n ts o f  the me l t  a re cho sen approp 
ria te ly , the mo lar s o l ub i l i ty o f  H 2 0  doe s  not depend on bulk compo s i ti on o f  
the s i l i ca te me l t ,  a t  l ea s t  w i thin the pre s s ure and tempera ture range 
s tudie d by him a nd coworke r s  ( <  1 0  kba r and < l l 0 0° C ) . I t  i s , howeve r , 
po s s ib l e  tha t at p re s s ure s in e xc e s s  o f  1 0 kba r , wa te r may a l s o  d i s s olve 
as mo lecular H 2 0 (Ho dge s ,  1 9 7 4 ) . 
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S o l ution o f  H 2 0 ,  accord
ing  to the mode l of B u r nh a m  ( 1 9 7 4 , 
1 9 7 5 ) , grea tly modi f i e s  the s i l i 
c a te me l t  s truc ture b y  breaking up 
- 0 - ( Al , S i ) - 0 - polyme r s . Independ
ent evi den c e  in s upport of th i s  
idea has  been ob tai ned by dete r 
mi nation o f  in frared spectra o f  
H 2 0 -bearing  mel ts quenched at h i gh 
pre s s ure ( Or l o v a , 1 9 6 4 ; Ve l d e  a nd 
Kus h i r o , 1 9 76 ) , by compar i s on o f  
da ta o n  the vi s co s i ty o f  hydrous 
and dry s i l i cate me l ts a t  h i gh 
pre s s ure ( Sh aw , 1 96 3 ;  B ur n h am , 
1 9 6 3 ;  Ku s h i r o ,  Yo d e r ,  a n d  My s e n , 
1 9 7 6 ) , and by dete rmi na tion o f  the 
e f fe c t  o f  H 2 0 on s h i fts o f  c r i t
i cal l i quidus boundar ies  i n  s i l i 
c a te sys tems relevant t o  rock
formi ng proce s s e s  in the mantle 
( se e  Ku s h i r o , 1 9 7 5 , for review ) . 

Large quanti t i e s  o f  H 20 
c an be d i s s o lve d  unde r pre s s ure 
conditions c orre sponding to those 
of  the uppe r man tle . Data o f  
B o e t t c h e r a n d  Wy l l i e  ( 1 9 6 9 ) , 
B u r n h a m  a n d  D a v i s  ( 1 9 7 1 , 1 9 7 4 ) , 
and Ro s e nha u e r  a n d  Egg l e r  ( 1 9 7 5 ) 
show e d  tha t  the s o l ub i l i ty in 
typ ical  me l ts may i nc re ase from 
about 1 0  w t . % near 1 0  kbar to 
about 30 w t .  % at 30 kbar . On a 
we i gh t  bas i s , there i s  a compo s 
i t i on a l  dependenc e o f  H 2 0 s o l ub
i l i ty ( Fi g .  2 a ) , b ut r e c a l c ul ated 

I 

to mo l a r  s o l ubi l i ty 
us i ng the me thod 
de s c r ibed by B u r n h a m  
( 1 9 7 4 ) , this  comp -
o s i tional dependenc e 
become s ne g l i gible 
( Fi g .  2 b )  . The 
tempera ture depend
ence of H 2 o s o l ub 
i l i ty i n  s i l ic ate 
me l ts is a l s o  sma l l  
(Kadi k ,  L e b e d e v ,  a n d  

K h i t a r o v , 1 9 7 1 ; 
B u r n h a m  a n d  D a v i s , 

2 
A 

o ��---L----�------�� /· o�==�-L----��----�� 

2 1 9 7 4 )  and apparently 
ne ga ti ve at  pres 
s ure s below 1 0  kba r  
and temperature s 
be low l l 0 0 ° C .  At 
h i ghe r  pres s ure s and 
temperature s ,  the 
H 2 0 content  o f  s i l i 
c ate me l ts may 
increa s e  w i th 
increa s in g  temper
ature ( Ka di k ,  

0 4 8 12 0 20 40 60 
WI% Mole% 

Fig . 2 . S o l ub i l i ty o f  H 2 0 i n  bas a l t ,  ande s i te ,  
and alb i te mel t s  ( data from H a m i l t o n ,  B ur n h a m ,  a n d  
O s b o rn , 1 9 6 4 ; B urn h am a n d  D a v i s , 1 9 7 4 ) . ( a )  Wt . % 
H 2 0 ;  ( b )  mo l e  % H 2 0 ( ca l c ulated according  to the 
scheme propo sed by B urn h am , 1 9 7 4 ) . 
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L e b e d e v ,  a nd K h i tar o v , 1 97 1 ) . Unfor tunate l y ,  sy s tematic  s tud ie s  o f  the 
tempera ture dependence o f  water solub i l i ty a t  PH 2 o > 1 0  kbar are sc arce , 
mak ing a detailed compar i son w i th other vo l a t i le s  d i f f ic ul t . 

C a rb on D i o x i de So l ub i l i ty 

The impor tance o f  C 0 2 
with re spe c t  to the mel ti ng 
relation s  o f  mantle rocks has 
recently been rea l i zed ( Eg g l er ,  
1 9 7 3 , 1 9 7 4 , 1 97 5 , 1 9 7 6 ; My s e n a n d  
Bo e t t c h er , 1 9 7 5 a , b ;  B r e y and 
Gr e e n , 1 9 7 5 ;  Ma a l¢ e  and Wy l l i e , 
1 9 7 5 ; H u a ng and Wy l l i e , 1 9 7 4 ; 
Wy l l i e  and H u a n g , 1 9 7 5 ,  1 9 7 6 ) . 
A cons iderable amount o f  data on 
C0 2 solubi l i ty in s il ic a te mel t s  
h a s  accumulated s ince then ( Egg l e r ,  
1 97 3 ; My s e n , 1 9 7 5 ,  1 9 7 6 a , b ;  K ad i k  
a n d  Egg l e r , 1 9 7 5 ; Egg l e r ,  My s e n 
and S e i t z , 1 97 4 ; My s e n, A r c u l u s ,  
and Eg g l e r , 1 9 75 ;  My s e n e t a l . , 
1 97 6 ;  Ho l l o w a y ,  My s e n  and Eg g l e r ,  
1 97 6 ) . The so l ub i l ity o f  C 0 2 , 
in contr a s t  to tha t  o f  H 2 0 

� 0 Ll 

30 

.:<. 20 "' 
::J U1 U1 "' 
D: 

10 

DIOPSIDE 

depend s s trongly on bulk 
compo s i t ion and tempera ture . 
Fur thermore , the amount o f  C 0 2 
that can d i s solve in  a s i l i c ate 
me l t  i s  much sma l le r  than that 
of H 2 0 at the s ame pre s sure 
and temper a ture ( F i g . 3 ) .  

F i g . 3 .  Sol ub i l i ty o f  H 2 0 and C 0 2 in 
CaHgS i 2 0 6 me l t  to 3 0  kbar . H 2 0  data 
alo ng the d iop s ide sol idus from Ro s e n 
h a u er and Eg g l er ( 1 9 7 5 ) . C 0 2 data at  
1 6 2 5 ° C from My s e n e t  a l . ( 1 9 7 6 ) . 

A comp ar i so n  of C 0 2 
s o l ub i l i ty in  j ade i te and d iops ide 
mel t  ( F i g . 4 )  reveal s a d i rec t 
dependence on the bulk compo s i 
t io n o f  the me l t . A more 
dramatic i l l ustrat ion o f  thi s  
e f fec t h a s  bee n observed in 
mel t s i n  the c ompo s it ional range 
2 8 - 6 5  wt . % Mg 2 S i 0 4 along the 
j o i n  Ca 2 S i 0 4 -Mg 2 Si 0 4 ( F i g . 5 ) . 
In analogy with the c r y s t al l i ne 
counterpar ts , me l t s  a l ong thi s  
j oin  are probab l y  pol ymer i ze d  
o n l y  t o  a sma l l  de gree . The 
so l ub i l i ty o f  C 0 2 i ncre a se s  
r ap id l y , however , a s  the l arni te 
component o f  the me l t  incre a se s . 
Carbon d ioxide solub i l i ty i s  al so 
p o s i tive l y  corre l a ted w i th the 
proportio n  o f  bas ic oxide o f  
f ixed comp o s ition (e . g . , Na 2 0 )  
as shown i n  F i g . 6 for a l b i te ,  
j ade i te ,  and nephel ine mel ts . 
The s o l ub i l ity c urve s  for mel t s  
with le s s  than 1 4  mole % Na 2 0 
( albite )  are dashed because 

o f  l ack o f  data . 

3 0  

.... 
c 
�20 
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2 0  
Mole %C02 

T=1625 °C 

3 0  

F i g . 4 .  Carbon dioxide solubi l i ty in 
CaM g S i 2 0 6 and NaAl S i 2 0 6 me l t s  to 3 0  kbar 
at 1 6 2 5° C ( data from My s e n  e t  a l . , 1 9 7 6 ; 
My s e n ,  1 9 7 5 ) . 
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Fi g .  5 .  S o l ub i l i ty o f  c o 2 a l on g  the join  
ca 2S i0 4 -Mg 2 S i0 4 ( data from Ho l l ow a y ,  My s e n, 
and Egg l e r , 1 9 7 6 ) . 
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F i g . 6 .  c o2 s o l ub i l i ty ( mo l e  % w i th 
0 = 8 in cheml c a l  formu l ae ) as  a f unc t 
i o n  o f  bas i c  o x i de ( Na 20 )  a t  l 6 25 °C 
( data from My s e n , 1 975 ) .  

- Fi g .  7 .  Temperature depe ndence o f  c o 2 s o l u 
b i l i ty i n  s i l ic ate me l ts ( a )  a s  a f unct i on o f  
pre s s ure ( My s e n , 1 9 75 ) , and (b ) a s  a func tion 
of ba s i c i ty of s il i c ate me l t  ( My s e n , 1 9 75 ) . 



Carbon dioxide contents o f  al l me l ts s tudied thus far show some 
increase w i th incre a s ing temperature . In mos t  case s , the rate o f  
increase , (dXco 2me l tjdT ) p , increases  w i th incre asing press ure ( Fi g .  7 a )  
- - that i s  ( d 2xco 2me l tjdT dP )  > 0 .  I n  ge neral , (dXco 2me l tjdT ) p and 
(d 2xc0 2me l tjdTdP ) a l s o  increase w i th i nc re as i ng bas i c i ty* of the me l t  
( F i g .  7 b ) . Increas i ng b as i c i ty o f  a s i l i c ate me l t  i s  us ually corre lated 

w i th a decre asing degree of po lyme ri zation . For example , j adei te me l t  is 
l e s s  polymeri z e d  than alb i te me l t ,  and as c an be s e en from the data in Fi g .  
7b , (dXC02Jd me ltjdT ) p > (dXc 0 2

Ab me l tjdT ) p and 
(d 2xc o zJd me l tjdTd P ) > (d 2xc o 2Ab me l t;dTdP ) .  

Hol loway , My s e n , a n d  Egg l e r ( 1 9 76 ) have recently shown , how ever , that the re 
is  an upper l imi t to the pos itive temperature dependenc e of C 0 2 s o l ub i l i ty .  
S i l ic ate me l ts approach a s tr uc tura l s ta te o f  random di s order w i th 
incre a s i ng temperature (Adam a n d  Gibbs , 196 5 ) . I t  has been proposed 
( H o l l o w ay , My s e n , a n d  E g g' l e r , 1 9 7 6 ; My s e n  e t  a l . , 1 9 76 )  that the pos i ti ve 
temperature dependence o f  the s o l ub i l i ty o f  carbon dioxide i n  s i l i c ate 
me l ts i s  c ause d  by an incre as ing activi ty o f  the oxygen ion w i th incre a s i ng 
temperature . The re fore , the amo un t o f  c arbonate i n  the me l t  incre a s e s  w i th 
increasing temperature . Afte r  the me l t  i s'comp l e te l y  depo lyme r i zed , 
how ever ,  further increase i n  temperature may r e s ult in decre a s i n g  te mper
ature dependence of the C 0 2 s o l ubi l i ty .  Th is  te ndency is obse rved along 
certa in portions of the j oi n  La-Fo and for natural o l i vi ne me l i l i te ne ph 
e l ini te ( Fi g .  8) at ve ry h i gh tempe ratures (� 1 7 0 0 °C ) . 
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Fi g .  8 .  Temperature inve r s i ons o f  C0 2 
solub i l i ty .  ( Data on the Fo-La join  
from Hollo w a y ,  My s e n ,  and Egg l e r ,  1 976 . 
Data on natural o l ivine me l i l i te ne ph
e l in i te ( OMl ) from My s e n , A r c u l u s ,  and 
Eg g l e r ,  1 9 7 5 , and unpub l i she d data . ) 

In a l l  likel ihood , 
parti a l  me l ting in the upper 
mantle occurs in  the presence o f  
mul ticompone nt vo l ati l e s  (bound 
i n  minerals  o r  as a separate 
vapor phase ) , as evidenced , for 
e xample , by the pre sence of both 
H 2 0 and C 0 2 i n  vo lcanic  ga ses  
(An de r s on , 1 9 75 ) . Data  on  the 
s o l ub i l i ty o f  co 2 in hydrous 
s i li cate me l ts have been obtain
ed by Egg l e r  ( 1 9 7 3 , 1 9 7 4) ;  Kadi k 
a n d  E g g l e r  ( 1 9 7 5 ) ; My s e n ,  
A r c u l u s ,  a n d  Eg g l e r  ( 1 9 7 5 ) ; 
My s e n  e t  a l . ( 1 9 76 ) ; and My s e n  
( 1 9 7 6 b ) . Al l the s e  data show 
that C0 2 s o l ubi l i ty i n  me l ts i s  
a ffe c te d  b y  the pr esence o f  
di s s olve d  H 2 0 .  I n  F i g . 9 a , b ,  
the s o l ub i l i ty o f  C 0 2 i n  hydrous 
ne phe l i ne me l ts is shown as a 
function o f  mo lar C0 2 / ( C 0 2 + 
H 2 0l , pre s s ure , and temperature . 
I t  i s  c le ar that d i s s o l ve d  H 2 0  
re s ults i n  an increase i n  the 
C0 2 s o l ub i l i ty ;  the C 0 2 solubi l 
i ty curve s pas s through a 
maximum as  the fH2o i s  increased 
be fore the e f fe c t  of d i l ution o f  
the C 0 2  vapor by H 2 0 lowers the 
s aturation C0 2 conten t of the 
me l t .  In Fi g .  1 0 , both H 2 0 and 

C0 2 conte n ts o f  albi te me l t  in equi l ib ri um w i th a ( C 0 2 + H 2 0 )  -be aring 
. 

vapor are shown . In contras t to the C-shaped C 0 2 s o l ub i l i ty c urve s , the 
H 2 0  s o l ub i l i ty de cre ases continuous ly w i th increasing activi ty o f  C 0 2 

x Bas i c i ty i s  de f ined as mo lar propor tion o f  b a s i c  oxide i n  the me l t  
(Pe a rce , 1 96 4 ) . 
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Fig . 9 .  Carbon 
d i oxide s o l ubi l i ty 
in hydrous NaAl S i 0 4 
me l t  ( a )  as a 
func tion o f  mo l a r  
C 0 2 / (C 0 2 + H 2 0 )  and 
tempe rature , and 
(b ) as  a func tion 
of mo l a r  C 0 2 / (C 0 2 
+ H 2 0 )  a nd pres s ure 
(data from My sen , 

241 9  75 ) . 
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Fi g .  1 0 . C 0 2 and H 2 0 s o l u
bili ti e s  in albi te me l t  a s  a 
func tion o f  mo la r C 0 2 / (C 0 2 + 
H2 0 )  at l 4 5 0 ° C  and 2 0 kbar · 

(data from Mysen , 1 9 7 5 ) . 

(decreasin g  ac tivi ty o f  H 2 0 ) . 

Three ma j or types o f  s i l i c ate 
partial me l ts can be formed from a pe rido
tite + H2 0 + C 0 2 source ( My sen and B oe t t 
c her , l 9 7 5 b ; Egg ler , 1 9 7 4 , 1 9 7 5 ) . These 
me l ts a re ande s i ti c  under H 2 0 -rich  cond
i tions , tho le i i ti c  wi th approxima te l y  equal 
p roportions o f  C 0 2 anq H2 0 ,  and o l i vi ne 
ne phe l ini tic  (or  o l i vi ne me l i l i te ne phe l 
ini ti c )  w i th mo la r C 0 2 > mo l a r  H 2 0 .  My sen , 
A r c u l u s ,  and Egg ler ( 1 9 7 5 ) mea s ured the C 0 2 
s o l ub i l i ties  i n  s uch mel ts under both H 2 0 -
free and hydrous condi tion s . Some o f  the i r 
data are reproduced i n  Fi g .  1 1 , show i n g  
that the s o l ub i l i ty o f  c o 2 in  natura l rock 
me l t s  c l o se ly resemb le s  tha t in  s imp le 
sys tems s uch as  tho s e  al ready d i s c us sed . 

Albi te me l t  may be used to i l l us 
trate the di f fe rence i n  s o l ubi l i ty behavior 
of H 2 o and C 0 2 i n  s i l i ca te me l ts , and to 
explain  the e ffe c t  of H 2 0 on C 0 2 s o l ubi l i ty 
a s  w e l l  a s  the e f fe c t  o f  C 0 2 on H2 0 s o l u 
bi l i ty .  By s tudying i nfrared spectra ,  i t  
h a s  been shown ( Mysen , A r c u l u s ,  a n d  Eg g ler , 
1 9 7 5 ; My sen e t  a l . , 1 9 7 6 ; My sen , l 9 7 6 a , b )  
that i n  both H 2 0 - f ree and hydrous s i l i ca te 
me l ts carbon di oxide d i s s o l ve s  both a s  
mo lecular  C 0 2 a n d  a s  c o 3

2 - anion . The 
proportion o f  c o 3

2 - i nc rea s e s  w i th incre a s 
i n g  temperature , increa s i n g  ba s i c i ty , and 
decreasing  pre s s ure . Mysen ( l 9 7 6 b )  a l s o  
note d  tha t  the proportion of carbona te i n  
albi te me l t  increa s e s  i n  hydro us me l t  
re lative t o  anhydrous me l t .  Bicarbonate 
was neve r  observe d . 

Sol ution o f  H 2 0 i n  a l b i te mel t  c an be i l lus trated w i th equations 
( l ) and ( 2 ) .  S o l ution of C 0 2 in  hydrous albi te me l t  wa s i l l us trate d  by 

My se n ( l 9 7 6 b )  by the equation 

( 3) 
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Fi g .  11. C02 
s o l ub i l i ty i n  me l ts 
o f  ande s i te (CA), 
tho le i i te (Kl92l), 
a nd o l ivine me l i l i te 
nephe l i n i te ( OMl) 
c ompos i tions ( da ta 
f rom My s e n , A r c u l u s , 
a n d  Eg g l e r , 1975). 

where a s  so lution o f  co2 in anhydrous a lb i te me l t  ( predominantly mo l e c ular 
C 0 2 ) i s  approxima te d  by the equation 

YNaAlSi30g(m) + XC02(v) = YNaAlSi30g(m) + C 0 2 (m) + (X - l)C02(v) (4) 

where X > l and Y > l .  

The formation o f  carbon a te i n  the pre se nc e  o f  H20 r e s u l t s  from the 
s tabi l i za tion of Na 2 C 0 3 (m ) by exchanging OH- [eq . ( l)) w i th carbona te . The 
maxima on the co2 s o l ubi l i ty c urves o c c ur where a l l  exchangeabl e  cat i ons 
( e . g . , Na20; s e e  also Burnham, 1975) have bee n  used to s tab i l i ze ca rbona te 
( My s en , l976b). Even h igher fH2o than tha t require d  to reach the maximum 
co2 s o l ub il i ty resu l ts in  l ower1ng o f  the C 0 2 s o l ub i l i ty because o f  the 
d i lution e f fe c t  on co2 o f H20 . Consequentl y , the s o l ub i l i ty ma ximum seen 
i n  Fig . 9 ,  as i n  a l l o ther hydrous s i l i ca te me l ts s tudi e d  ( Eg g l e r, 1973, 
1974; My s e n , 1975, l976b; Ka di k a n d  Egg l e r ,  1975; My s e n, A r c u l u s , a n d  
Eg g l e r , 1975; My s e n  e t  a l . , 1976), would  be  expe c te d . 

Su l fur D i oxi d e  Solub i l i ty 

The role o f  s u l furous ga s sp e c i e s  i n  the mantle i s  le s s  w e l l  known 
than tha t  of C0 2 and H20. S u l f i de s  o c c ur i n  p e r i do ti te nodules from 
k imbe rl i te and a l k a l i  ba sa l ts ( Wh i te, 196£; H a r ri s , 1972; Bis h o p ,  Sm i t h ,  
a n d  Daw s o n , 1975). The level s  o f  fs and fo2 requi red to s tab i l i ze S02 
re la ti ve to re duc e d  s ul f ur spe c i e s , �owe ve r ,  are known only fo r pre s s ure 
condi tions near l atm ( Ge r l a c h  a n d  No rd l i e, l975c), whe re C02, S02, and H20 
appear to be the s tab l e  spe c i es i n  e q ui l ib r i um w i th b a sa l ti c  me l ts . In 
view o f  the s e  obse rvations , a few pre l imi nary e xperiments  on the s o l ub i l i ty 
o f  S02 in  albi te me l t  have be en carried  out a t  15-30 kba r p re s s ure ( My s e n  
an d  A r c u l u s , unp ub l i shed data) using  s ul fur- 3 5  a s  the source o f  be ta 
parti c l e s  for be ta- track mapp i ng o f  s ul fur i n  quenched gl a s s e s  ( My s e n  a n d  
Se i tz ,  1975). 

The s o l ub i l i ty da ta for S02 i n  albi te me l t  a r e  shown i n  Fi g .  12 
and c ompa re d  w i th the so l ub i l i ti e s  of H2 0 a nd C02 i n  s imi la r  me lts  and 
unde r s imi lar  conditions i n  Fig . 13. The 802 s o l ubi l i ty c urve s resemb le 
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tho s e  o f  C0 2 ; S 0 2 contents  increase 
wi th inc r easing temperature and with 
incre a s i n g  pres s ure . The s o l ub i l i ty 
o f  S 0 2 i s  e ve n  l owe r than that o f  
C 0 2 , probably reflecting the l a rge r 
s i ze o f  the s o 2 mo l e c ul e . 

D i s c us s i on 

The di f ferent e f fe c ts o f  
H 2 0 and C0 2 o n  phase  relations o f  
perido t i tic sys tems under upper 
man tle condi tions can be under s tood 
by c on s idering the di f ferent s o l ub
i l i ty me chanisms of  the two compo n
ents i n  s i l i c ate mel t s . S o lu tion o f  
H 2 0 re su l ts i n  breakage o f  bri dging 
o xygens in te trahe dral polymers , 
whe rea s  solu ti on o f  c o 2 re su l ts i n  
an inc reas i ng degree o f  po lymeri 
z a tion o f  the s i l i c ate me l t .  
Consequently , l i qu i dus boundaries 
be tween two c ry s ta l l ine phases  
having di f ferent de gre es  of  poly
me r iz a t i on ( e . g . , o l ivine and ortho 
pyroxene ) wi l l  be shi fte d  toward the 
s il i ca-rich s ide o f  the sys tem with 
i nc r e a s i n g  ac tivi ty o f  H 2 0 .  
Incre a s i n g  ac tivi ty o f  C0 2 re sul ts 

in a shi f t  toward the 
si l i ca -poor s ide o f  
the s y s tem . I t  has 
been observed that 
h i gh H 2 0 activi ty i n  
perido ti te upper 
mantle res ul ts in 
me l ts o f  ande s i ti c  
a f fini tie s , whereas 
c o 2 -rich condi tions 
y i e ld me l t s  of  the 
ne phe l i ni ti c  type 
( My s e n  and B o e t tche r ,  
1 9 7 5 b )  . These  experi 
men ta l  obse rvations 
are i n  a ccord wi th the 
in ferre d e ffects  o f  
di s s o l ved vo l at i le s on 
th e s i l i cate me l t  
s truc ture s . 

Fig . 1 3 .  Comp a r i so n  o f  da ta on H 2 0 ,  C0 2 , and so 2 
solu bi l i ty in albi te me l t .  C0 2 and s o 2 data at 
1 4 5 0 ° C  ( data from My s e n ,  1 9 7 5 , and u npub l i shed da ta 
by My s e n  a n d  A r c u l u s). H 2 0 data along the albi te 
H2D s o l i du s  ( data from B ur nham an d Dav i s , 1 9 7 4 ; 
B o e t tche r a n d  Wy l l i e , 1 9 6 9 ) . Mo l ar s o l ub i l i ties  
are  c a lcu l ate d  with 8 oxyge ns in chemi c al formul ae . 

As a magma at 
h i gh p re s su re (� 1 0  
kbar ) coo l s  and pre 
c i pi tate s mine r al s , 
the activi ty o f  co 2 i n  
the me l t  incre a s e s  
more r apidly than that 
of H 2 0 .  Thi s  i nc re ase 
in C 0 2 act i vi ty i s  
cau s e d  b y  the rathe r 
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stro ng po s i tive temperature dependenc e  o f  the co 2 s o l ub i l i ty and by the 
lowe r so l ub il i ty o f  C 0 2 comp ared w i th H 2 0 .  A consequence o f  this  s i tuation 
is that , if fo r examp l e  a ( C 0 2 + H 2 0 ) -bea r i ng magma ( e . g . , tho le i i te) 
ini t i a l ly prec i p i ta te s  o l ivine , as  the re s u l t  o f  c ry s ta l l i z a tio n ( even 
under ne a r  cons tant tempe rature co ndi tions ) ,  r ap id ly incre a s in g  ac tivi ty o f  
co 2 a t  h igh pre s s ur e s  may r e s u l t i n  a n  abrupt change t o  o r thopyro xene 
cry s ta l l i z atio n . Thus , the r e s i dual l i quid may i ni ti a l l y  fractionate 
toward more  s i l i ca - rich c ompo s i tions  and then trend toward s i l i c a  under
saturatio n . Egg l e r  ( 1 9 7 4 )  s ugge s te d  tha t  th i s  p r inci ple may be the c aus e 
o f  the e volution from tho l e i i ti c  to nephel i ni ti c  me l ts i n  Hawa i i , fo r 
examp l e . 

Even though data on s ul fur s o l ub i l i ty are s c arc e , i t  i s  s ugge s ted 
tha t  duri ng parti a l  me lting in  the upper mantle in the pre s ence o f  H 2 0 ,  
C0 2 , and S 0 2 , the me l t  � s  r i ch er in H 2 0 than i n  C0 2 ,  and probably richer 
in  C0 2 than i n  S 0 2 . The co exi s ting vapor wi l l  s how r e l a tive enri chme n ts 
oppos i te to tho s e  o f  the me l t .  Thi s  e ff e c t  i s  c a l l e d  vapo r fractionation . 

Be c ause C0 2 so l ub i l i ty ( and perhaps S 0 2 s o l ub i l i ty )  i nc re a s e s  with 
incre a s i ng bas i c i ty , whereas the compo s i tional e f fe c t on H 2 0  s o l ub i l i ty i s  
re l a t ive ly smal l ,  the e f fe c tivene s s  o f  vapor fractionatio n  w i l l  decrease  
the mo re b a s i c  the me l t .  For  examp l e , Eg g l e r ( 1 9 7 3 )  showe d that  a t  2 0 kbar 
a lb i te me l t  wi th mo l ar C0 2/ ( C 0 2 + H 2 0 )  = 0 . 0 5 could coexi s t  wi th vapo r  of 
C0 2 / ( C0 2 + H 2 0 ) = 0 . 7 5 .  He a l s o  showed that  d io p s i d e  me l t  at the s ame 
pre s s ure has a mo l a r  C0 2/ ( C 0 2 + H 2 0 )  be twe en 0 . 4  and 0 . 3 when co exis ting 
with a vapo r  o f  0 . 7 5 .  The ac tua l C 0 2 s a turation contents o f  the two 
liquids we re 0 . 9  and 3 . 5  wt . % ,  respective l y, fo r alb ite and diop s i de me lts .  
Neverthe l e s s , vapo r fractionation i s  s i gn i f i c an t  i n  c on trol l i ng the 
evo lutio n  o f  a me l t- c ry s ta l -vapo r  sys tem even for ba s i c  magmas s uch as  
ne phe l i ni te ( C 0 2 s o l ub i l i ty i s  about 5 0 %  hi gher than i n  diops i de me l t  under 
simi l a r  phys i c al cond i t ions ) .  

A co n s equence o f  the princip le o f  vapo r fractionation i s  that  
part i a l  me l ting o f  a ( C 0 2 + H 2 0 ) -be aring peridoti te mantle wi l l  resul t i n  
enri chme n t  in  C0 2 i n  the res idual mantl e , whe reas  the me l t  i tse l f  i s  
enriched i n  H 2 0 .  Th i s  C0 2 i s  p robab l y  re tained i n  the mantle a s  a c arbon
ate ( Eg g l e r , 1 9 7 6 ; Egg l e r ,  Ku s h i r o ,  a n d  H o l l o wa y , 1 9 7 6 ) . In  fac t , accord
ing to  the l a t te r  autho r s , s tabi l i z a t ion o f  carbon ate i n  the r e s i dual 
mantl e  re sults i n  greate r  enrichmen t  of H 2 0 over C02 in the par ti a l  me l ts 
than when i n  e qui l ib r i um wi th C 0 2 -rich  vapo r . Thu s , parti a l  me l ting 
r e s ul t s  i n  pre ferenti a l  deple tion of H 2 0  i n  the uppe r mantle . I t  would be 
expecte d  that th i s  pro c e s s  wi l l  re s u l t  i n  an uppe r mantle that is hete ro
geneous wi th re spect  to vapor compone n ts . Some con s e quences  o f  s uch a 
po s s ibi l i ty for the evo l ution o f  magmas i n  i s l and arcs  h ave be en di s c us s e d  
b y  My s e n ,  Ar c u l u s ,  a n d  Eg g l e r ( 1 9 7 5 ) . S imi larly , My s e n  a n d  B oe t t c he r  
( l 9 7 5 b )  u ti l i ze d  thi s  princip le to mod e l  the gene s i s  o f  ne phe l i n i ti c  ma gma s 
a s s o c i ate d  wi th k imberl i te . 
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Abs tr a c t  

The pri nc ipal  vo l a ti l e  spe c ie s  i n  the uppe r man t l e, H 2 0 and C 0 2 ,  
have been obs e rved, i n  e xp erimen tal s tudi e s, to have l a rge oppo s i ng e f fe c t s  
upon c ompo s i tion o f  parti a l  me l ts  o f  perido t i te . Hydrous l i q u i ds are mo re 
s i l i c a- s at ur a te d  than l i qui ds p roduced i n  the ab sence  o f  vo l at i l e s , whereas  
C 0 2 - s aturated liquids are le s s  s i l i c a - s a tura ted . The s e  s tudie s  have been 
conduc te d us i ng re l a t i ve ly l a rge amo unts  of  vol a ti le s . Vo l a ti l e s  are 
though t to be p re se n t  in  the mantle, howe ve r , i n  sma l l  amo unts  ( <  0 . 5  wt . 
% )  . For s uch sma l l  vo l at i l e  conten ts, s ub - s o l d i us perido ti te mine ral 
as semb l age s c on taining hydro us or c arbon ate mi ne r a l s  e xi s t  in  z o n e s  o f  
in v a ri a n t  v a p o r  c o mp o s i t i o n  ( Z I VC ) . B e c ause vapor i s , i s obari c a l l y  and 
i so the rma l ly , invari ant in comp o s i tion, i s obari c me l ti n g  of per i do ti te 
o c c urs  at the s ame temperature, forming the s ame l i qu i d  compo s i t i on , re ga rd
l e s s  o f  the ratio o f  C 0 2 to H 2 0  i n  the pe r i do ti te s o ur c e  re gion . 

Isobaric !-�co2 s e ctions at  1 5  and 3 0 kba r  for a to ta l H20 + 
C 0 2 con tent o f  0 . 1  w t  %, c on s tructe d us ing princ i p l e s  der i ve d  from s imple 
sys tems , are pre s e n te d  as e x amp l e s  of Z I VC- typ e me l ting . Amphibole per i do 
ti te ( +  vapor ) a t  1 5  kbar me l ts a t  about l l0 0°C to a ne phe l i ni ti c  l i q ui d .  
Ande s i t i c  l i quid c an be produc e d  on ly i f  C Oz i s  ab sen t .  Do l omi te -phl o go 
p i te pe ri do ti te (wi th o r  w i thout vapo r )  at  3 0  kba r  me l ts a t  about l 0 2 5 ° C to 
a me l i l i ti t i c  l iq ui d .  The p re s e nc e  o f  C0 2 i s  c r i tical  to the de ve lopme n t  
o f  s uc h  primary alkal ine  magma s . The amount o f  l i qui d produc e d  o f  e i the r 
ne phe l i n i t i c  o r  me l il i t i ti c  compo s i tion wo uld be s ma l l  (< 5 % ) ,  and wo uld be  
produc e d  w ith in abo ut 5 0 ° C of  the  s o l i dus temperature . Fo r hi ghe r de gre e s  
o f  me l tin g ,  the amo unts  o f  vo l ati l e s  pre s e n t  woul d be i n s u f f i c ie n t  to 
s aturate the me l t, and hence the e f fe cts o f  tho s e  vo l a ti le s  wo uld dimini sh, 
un ti l , a t  temperature s 3 0 0 ° - 5 0 0 ° C  above the s o l i dus, ne arly vo l at i l e - free 
the o l e i i ti c  me l ts wou l d  be  produced . 

I n tr o duc ti o n  

The pri n c i p l e  vo l a t i l e  spec i e s  in the upper mantle are tho ugh t to 
be C 02 and H20 ( fo r  re vi ews s e e  My s e n  a n d  B o e t t c h e r, l 9 7 5 a ;  My s e n  e t  a l . , 
* Now a t  De par tmen t o f  Geo s c ience s ,  Penn s y l vanl a  S ta te Unl ver s i ty ,  

Uni ve r s i ty Park, Penn s ylvan i a  1 680 2. 
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1 9 7 6 ) . These vol ati le s c an have a l a r ge e f fe ct upon th e compo s i tion o f  
liquids p roduce d b y  p artial  me l tin g o f  pe ridoti te i f  the liqui ds are s a t
urated or ne arly s atu rate d  w i th vo l ati l e s . S a turate d l i quids contain abo ut 
5 - 3 0  w t . % H2 0 and C 0 2  ( Eg g l e r  an d Ro s enhaue r ,  1 9 7 7 ) . By contras t ,  the 
to tal amoun t of vo lati l e s  in the upper mantle i s  be l i e ve d  to be sma l l , on 
the orde r of a few te nths of a pe rcen t . Con sequently , vo l at i le - s aturate d 
or nearly- s a turate d l iquids can only be produce d by re l at i ve ly sma l l  de g
ree s  o f  partial  me l ting , at temp eratures not gre atly in e xc es s  of the 
s o l i du s . As a coro l l ary , vo l at i l e s  are on ly i n f l uential  i n  the firs t few 
pe rcen t  me l ting of peridoti te . That f i r s t  few percent me l t  shoul d no t b e  
con s i dered i n s i gni ficant , howeve r , fo r i t re pre s en ts the l i quid in  the low
ve loci ty zone ; the l i quid that , i f  remove d ,  c an fundamen tally  al te r  the 
trace and minor-e lement  compos i tion o f  a peri do ti te sou r ce region ; and the 
l i quid parental to rare bu t i mportant i gneou s  ro ck s . 

The the s i s  o f  th i s  p ape r i s  that ne ar- s o l i du s  peri do ti te phas e  
re l ati on s  are s uffi c i en t ly comp l i c ated that  few o f  the e xpe riments con duct
e d  on me l ting o f  per i dot i te in  the pre sence of  an  e xce s s  o f  vo lati l e s  can 
be appl i e d  di rec t ly to a man tle per i do ti te - H2 0 - C 0 2 sys tem whe re the to tal 
vo l a ti le conte nt i s very smal l . This  pape r ,  the re fo re , b egins wi th princ i 
pl e s  o f  me l ting o f  pe r i doti te i n  the pre sence o f  vo l a ti l e s . 

P r i n c i p l e s  o f  Me l t i n g  i n  P e r i do t i te - Vo l a t i l e  S y s t e m s  

Eg g l e r  ( l 9 7 3 a )  has analy ze d s i mp le , model sys tems to  c l ari fy some 
o f  the principles  o f  s tab i l i ty o f  vo l atile-be a ri n g  phase s . That analy s i s  
i s  e xte nde d  he re to s y s tems o f  incre as in g  comp l e x i ty tha t  mo de l pha se  
re l ati ons o f  peri doti te con taining vo lati le -beari ng phase s .  

The S y s t e m  A - H zQ 

The b inary mode l A-H 2 0 i nvo l ve s  a re l at ive ly re fractory componen t  
A , the vol atile  component H2 0 , a hydrous phas e  � ,  an d l iqui d � ·  The geo
metry of the phase  re lation s  ( Fi g .  l )  i s charac te r i z e d  by vari able compo s 
i tion o f  the l iquid phase . The l i quid compos i tion i s  va riab l e  be cause  
s i l i cate me lts  c an di s solve more H2 0 a t  h i gh p re s s ure than at low pre s su re 
and b e c ause  vapor-absen t l i qu i ds contain le s s  H2 0 than l iquids  in  equi l i 
bri um wi th vapo r . In orde r  t o  c l ari fy the re action s , l i quids  con taining 
le s s  H2 0 than � a re called  �1 and l iquids con taining  more H2 0 th an �, L2 . 
Al though the re l ations i n  Fi g .  1 are ge ne ral , the geometry w as de s i gned for 
the behavi or of amphibo le . 

The phas e re l ations o f  inte re s t  i n  F i g .  1 a ri s e  becau s e  the dehy
dration reaction , ( L ) , inte r s e cts the me lting reaction , ( H ) . At pre s s ure s 
above that point , !1, the hydrou s  phase  di s appe ars , w i th 1ncre as i ng temper
ature , b ecause it  m e l t s .  Between !l and  �1 , the  me l ting re action is  
� = �1 + � ,  be c au se the vapo r- s a turate d  liquid �1 con tains le s s  H 2 0 than �· 
At �1 , the vapo r - s a turate d l i q ui d  con tains  as much H 2 0 as �, and at h i ghe r 
pre s s ure s , mo re H 2 0  than H ;  above s1 , the vapo r-p resent  s o l i dus re ac tion 
is � + � = �2 . ( This  vapor-s aturate d  s o l i dus is s hown to change from ne g
ative to pos i tive s l ope with incre as e  in  pre s s ure . S uch a ch ange is po s s 
ible  bec ause o f  the re duced mo l a r  vol ume o f  H 2 0 vapor at h i gh pres s ure s , 
but fo r mo s t  s i l i c ate compo s i tions  the s lope actua l ly chan ge s be c ause o f  
phase chan ge s in the crys tal l i ne phases  ( B o e t t c h e r and Wy l l i e , 1 9 6 9 ) ) .  At 
pre s s ure s above �1 , � alone me l ts by a vapor-ab sen t reac tion at a 
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F i g . 1 .  Phas e  re l ation s  in the model s y s tem �-H 2 o , i nc l ud i n g  a 
P - T  p ro j e c tion an d i s ob a r i c  T - c ompo s i tion s e c t i on s . S o l i d  l i ne s  
re fe r  t o  s t ab l e  uni vari ant reactions ; dashe d l i ne s, t o  me tas tab l e  
re a c t i on s . Uni vari ant re actions have b e e n  arrange d  ac co rdi ng to 
S chreinemake r ' s  rul e s  and are l abe l e d  by the pha s e  (x ) n o t  part
i ci pating in a re action . Pha s e s  i n c l ude a re fracto ry s i l i c a te A ,  
a hydro us phase H ,  l i qu i d  L ,  and vapo r V .  P, T, and compos i ti on 
s c al e s  are arb i tra ry . The -sys tem i s  theoreti cal, but  has  bee n 
mo de le d a fte r me l t i n g  behavi o r  o f  a n  amphibo le  pe r i do t i te . 

temperature h i ghe r than the vapor-pre sent  s o l idus reac tion . B e tween �1 and 
§2 ,  � has a maximum temperature s tabi l i ty l imi t  (e . g . , P = 4 . 0 ) , which 
o c c ur s  at a r e s t r i c t e d  un i v a r i a n t  r e a c t i o n ( Ri c c i , 1 9 5 1 ; p .  2 9 ) , H = L. 
For th i s  s i mple sys tem, the re s tr i c te d  uni va r i a n t  reac tion i s  a congruent 
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reac tion , generated by compos i tion a l  coincidence o f  H and L . 

At pres s ure s above s ingular po int �2 , a l l  l iquids  coexi s ting with 
� contain mo re H 2 0 than �; hence � me lts incongrue n tly and has no temper
ature maximum of s tab i l i ty ( e . g . , the s e c tion at  P = 7 . 4 ,  Fig . 1 ) . Fina l 
l y , at  I 2 , the vapor -ab s e n t  me l ting re action i nterse cts the vapo r - s a turate d  
s o l i dus� s o  th at at h i gh pre s s ure s H i s  s table o n l y  i n  the sub s o l i dus 
re gion ( e . g . , the sec tion at P = 9 . 6) .  

The Sy s t em A - B - H z Q_  

Th i s sys tem ( F i g .  2 ) contains a n  addi tional r e fractory component 
B .  Liquids containing incre as ing amounts o f  H 2 0 are c a l l e d � , �2 , and �3 
to de f i ne three se parate vapo r - absent  reaction s , as ind i c ate d in the ins e t  
in Fi g .  2 . Li quid compo s i tions have been l abe l e d  o n  diagrams whe re they 
unamb i guous ly con form to th e l abeling co nve ction . As in F i g . l ,  i s obaric 
se ctions have been con s tr uc ted , in  th is  case ( Fi g .  2 ) for a pse udobi nary 
j o i n . 

I t  wa s shown i n  �- H 2 0 ( F i g .  l )  that � me l te d  congrue ntly or i n 
congruen tly , depend i ng upon pre s s ure . In A-B-H2 0 ,  H me l ts by a congrue nt
l ike reaction ( as at P = 5 . 0 ,  Fi g .  2 )  or by an incongruen t- l ike re action 
( as at P = 8 . 4 ,  Fig . 2) . The congr uen t- l ike me l ting of H is no t truly 
congruent ,  bec ause the tempe rature maximum i n  th i s  sys tem ( and in a l l  
sys tems wi th mo re than one re fractory componen t )  o ccu rs a t  a re s tri cted 
uni var i an t  re acti on that is  res tri cte d  by vi rtue of co l l i ne arity of ph ase 
compo s i tion , not by vi rtue of  compo s i tional  co incidenc e ,  as i n  Fi g .  l .  
Such maxima have been found in sys tems involvi ng me l ting o f  zo i s i te 
( Bo e ttch e r , 1 9 7 0 ) , phl o gopi te ( Yo de r  and Ku s h i r o , 1 9 6 9 ; Mo dre s k i  and 

B o e ttch e r , 1 9 7 2 ) ,  and pargas i te ( H o l l o w a y , 1 9 7 3 ) . 

Sys tems with addi tion al re frac to ry components could b e  c ons truct 
e d . Inasmuch as the princ iples  deve l ope d for A-H 2 0 are a l s o  fo und i n  A-B 
H 2 0 ,  they shoul d ,  howe ve r , al s o  b e  found i n  systems with more re frac tory



components . Inde ed , the s imple pse udobinary j o ins i n  Fig . 2 close ly model 
me l ting fe a ture s of  ro cks containing var i ab le amo unts of  H 2 o ( e . g . , 
Ro b e rts on and Wy l lie , 1 9 7 1 ) . 

The Sys t e m  A - H z O - C O z 

A - H z O - C O z  w i th o n e  vo l a t i l e - c o n t a i n i n g  p h a s e . Th i s  sys tem ( Fi g .  
3 )  i s  bui l t  upon the princ ip l e s  e s tabl i shed p revious l y . With addi tion o f  
C0 2 , the re are two phas e s  o f  var i ab l e  compo s i tion , l iquid and vapor . The 
d i s trib ution o f  vo l at i l e s  be twe en l i quid and vapor is mode led  a f te r  
crys tal - l iquid-vapo r rel ations de te rmine d for a numbe r o f  s i l i c ate compo s 
itions ( Egg l e r ,  l 9 7 3b ,  l 9 75 a ;  Kadi k and Egg l e r , 1 9 7 5 ;  Eg g l e r  and Ro s e n 
h a u e r , 1 9  7 7 )  . 

Phase  re l ations for the s ubsys tem A-H 2 0  are the s ame as i n  F i g . 1 ,  
except that re lations invo l ving the low-press ure s i ngul ar po int � ( Fi g .  l )  
are omi t te d  for simp l i fic ation . Po ints analogous to � probably occur 
below 2 kbar ( e . g . , Y o d e r  and Ku s h i r o , 1 9 6 9 ,  fo r phl o gop i te ; or Ho l l o w a y , 
1 9 7 3 ,  for par gas i te ) , pre s sures no t relevant to perido ti te me l ting i n  the 
man tl e . An examp le o f  a sys tem without a l ow-pre s s ure s i ngular po int  i s  
KA l S i 3 0 8 -Al 2 0 3-H 2 0 ( H uang , Robe rt s o n  and Wy l l i e , 1 9 7 3 ) . 
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Fi g .  2 . P h a s e  re l ations in the mode l  s y s tem A-B-H2 0 , 
inc l uding a P - T  pro j e c tion ; i s o the rmal , i sobaric se c tion s ; 
and :!:_-c ompo s i"tTon s e c tions for the pse udob inary j o i n  �-H 2 0 ,  
whe re x i s  a compo s i tion on the A-B j o i n . P ,  T ,  and compo s 
ition scales  are arbi trary . L i ned-areas in-sections are 
sub s o l idus region s , and s t i ppl e d  are a s  are re gion s whe re 
hydro us phase H coexi s ts wi th liqui d . The re i s  conti nuo us 
s o l ution be tween l i qui d fie lds L 1 , L2 , and L 3 at approp 
riate tempe rature s ;  those  l iquids have been-l abe l e d  to 
separate vapo r-absent  re a c tion s . The s y s tem i s  theore ti cal  
b ut has been  mo de l e d  a f ter me l ting behavior of  an amphibole 
pe rido ti te . 

The subso l i dus a s semb lage A + H + V i s  key to an unders tanding o f  
the te rnary me l ti ng re l ation s . S uch an-a s s emb l age has been cal led a z o n e  
o f  i n v a ri a nt v a p o r  c o mp ositi o n  ( Z IVC ) ( Eg g l e r , 1 9 7 7 ) . We de fine a Z I VC a s  
the reg ion i n  P - T- X  s p a c e  i n  which a vo l ati le -bearing mi ne ral coexi s ts wi th 
a mul t i component

-
vapo r  and w i th i ts bre ak down produc ts in a reaction relat

ion tha t  b u f fe r s  the vapor compo s i t ion . The s ub s o l i dus s e c tion at P = 6 , 
T = l ( F i g .  3 )  i s  i l l us trative . Wi th in a thre e -phase triangle , H coexi s ts 
wi th A and vapor , V. For c ompo s i tions wi th in that tri angl e , ins ufficient  
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Fig . 3 . Phase re lations in the model sys tem �-H 2 0 - C0 2 cont
aining a hydrous phase . In the P - T  pro j e c tion , s hort-dashed 
lines re fer to uni vari ant reactions in �-H2 0 ;  do t-dash l i ne , to 
the un ivariant reaction i n  A- C 0 2 ; and 'so l i d  l i ne s , to univar i 
an t reactions in �-H 2 0 - C 0 2 . - Metas table exte n s i ons  are no t shown . 
'I'he abs c i s s a  i n  the pse udobi nary j o ins ( a-a 1 and b -b 1 ) denote s 
the C 0 2 / ( C 0 2  + H 2 0 )  o f  the bulk compos i tron, no t the vapor 
compo s i tion . S ub s o l idus re gions are s tipple d .  The sy s tem i s  
theoretical b u t  i s  model e d  a f te r  me l ting behavior o f  an amphi 
bole peri do ti te , s howi ng congruent- l ike me l ting a t  lower 
p re s s ure and i ncongruent- l ike me l ting at h i gher pre s s ure . 

H 2 0 i s  avai l able to comp l e te ly hydrate the a s semblage , in  th i s  case  to 
re act all  A to H by the re ac tion � + H2 0 = H .  Moreove r , becaus e  � and � 
coexi s t  with a H 2 0 -C 0 2 vapor , the assembl age i s , at any � and !' invari ant , 
and the vapor compos i tion i s  invari ant . In o ther words , vapor c ompo s i tion 
i s  buf fe re d ,  i ts compos i tion kep t cons tan t by var i ation in  the rel ative 
amo unts o f  the hydrous mi neral and i ts bre ak down p ro ducts . For bulk comp 
o s i ti ons s u f f i c i ently r i ch i n  H 2 0 to react a l l  A to H ( the as semb lage H + 
V ) , howeve r , vapo r compo s i tion c an no longer be-b u f fered by reaction of A 
to H .  The re fo re , H c an coexi s t  with a vapor o f  va r i a b l e  compo s i tion , and 
the-as s emblage H +-V l i e s  o ut s i de the Z I VC .  
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The re are two te rnary uni vari ant me l ti n g  re actions for the as sem
b l a ge � + � + �'  wh ich are se parate from re actions i n  �-H2 0 .  They have 
been ar ranged i n  P - T  p ro j e ction ( Fi g .  3 )  analogously to the vapo r - absent  
me l ti n g  re actions-in �-H 2 0 , w i th a s ingular poi n t  §2 .  Two sets  o f  p s e udo 
binary j o ins  have been drawn , one s e t  ( a - a ' )  for compo s i tions containing 
a sma l l  amount o f  vo l a ti l e s  and one se t- ( b-b ' )  for compos i tion s containing 
a re lative ly l a rge amo un t of vo l a ti le s . - -

The di ffe rence s in  me lting behavi o r  be twee n  s e c tion s a - a ' and b -b ' 
fol low di re c t ly from the Z I VC conc ept . Because vapor compo s i t1on with in a 
Z I VC i s , a t  any P and T ,  invari ant , all  compo s i tion s me l t  a t  a s i ngle 
tempera ture ( i . e �, the-sub s o l i dus a s s embl age A +  H + V,  s e c tions a - a ' ) . 
On the o ther  hand , b ulk compos i tions o ut s i de a Z IVC ( 1 . e . , the assembl age 
H + v ,  s e c tions b-b ' )  me l t  at di f ferent temperature s ,  depending upon the 
vo l ati le compo s i tion .  Pe rhaps more important to mantle me l ti n g , the l iquid 
pro duce d at the s o l i dus i n  the s e c tions a -a ' is the s ame , wha te ve r  the 
vo l a t i l e  compo s i tion , where as l iquids p roduc e d  at the so l i di in the s e c t 
i o n s  �-� · are vari able , de pendi ng upon the vo l at i l e  compo s i tion . 

A - H z O - C O z wi th two vo l a t i l e - c o n t a in in g  p h a s e s . Thi s  model s y s tem 
( Fi g .  4) has  been de s i gned spe c i f i c a l l y  for a dolomi te -phlogo p i te pe rido
tite a t  pre s s ure s above about 2 7 kbar , a pre s s ure re gime i n  the mode l above 
abo ut P = 4. Re l ations in the s ubsys tem A-H 2 0  are a f te r  Fi g .  1 .  Re l ations 
i n  the-s ubsys tem �-C0 2 , about invariant poi n t  !2 ,  are mode led  a fter re lat
ions  i n  the s y s tem Ca0-Mg O - S i 0 2 - co 2 ( Eg g l e r ,  1 9 7 6 a ) ; a l tho ugh � in e f fe c t  
repre sents a man tle mi ne ral o gy ( forsteri te + orthopyroxene + c l i nopyroxene ) ,  
rathe r than a s i ngle re frac tory phas e ,  only variation o f  vo l a t i l e  content 

. in  l iquid compo s i tion c an be  s hown in ternary sections . The re are i n  
addi tion f i ve te rnary re ac tions about !3 ; the sequence o f  the s e  re ac tions 
fo l lows di rec tly from the a s s umpt i on that H and C me l t  to l iqui ds contain 
i ng mo re vo l a t i l e s  th an the vapo r-ab s e n t  a ssemb lage A + H + C ( incon gruent
l ike ) ; th is  as s umption is  j us ti fied for the do lomi te �phlogop1te pe r i do ti te 
i n  a l ater s e c tion . 

The impl i ca tions o f  the pseudobinary s e c ti on s  are re i terati ve o f  
points p revious ly s tre s se d :  ( 1 )  Me l ting  i n  the pre s e nce o f  two vo l at i le s  
takes  p l ace b y  a di f fe ren t se t o f  reac tion s than i n  the pre s ence o f  H 2 0 o r  
C0 2 a lone . ( 2 ) In the pre s e nce o f  a smal l  amoun t o f  vo l a t i l e s  ( a-a ' ) , 
peri do tite compo s i tions me l t  pse udo i nvar i an tly . In th i s  mode l ,  the Z IVC 
as semb l a ge i s  C + H + V; the a s s emb l a ge A + C + H i s  a l s o  pseudo inva r i ant , 
but i s  a spe ci al cas e  1n wh i ch no vapor lS pre s ent ( H o l l o way a n d  Eg g l e r , 
1 9 7 6 ) . ( 3 ) In the pre sence o f  l arge amo un t s  o f  vo l a t i l e s  ( b -b ' ) , pe r i do 
ti te composi tions me l t  pse udo un i var i an t ly , a n d  a r ange of  11qui d  compos
i tions c an be produc e d , depending upon the vo l a t i l e  compo s i tion . 

Re lations for a mo de l system A-B-H2 0 -C 0 2 have been worked o ut but 
canno t be presen te d  he re for l ack of space .  It is hoped tha t  the reade r 
i s  c onvince d that principles  e s tabl i shed for s i mp le sys tems apply also  to 
sys tems with addi tional re frac tory compone nts . I t  i s  encouragin g ,  in thi s  
regard , tha t  section a - a ' ( Fi g .  4 )  pe r fe c tly mimi c s  the near -sol i dus me l t 
ing behavior o f  do lom1te-phlogop i te pe rido ti te a t  3 0  k b a r  de duc e d  b y  
Ho l l ow a y  a n d  Eg g l e r  ( 1 9 7 6 ) f rom ph ase equi l i b r i um e xperime nt s . 
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Fi g .  4. Ph ase rel a tions in the model s y s tem �-H 2 0 -C 0 2 
con taining  a hydrous phase and a carbon a te pha se ( C ) . In the 
P - T  p ro j e ction , short-dashed l ines re fe r to un i varrant re act
rons in �-H 2 0 ;  dot-dash lines , to un i vari ant reactions in 
�- C 0 2 ; and sol i d  lines , to  uni vari ant re a c ti ons in  �-H2 0 -C 0 2 . 
Me tas table  exten s ion s are not s hown . The abs c i s s a  o f  the 
ps e udobin ary j o ins deno te s the C 0 2 / ( C 0 2 + H2 0 )  bulk compos 
i t i on , no t the vapor compo s i tion . The sys tem i s  theore t i c al 
but i s  mode l e d  a f te r  the pre s ume d behavior o f  a do l omi te 
phlogopi te pe r i do t i te . 
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Re v i ew o f  E xp e r i me n t a l  S tud i e s  

S t ud i e s  o f  P e r i do t i t e -H z O Me l t i ng 

Syn th e t i c  s y s t e ms . The la rge e ffe ct  o f  H2 0 upon the compos i tion 
o f  the partial me l t  of perido ti te at h i gh pre s s ures was di scove red by 
Ku s h i r o ,  Yo d e r ,  a n d  Ni s h i k aw a  ( 1 9 6 8 )  in the sys tem MgO -S i 0 2 -H2 0 . The y  
fo und that l iquid in equi l ibrium wi th H 2 0 vapor and pe ri do ti te phas e s  
contained much mo re s il i ca than l i qui d forme d  i n  the ab sence o f  vo l at i l e s  
and was , i n  fact , quart z -no rma tive at p re s s ures  as  hi gh as 2 0 kbar . Thi s  
conc lus ion h as been l a rge ly s ub s tanti a ted i n  s ubsequent studi e s  ( i n which 
l iquid compos i tion was e s tab l i s he d  by phase rel ation s ) on sys tems of ever
i nc re a s i n g  complexity -- Ca0 -Mg0 - S i 0 2 -H 2 0 ( Ku s h i r o , 1 9 6 9 ) , Ca0 -Mg0 -Al 2 o 3 -
S i 0 2 -H 2 0 ( Fo r d a n d  O ' H a r a , 1 9 7 2 ; Fo r d , 1 9 7 6 ) , Na 2 0 -Mg O -Al 2 0 3 -S i 0 2 -H 2 0 
( Kus h i r o ,  1 9 7 2 ) ,  Na 2 0 -CaO -Mg O -Al 2 0 3 - S i 0 2 - H2 0 ( Ku s h i r o , 1 9 7 2 , 1 9 7 4 ) , K2 0 -
Na 2 0 - Ca0 -Mg0 -Al 2 o 3- s i 0 2 - H2 0 ( Kus h i r o , 1 9 7 4 ) ,  and K2 0 -Ca0 -Mg0 -Al 2 0 3- S i 0 2 -H 2 0 
( B r a v o a n d  O ' H a r a , 1 9 7 5 ) -- and has led to the theory tha t  s ome ande s i te s  
can b e  produc e d  by di re c t  parti al me l ting o f  peridoti te ( e . g . , Yo de r , 
1 9 6 9 ) . An exampl e  o f  a j o i n  that  has  been dete rmi ne d i s  presente d  i n  
Fi g .  5 .  

NaA ISi04 

Fi g .  5 .  Phase re lations in the 
j oin NaA1Si 0 4 -Mg2 S i 0 4 - s i o 2 at 2 0 kbar 
pres sure unde r condi tions of c o 2 
vapor -s aturation ( Eg g l e r• , 1 9 7 4 ) , H 2 0 
vapor-saturat ion ( Ku s h i r o , 1 9 7 2 ) ,  and 
in th e ab sence of vol a t i le s 
( Ku s h i r o , 1 9 6 8 ) .  Reproduced with 
pe rmi s s ion o f  the Carne gie 
Insti tution of Wa shington . 

B r a v o  a n d  O ' H a r a  ( 1 9 7 5 )  
also  de te rmi ne d , by an i tera tive 
s e r i e s  o f  e xperime n ts , the compo s 
i tion o f  liqui d  i n  equi libri um wi th 
H 2 0 vapor and ph l o gopi te - ga rne t 
pe rido ti te at 3 0 kbar in the K2 0 -
Ca0 -Mg0 -Al 2 o 3 - s i o 2 sys tem . Th is  
l iq uid compos i tion is  un us ua l , but  
could be characte r i zed as  a po tash 
rich o l ivine tho le i i te . H o w e l l s 
( 1 9 7 6 )  found th at H 2 0 -s a tura te d  
l iquid a t  2 5 k b a r  i n  th e sys tem 
Na 2 0 - Ca0 -Mg0 -Al 2 o 3 -S i 0 2 -H 2 0 was 
o l i vine tho le i i ti c . 

S tudie s  o f  the s tab i l i ty o f  
phlo gopite i n  pe rido ti te as semb 
l a ge s ,  s uc ceeding Y o de r  a n d  
Kus h i r o ' s  ( 1 9 6 9 ) de te rmi nat ion o f  
the s tab i l i ty o f  phlogopite i t s e l f ,  
incl ude Mo dre s k i a n d  B o et t c h e r ' s  
( 1 9 7 2 , 1 9 7 3 ) inve s ti gations i n  the 
sys tems K2 0 -Mg O -Al 2 0 3 -S i 0 2 -H2 0 and 
K2 0 -Ca0 -Mg0 -Al 2 0 3 -S i 0 2 -H 2 0 to 3 5 
kbar in the pre s e nce  a n d  i n  the 
ab s e n c e  of H 2 0 vapor , the s tudy by 
B r a v o  an d O ' H a r a  ( 1 9 7 5 )  c i ted 
above , and the i nve s t i gation o f  
Ho l l ow a y  an d Eg g l e r  ( 1 9 7 6 )  i n  the 
sys tem K 2 0 -Ca0 -Hg0 -Co0 -Al 2 o rs i 0 2 -
H 2 0 a t  3 0 kbar in the ab sence o f  
vapo r . 

Na t u r a l  comp o s i t i o n s . The s o l i d i  o f  various perido ti te compos 
i t ions i n  the p re sence o f  H 2 0 vapo r  have been de te rmine d by Ku s h i r o ,  Sy o n o ,  
a n d  A k i m o to ( 1 9 6 8 ) ; K u s h i r o  ( 1 9 7 0 ) ; Gre e n  ( 1 9 7 3a ) ; Mi l l h o l l e n ,  Ir v i n g ,  a n d  
Wy l l i e  ( 1 9 7 4 ) ; and M ys e n  a n d  B o e t tc h e r  ( 1 9 7 5 a ) . The se s o l idi l i e  within a 
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band about 5 0 ° C in  wi dth , e xcept for the so l idi de te rmined by My s e n  a n d  
Boe t t c h e r  ( 1 9 7 5 a ) , which are  1 0 0 ° -l 4 0 ° C  lower i n  temperature than the re s t .  

The solidus o f  a natural , vo lati le-bearing pe rido ti te i n  the 
ab sence of vapor has be en de termined on ly by Gre e n  ( 1 9 7 3a )  for a pyro l i te 
( minus 4 0 %  o l ivine ) compo s i tion + 0 . 2 wt . % H 2 0 a t  pres s ures to 4 0  kbar . 
He obse rved that the soli dus was al so e s senti ally the " amphibo le -out " c urve 
and that the soli dus l ay at hi gher tempe rature s th an the vapor-present 
solidus . The ge neral confi gur at ion o f  the vapor -absent s o l i dus had been 
predi c te d  by Gre e n  ( 1 9 7 0 )  and Wy l l i e  ( 1 9 7 1 ) ; the ory of the vapor-absent 
solidus can be traced i n  more de tail with Figs . 1 and 2 o f  thi s paper . 

The uppe r pres s ure l imi t o f  amph ibole s tabi l i ty i n  H 2 0 -s aturate d 
me l t  has  be en dete rmi ne d by Kus h i r o ( 1 9 7 0 ) ; Gre e n  ( 1 9 7 3a ) ; Mi l l ho l l e n , 
Ir v i n g ,  and Wy l l i e  ( 1 9 7 4 ) ; and My s e n  a n d  Boe t t c h e r  ( l 9 7 5 a ) . The se results  
vary from abo ut 2 2  to  2 9 kbar . Some o f  the variation may be due to comp 
os i tional di f ference s i n  the s amp l e s  inves ti gate d . 

The compos i tion o f  H 2 0 -saturate d parti al me l ts o f  peri doti te wa s 
fi rs t dete rmi ned direc tly by Ku s hi ro e t  a l . ( 1 9 7 2 ) ,  who anal y z e d  very 
s i l ica-ri ch glas s e s  in runs on spine l  and garne t lhe r z o l i te . The s e  an a l 
y s e s  may not represent the equi l ibrium l i quid . S everal autho rs ( e . g . , 
Caw thorn e t  a l . , 1 9 7 3 )  have poi nte d out that liquids fo rme d by sma l l  deg
rees of  partial me l ti ng commonly quench to a mi xture o f  quenched c rystals  
( ol ivine , pyroxe ne s , amphibo les ) p l us s i l iceous g l a s s . The que nched 
c rys tal s may be di s c r e te or may be  ve ry thin ove rgrowths on s tab le cry s ta l s. 
On the o ther hand , whe re s uf f i c i en tly large vo l ume s o f  glass  a re pre sent , 
glas s compo s i tion in  are as no t ne ar ove rgrown grains i s  una ffe c ted by 
quench ing , and gl as s compo s i tions can re pre sent equi librium l iquids . 
Ku s h i r o ( 1 9 7 4 )  found exc e l lent  a greeme nt be tween l i qui d compo s i tions dete r 
mi ned b y  phase equi l ibria  and b y  analy s i s  in the sys tem Na2 0 -Ca0 -Al 2 0 -Mg0 -
S i 0 2 -H 2 0 ,  where a re l a ti ve ly large vo lume ( >  7 5 % )  o f  g l as s was analy zed . 
My s e n  a n d  Boe t t c h e r  ( 1 9 7 5 b )  analyzed smal le r ,  but s i gni f i c ant , vo lume s o f  
glas s ( >  2 0 % )  and argue d that the gl a s s e s  re pre sent equi libri um liqui ds . 
The s e  liqui ds we re ande s i t i c  a t  pres s ure s to 2 2  kbar . On the othe r hand , 
Gre e n  ( l 9 7 3 a )  c l aimed th at 2 0- 3 0 %  vo l ume s o f  l iqui d  could no t be quenched 
to glas s . He calcul a te d  the compos ition of l i qui ds in run s  wi th H 2 0 vapor , 
us ing analy zed compos i tions o f  s tab le phase s , the olivine - l iquid Mg-Fe 
parti t i oning coefficien t  (with an allowance for i ron los s from the charge 
to Pd-Ag capsules ) ,  and a vi s ual or X-ray e s timate o f  the proportions o f  
phas e s  pre sent . Lar ge error s may b e  introduced i n  th is  procedure ( My s e n  
a n d  B o e t t c h e r ,  l 9 7 5 b ) . Gre e n  ( 1 9 7 3 a )  a rgue d that H 2 0 - saturate d  parti al 
me lts  c an be ande s i ti c  to quar t z  tho l e i i t i c  at 10 kbar but are olivine 
tho l e i i t i c  at 2 0 kbar . 

Compos i tions o f  liquids i n  equi l ib rium wi th peri doti te phases  have 
also  been infe rred by an oppos i te approach -- e xperiments are per formed on 
i gneous rock s  th at are as s umed to have be en p rimary magmas , and a P and T 
are as s i gne d for an appropri ate con fi guration o f  liqui dus or near-liquidus 
phase s . I t  i s  fur the r as sume d that the expe rimen tal i s t  c an s eparate out 
any e ffe cts  due to frac ti onation or to reaction re l ation s h ip s  be twe en the 
pe rido ti te phases  and the liqui d .  The s e  di fficul t  a s s ump tion s notwith 
s tanding , a numbe r o f  worke rs have s tudi e d  rock compos i tion s , only a few o f 
which can be ci te d  here . !V?: c ho l l s a n d  R i n gwood ( 1 9 7 3 ) an d Ni c h o l l s ( 1 9 7 4 )  
de te rmine d l i qui dus phases  for H 2 0 - sa turated andes i te s  and tho l e i i te s  ( p lus 
varyi ng amoun t s  of olivine ) and conc lude d that partial  me l ts of pe ridotite 
are ande s i t i c  a t  1 0  kbar , but a t  h igher pre s sure , up to about 1 7  kbar , are 
quartz  tho le i i ti c . The s e  re s ults  general ly agree with the peridoti te -H 2 0  
e xpe riments o f  Gre e n  ( 1 9 7 3a ) , b ut di ffe r  i n  detail from the peridoti te -H 2 0 
expe riments of My s e n  a n d  Boe t t c h e r  ( 1 9 7 5 b )  and from some o f  the results  on 
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synthe tic sys tems ( prec edi ng s ec tion ) . Al though the di sa greements have 
been ai re d  ( My s en e t  a l . , 1 9 7 4 ) , areas o f  agreement sho ul d  al s o  be no ted : 
I t  i s now accepte d that parti al me lts o f  pe ridoti te in  equi l ibrium wi th H2 0 
vapor can be quar t z -normative ; the di fferences o f  opinion concern the deg
ree  o f  s il ica  s aturation and the uppe r pre s s ure limi t o f  produc tion o f  
quart z-normat ive l i quid . 

Compos i tions o f  H 2 0 - undersa turated liquids are reviewe d i n  the 
se ction on pe ridoti te -H 2 0 - C 0 2 . 

S t ud i e s  o f  P e r i do t i t c - C O z Me l t i ng 

· Syn th e t i c  s ys t e ms . The solub i l i ty o f  co 2 in s i l i cate me lts  
( Eg g l e r ,  1 9 7 3b ;  My s e n  e t  a l . ,  1 9 7 6 )  i s  re vi ewed i n  th i s  vo l ume by  Mysen . 
Per idoti te -C0 2 phase re l a tions were s tudi ed by Eg g l e r  ( 1 9 7 4 , 1 9 7 7 )  in  the 
sy s tem Na2 o -caO -Mg O-Al 2 0 3- s i 0 2 - C 0 2 to 3 0 kbar . He fo und that l iquids 
fo rmed in the pres enc e of C0 2 are more s i lica-poor and mo re alkal i -rich 
than l iqui ds derived i n  the absence o f  vo lati l e s  or in the pre s enc e o f  H2 0 ,  
and that extreme ly s il i ca-undersaturate d ne phe l ini te s  c an be de rived from 
peridoti te , in the presence o f  C 0 2 ,  in  the pres s ure r ange 1 5 - 3 0 kbar . The 
prima ry cause i s  expans ion of the phase  field o f  orthopyroxe ne , re lative 
to o l ivine , in the pre sence o f  C0 2 .  An example i s  the j o i n  in Fi g .  5 .  
From phase equi librium expe rime nts in the sys tem Ca0 -}1g 0 - S i 0 2 -C0 2 ( Eg g l e r ,  
1 9 7 5b , l 9 7 6 a , b ,  1 9 7 7 ) , it  wa s found th at at pre s s ure i n  e xce s s  o f  about 
2 8 kbar , C0 2 has a l arger  e f fe c t  on pha se relations than at lowe r 
pre s s ures : The solidus tempe ra ture i s  s i gni ficantly lowered , dolomi te 
be come s a s o l i dus phase , and parti al me l t  compos i tion s are carbona te -rich . 
The s ame maj o r  e ffe cts , i n  the Ca0 -Mg 0 - S i 0 2 -C0 2 s y s tem , have be en found by 
Wy l l i e  and H u ang ( 1 9 75 a , b ,  1 9 7 6 a )  wi th some minor di fferenc e s  ( Eg g l e r ,  
H o l l ow a y ,  an d My s e n ,  1 9 7 6 ; Wy l l i e  an d H u a ng , 1 9 7 6 b , c ; Eg g l e r , 1 9 7 6 c ) . 

No natural compos i tions have been s tudied . 

S t ud i e s  o f  P e r i d o t i te - H z O - C O z Me l t i ng 

Syn t h e t i c  s y s t e ms . Crys tal -l iquid -vapo r equi l ibria for s eve ral 
s i l i cate -H 2 0 - C0 2 sys tems have been de termine d and have been appl ied to 
pe ridoti te - l iqui d  petroge ne s i s  ( Eg g l e r , 1 9 7 3b ;  Ka d i k  and Eg g l e r , 1 9 7 5 ; 
Egg l e r  and Ro s e n h a u e r ,  1 9 7 7 ) . Yode r ( 1 9 7 0 )  had previously examined the 
j o in phlogopi te -H 2 0 - C0 2 at 1 0  kbar , wi th appl i c ati on to magmatic crystal 
l i quid re lations . 

Egg le r ( 1 9 7 3b ,  1 9 7 5 a )  s tudied the compos i tion o f  l i quid in equi l i 
brium wi th for s teri te and ens tatite and various C 0 2 -H 2 0 vapors in the 
s y s tem MgO -S i 0 2 -H 2 0 - c 0 2  at 2 0 kbar and found that l iquid compos i tion 
change s  from quar t z -normative a t  C0 2 / ( C 0 2 + H2 0 )  < 0 . 4 2 ( mol ) to o l ivine 
norma tive at C0 2/ ( C0 2 + H 2 0 )  > 0 . 4 2 . 

H o l l o w ay and Egg l e r  ( 1 9 7 6 )  de te rmined the sol idus and the ph logo 
pi te me l ting inte rval of  a garnet -phlogopi te pe ridoti te i n  the sys tem K2 0 -
Ca 0 -Mg 0 - Co0 -Al 2 0 3-Si 0 2 -H 2 0 -C0 2 . 

N a t ur a l  c omp o s i t i o n s . My s e n  a n d  B o e t t c h e r  ( 1 9 7 5 a , b )  s tudied the 
me lting of a spine l  peri do ti te from Hawai i in the pre sence of re lative ly 
l arge amo unts o f  H2 0 and C 0 2  and ana lyzed glass  compos i tion s . They found 
th a t ,  in the pres s ure range 1 0 -15  kbar , wi th incre as e  in C 0 2 / ( C 0 2 + H2 0 ) , 
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the s o l i dus tempe rature i ncreased , and the comp o s i tion o f  partial  me l ts 
chang ed from q uart z -normative through o l i vi ne -hypers thene norma t i ve and 
o l i vi ne -ne phe l i ne normative to ne phe l ine - l a rn i te normati ve . ( The change 
f rom q ua r t z -norma ti ve to o l i vine -norma tive o c c urre d a t  C 0 2 / ( C 0 2 + H 2 0 )  
( mo l )  be twee n  0 . 5  and 0 . 4 ,  nearly the s ame resul t a s  in the s y s tem MgO 
S i 0 2 -C0 2 -H 2 0  ( Eg g Z e r , l 9 7 5 a ) , confirming that the orthopyroxe ne reac tion 
re l a tion seen i n  synthe ti c sys tems is a domi nant re action in  natural 
compos i t i ons . )  

E xperiments  on "p rimary magma " c ompo s i tions  ( se e  above ) have b e en 
appl i e d  to pe ridoti te-H 2 o - c o 2 p rob lems . B u Ztitude a n d  Gre e n  ( 1 9 6 7 ) , Gre e n  
( l 9 7 3b ) , and A r c u Z us ( 1 9 7 5 )  h ave note d the absence o f  o rthopyroxe ne o n  the 
l i quidus o f  o l i vine nephe l i ni te and bas ani te compo s i tions . Ac cordi ng to 
re sul t s  o f  Egg Z e r  ( 1 9 7 4 , 1 9 7 7 ) , c o 2 should e xpand the prima ry phase f i e l d  
o f  o r thopyroxene . Inde e d , B re y  an d Gre e n  ( 1 9 7 5 )  have now fo un d  o l ivine , 
orthopyroxene , c l i nopyroxene , and garne t as  l iqui dus o r  ne a r - l i quidus 
phas e s  for a Tasman i an o l i vi ne me l i l i ti te a t  3 0 kbar in the pre sence  o f  
co 2 -H 2 0 .  The y  h ave c l aime d  that the me l i l i ti te compos i tion c an be a prim
ary me l t  ( for  comme n t  see  Egg Z e r  a n d  My s e n ,  1 9 7 6 ; Egg Z e r , 1 9 7 7 ) . The s tudy 
o f  B r e y an d Gre e n  ( 1 9 7 5 )  s up ports an i n te rpre ta ti on ( Eg g Z e r , 1 9 7 4 ) o f  
experiments  o f  H u Z titude a n d  Gre e n  ( 1 9 6 7 )  and Gre e n  ( l 9 7 3b ) , c onduc ted wi th 
sma l l  amo un t s  o f  H 2 0  in graphi te caps ule s : Expans ion of the f i e l d  o f  
orthopyroxene mus t  have be e n  d ue t o  the pre s e nce o f  C 0 2 ( produced b y  re act
i o n  of  H 2 0 wi th graphi te ) , n o t  to  the pre sence  of  H 2 0 , as  c l a ime d by Gr e e n .  
No te should b e  made , however , that  i n  e xperiments  o f  Me r r i Z Z  a n d  Wy Z Z ie 
( 1 9 7 5 ) on a Kakanui e c lo gi te ( ba s ani te compo s i tion ) in the presence o f  H 2 0 

b ut n o  c o 2 , orthopyroxene was fo und as  a l i quidus or s ub l i qui dus phase at 
p re s s ur e s  of  1 8 - 2 5 kbar . 

A S t ruc tur al Explana t i o n o f  Per i do t i te - H z O - C O z Mel t i ng Pa t te r ns 

The e xp e r imental re s ul t s  c an be ra tiona l i ze d  by con s idering a 
polyme r i z a tion re act ion , whe re o 2 - , o - , and o O re pre s e n t  fre e oxygen ions , 
oxygen s bonde d to one s i l i con ( nonbri dging o xygens ) , and oxyge ns bonde d to 
two s i l i cons ( b r i dging o xygens ) ,  respec tive ly ( Too p a n d  Samis , 1 9 6 2 ) : 

S o l u t i on o f  H 2 0 c an be wri t te n  a s  the re action ( Egg Z e r  a n d  Ro s e nha u e r , 
1 9  7 7 )  

I f  ( l )  and ( 2 )  are comb i ne d , 

2 - - + ( 0  ) L + 2 ( 0  H ) L , 

( l )  

( 2 ) 

( 3 )  

i t  c an be seen that the re sul t o f  H 2 o s o l ution i s  an incre a s e  i n  o 2 -; o - , 
repre s en ting a ne t depo l yme ri z a tion . I f  i t  i s  as s ume d that le s s -po lyme r i z 
e d  me l t s  c ry s tal l i ze le s s -pol yme ri ze d  minerals  ( Ku s h i ro , 1 9 7 5 ) , the n  o l iv
ine c ry s tal l i z a tion shoul d be promo ted a t  the  expense o f  orthopyroxe ne . 
Re ference  to Fig . 5 shoul d convinc e the re ade r that l iqui d produc e d  at 
invari ant- l ike points wi l l  be more s i l i c a -s a turate d than in the ab sence o f  
vo l a t i le s . S o l u tion o f  c o 2 c an b e  wri tte n  ( Eg g Z e r  a n d  R o s e n ha ue r ,  1 9 7 7 ) : 

( 4 )  
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The re s ul t  i s  an i ncrease i n  o 0 ;o
-

, repre s enting a ne t polyme r i z a tion . I t  
fo l lows that s uc h  invar i an t- l ike l i quids should be  l e s s  s i l i ca-s aturated 
than i n  the abs ence of vo l a ti l e s . 

Me l t i n g  o f  a Mo de l Man t l e  C om po s i t i on  

I t  has  be e n  a rgued above , on a semi theore t i c al bas i s , that  the 
me l t i n g  of peridoti te in the pre sence of sma l l  amo unts o f  vo l a t i l e s  i s  
quite di f fe re n t  from that i n  the presence o f  l arge amo unts o f  vo lat i les , 
and that the fo rme r c a s e  i s  mo re a ppl i c ab l e  to the mantl e  than the l a tte r . 
In th i s  s ec tion , two e xamp l e s  o f  how perido ti te i s  b e l i e ve d  to me l t  in  the 
mantle are pre se n te d  fo r a spe c i fic  mantle  compo s i t ion . 

TAB L E  1 .  C h e mi c a l  C o mp o s i t i on o f  a 
Pe r i do t i t e Us e d  i n  C o n s truc t i on 

o f  I s ob a r i c  S e c t i on s . 

S i D ;: 4 3 . 7 D 

T i D 2 D . 2 5  

Al 2 D 3 
2 . 7 5 

c r 2 D 3 D . 2 8 

F e
2

D 3 l .  3 8  

F e D  8 . 8 1 

Mn D D . l 3  

M g D  3 7 . 2 2  

C a D  3 . 2 6 

Na 2
D 0 . 4 5  

K 2 D D . D 5  

L: ( H 2 D + C D 2 ) 0 . 1 0 

9 8 . 3 8 

The re fractory por ti on o f  
the compo s i tion ( Tab l e  1 )  i s  e s s e nt
i al ly the compos i tion of nodule 1 6 1 1  
( N i x o n  a n d  B oy d ,  1 9 7 3 ) ,  a fe rti l e  
garne t perido ti te from a Le so tho 
kimber l i te pip e . Howeve r ,  the K 
conte n t  has  been l owered  from 1 1 6 0  
ppm to wha t i s  con s i de r e d  a mo re 
re asonab l e  leve l  o f  4 0 0  ppm , and the 
Na conte n t  has be en s l i gh tly r ai se d .  
A hypo the t i c al vo l ati le c onten t o f  
0 . 1  wt . % has been adde d to th i s  com
pos i tion . Cho i c e  o f  th i s  vol at i l e  
con tent  i s  i n te nde d o n l y  t o  be i l l us 
trative ; for e ach s e c tion c on s truc t 
e d ,  t h e  ran ge o f  appl i c ab l e  vol a ti le 
con tents  i s  indi c a te d . 

Th e Me l t i n g  Re ac t i on s  

Me l ti n g  and mine ral s tab i l 
i ty c urve s  s e le cted from the pape rs 
re viewe d and re levant to the c on 
s tructions are s hown i n  F i g . 6 .  The 
pre s s ure s chosen for i s obari c s e c t 
ions a re 1 5  a n d  3 0 k b a r  ( Fi gs . 7 and 
8 ) . 

The 1 5  kb a r  s e c t i o n . At 1 5  
kba r , amphibo le i s  the only vo l a ti l e 
con taining phas e  th at parti c i pate s  i n  
a s o l i dus re ac tion . The de carbonat
ion reaction ( Fi g .  6 )  occur s  at s ub 
s o l i dus tempe ra ture s .  Phl o gopi te i s  

no t fo un d  ( Gr e e n , 1 9 7 3a ;  My s e n  a nd B o e t t c h e r ,  1 9 7 5 a )  because K i s  incorp
orated in amphibo l e . The b ulk compo s i tion ( Tabl e  1 )  can  con tain a maximum 
o f  about 1 5 % amphibo l e  whe n  ful l y  hydrate d , repre s e n ti n g  an H 2 o conten t o f  
0 . 3 7 wt . % ,  wh ich e xcee ds the 0 . 1 % avai l abl e . Thus , for any vo l a t i l e  
content  from 0 . 0 1 t o  0 . 3 7 wt . % ,  t h e  Z IVC principle appl i e s . 

A Z I VC - type i soba r i c  s e c tion c an be con s tructe d ( Fi g .  7 ) , equi va 
lent  to a mode l s e c tion a -a '  ( Fi g .  3 ) .  The " vapo r-out " c urve i s  cal c ul a ted 
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Fi g .  7 .  Phase re lations o f  a perido
tite containing 0 . 1  wt . % vol a ti les ( H 2 0 
+ C0 2 ) as  a func tion o f  the co 2 / ( C 0 2 + 
H 2 0 )  vol a t i le compo s i t i on ,  at  1 5  koar 
pre s sure . The ne ar- s o l i dus re l ations 
apply to vo latile  contents up to 0 . 3 7 % . 
The abs c i s s a  doe s no t denote vapor 
compo s i tion ; vapor compos i tion for the 
assembl a ge o l i vine + c l i nopyroxe ne ( cpx ) 
+ orthopyroxene ( opx)  + 

Fig .  6 .  A comp i l ation o f  
s o l idus and mine ral s tab i l i ty 
c urve s for perido ti te . ( 1 )  
Vo l a ti l e -absent sol i dus ( Ku sh i r �  
Sy o n o ,  and A k i mo to ,  1 9 6 8 ;  ( 2 ) 
co 2 vapo r - s a turate d solidus 
( Eg g l e r , 1 9 7 6 a ,  de te rmi ned in 
the sys tem ca d -Mg 0 -S i o 2 -co 2 and 
ad j us ted by about - 1 5 0 ° C  below 
2 5 kbar to a l l ow fo r o ther comp 
one nts ) ; ( 3 ) vapo r -ab s en t  pyro 
l i te -H 2 0 s o l i dus ( Gr e e n , 1 9 7 3 a ) , 
al s o  tne a pproxima te upper s tab 
i l i ty o f  amphibo le ; (4 ) H 2 0 
vapor-s aturated s o l idus ( My s e n  
a n d  B o e t t c h e r , 1 9 7 5 a ) ; ( 5 )  upper 
pres s ure l imi t o f  amph ibo l e  
s tabi l i ty ( Gr e e n , 1 9 7 3a ) ; ( 6 , 7 )  
upper s tabi l i ty l imi t o f  dolo 
mi te in  pe ridoti te phase a s s emb 
l age s (by the re ac tion ens tati te 
+ dolomi te = diop s i de + o l i vine 
� C 0 2 ) i n  the presence o f  vapors 
of C 0 2 / ( C 0 2 + H 2 0 )  = 0 . 2 and o f  
C 0 2 / ( C0 2 + H 2 0 )  = 1 . 0  ( Eg g l e r, 
Ku s hir o ,  a n d  H o l l o w a y , 1 9 7 6 ;  ( 8 )  
me l ti ng o f  ph logopite i n  a ph l 
ogopite -perido ti te ( H o l l o w ay a n d  
Eg g l e r , 1 9 7 6 ) . 

amph i bo l e  ( amph )  + s p i ne l  
( sp )  i s  in fact invari ant 
( at any P and T )  because 
the a s s emb l age-i s  i n  a 
ZIVC . Es timate d compos 
i tions o f  liquids i n  the 
various phase  f i e lds are 
shown in the i ns e t .  Phase  
boundari e s  and l iquid 
compos i tions a re e s timated 
from s eve ral  source s , as  
expl ained in the te xt . 
Sol i d  l ines denote we l l 
dete rmi ne d  boundarie s ; 
long-dashed l ines , extra
pol ate d  bo undarie s ; and 
short-dashed line s , e s ti 
mate d boundarie s . Hyper 
s o l i dus re lations for 
spine l  have not be en 
e s timated . 

� " 

COz! (COz• HzO), w t  
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from diops i de - C 0 2 -H 2 0 data o f  Eg g l e r  a n d  Ro s e nha u e r  ( 1 9 7 7 ) , and the sub 
sol idus dol omi te fields  a re es timate d  from Egg l e r ,  Ku s h i r o ,  a n d  H o l l ow a y  
( 1 9 7 6 ) . The temperature o f  me l ting o f  amphibole in the absence o f  vapor 
and of C 0 2 , l l l 5 ° C , is from G r e e n  ( 1 9 7 3 a ) . The s o l idus tempe rature can be 
bracketed be twee n  1 1 1 5 °  and 1 0 5 0 ° C / a temperature at which amphibo le  was 
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s table in the c o 2 -H 2 0 vapor- s a turate d  experime nts o f  My s e n  a n d  B o e ttc h e r 
( l 9 7 5 a ) , because the Z IVC s o l i dus i s  a l s o  the maximum s tab i l i ty l imi t o f  
amph ibo l e  i n  the pre s ence o f  c o 2 -H 2 o vapor f o r  i nc on grue nt - l ike amphibo le 
me l ti n g  behavi or ( compare s e c tions  a - a ' and b -b ' ,  P = 6 ,  F i g . 3 ) .  The 
s o l i dus a l s o  co i n c i de s  wi th that for a vapor

-
composi tion of C0 2/ ( C 0 2 + H 2 0 J 

( mo l ) = 0 . 8 ( My s e n  an d Bo e ttc h e r , l 9 7 5 a ) , a s  des c r i b e d  be low .  The s o l i dus 
reac tion p rob ably ac tual ly o c c urs ove r a small  temperature i n te rval be c ause 
o f  s o l i d  s o l utions , princ i p a l l y  Fe -·Mg i n  o l i vine and pyroxene s and Na i n  
c l i no pyroxene . The pha s e  b o undar i e s  above l 4 0 0 ° C  a r e  e s timated f r o m  the 
me l t i ng data o f  My s e n  a n d  Kus h i ro ( 1 9 7 6 )  on rock 1 6 1 1  in the ab sence o f  
vol a tile s .  

The compo s itions  o f  l i q uids a s  a f unc ti on o f  temper ature ( F i g .  7 )  
h ave be en e s timated . Liqui d forme d  a t  temperat ure s immedi ate ly above the 
s o l i dus mus t  be of the s ame compo s i tion for a l l  vo l a t i le compos i tions from 
C0 2/ ( C 0 2 + H 2 0 )  = 0 . 0 1 to 0 . 8 ,  because for all the s e  compos i tions  the sub
sol idus phase as s embl a ge is i n  a Z IVC . Moreove r , the v apor compo s i tion 
mus t be the value at the le f t-hand s i de of the Z IVC , th at i s , 0 .  8 .  ( Re fe r  
t o  the s e c tion a t  P = 6 ,  T = l ,  Fi g .  3 , fo r a vi s ua l i z a ti o n  o f  th i s  p r i nc i 
pl e . ) The par t i c ula r  value o f  0 . 8  i s  no t known p re c i s e l y , b u t  i t  mus t be 
greate r  than 0 . 7 5 ,  be c ause  My s e n  and B o e ttc h e r ( l 9 7 5 a )  fo und amphibole i n  
equi l ibri um wi th l iquid and vapo r  o f  C 0 2 / ( C 0 2 + H 2 0 )  = 0 . 7 5 i n  the i r  
exce s s -vapor expe rime n ts . The compo s i t ion o f  l iquid i n  e q ui l ibrium wi th 
vapor of  C 0 2/ ( C 0 2 + H 2 0 )  = 0 . 8  i s  probab l y  nephe l i n i tic , j udging from the 
data of Egg l e r  ( 1 9 7 4 , 1 9 7 7 )  and My s e n  a n d  B o e ttc h e r  ( l 9 7 5 b ) . On l y  for vap
or con s i s ti ng s o l ely of H 2 0 ,  and the re fo re out s i de the Z IVC ,  is the l iquid 
ande s i ti c . The pe rs i s tence o f  the nephe l i n i te f i e l d  above the so l i dus i s  
due to  the pers i s te nce  o f  C 0 2 - rich  vapor to hyper s o l i dus temperature s .  
Be c ause vapo r  become s  more C0 2 - r i ch as  temperature i s  incre a s e d  ( Eg g l e r  a n d  
Ro s e n h a u e r ,  1 9 7 7 ;  E g g l e r , 1 9 7 7 ) , l i qui d compo s i tion mus t be at l e a s t a s  
s i l i ca-unde rsatura te d as nephe l i ni te . At temperature s above th€ vapo r
pre s e nt fie l d ,  the  vo l ati l e  c on te nts of  l iqui ds wi l l  de c re a s e  as  temperat
ure i n c re a s e s . At tempe rature s approaching the vo lati le - ab s e n t  s o l i dus 
( l 3 6 0 ° C at 1 5  kb ar , F i g .  5 ) , the e f f e c t  of vo l a t i l e s  i s  minimal , bec aus e  a t  
the se temperature s ,  t h e  amo un t o f  me l t  i nc re a s e s  dramati c al ly ( Wy l l i e , 
1 9 7 1 ) . Be low the se temperature s ,  the amo un t o f  me l t  i s  probab ly le s s  than 
5 %  ( My s e n  a n d  Kus h i ro ,  1 9 7 6 ) . Thus , the f i e l ds fo r o l i vine tho l e i i te and 
tho l e i i ti c  pi c r i te can be e xtrapo l a te d  wi th some con f i dence  from the l i quid 
compo s i t ions determi ne d in the absence o f  vo l at i le s by My s e n  a n d  Ku s h i ro 
( 1 9 7 6 ) . 

Th e 3 0  kb a r  s e c t i o n . Above abo ut 2 7 kbar , phlo gopite s ucceeds 
amph ibole

-
as a s o l i dus hydrous pha s e  ( Gr e e n , l 9 7 3 a ;  Mo dre s k i a n d  B o e ttc h e r , 

1 9 7 2 ) ,  and do lomi te i s  a s o l idus c arbonate ph ase  ( Ho l l o w a y  an d Egg l e r ,  
1 9 7 6 ; Hgg l e r, K u s h i r o .  an d Ho l l ow a y , 1 9 7 6 ) . For the peridoti te compo s i tion 
( Tab le l ) , a comp l e tely hydrated phl o gop i te -peridoti te w i l l  con tai n 0 . 4 4 wt.  
% ph l o gopite or 0 . 0 2 wt . % H 2 o .  A comp l e t e l y  c a rbona te d  pe r i doti te wi l l  
c ontain about 1 0  wt . % dol omi te , o r  5 %  c o 2 . Thus , an i s obari c s e c tion fo r 
a do lomi te -phl o gopi te pe r i do ti te wi th only 0 . 1  wt . % vol at i l e s  ( Fi g . 8 )  i s  
an alogous to s ec tion �-� ·  ( Fi g .  4 )  i n  the model �-H2 o -c o 2 , inasmuch as  
compos i tions are , at s ub s o l i dus conditi ons , always unde r s a tur ate d wi th 
re s pe c t  to dol omi te , but e i ther s a tur ate d o r  unde rsa turated w i th respe c t  to 
ph l ogopi te , depending on vo l a t i l e  c ompos i tion . The hype r s o l idus con fi gur
ation of F i g . 8 up to about l 4 0 0 ° C  is p robab l y  app l i c ab l e  to vol at i l e  
contents o f  0 t o  abo ut 5 wt . % .  

Mos t  o f  the source s us ed in  con s truc tion o f  the i s ob a r i c  s e c tion 
are l i s te d  in the f i gure caption . The l ine s eparating the two i nvariant 
s ub s o l i d us a s s emb l age s  lies  a t  C 0 2 / ( C 0 2 + H 2 0 )  = 0 . 6  because  at tha t  point 
the bulk compo s i tion c on tains  0 . 0 2 wt . % H 2 0 ,  the maximum amo un t that c an 
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be c on ta ined i n  phl o gopi te . The temper ature 
i n te rval be twee n  the s o l idus and the vo l a 
ti l e - ab s e nt s ol idus ( 1 5 l 0 ° C , Fi g .  5 )  i s  
4 0 0 ° C ,  over wh i ch the amount o f  l iqui d 
mus t  be sma l l  ( probab l y  < 2 % )  . Above 
1 5 l 0 ° C , the amo unt o f  l i q ui d  wi l l  i n c r e a s e  
r ap idly , a n d  phase  r e l a tions ( and l iqui d 
compo s i ti on s ) i n te rpolated from My s e n  a n d  
Ku s h i r o  ( 1 9 7 6 ) w i l l  be e s s en t i a l l y  c orrect . 
The compo s i t i on o f  the nea r - s o l idus l iquid 
has been e s t imated to be l a r n i te - no rmati ve , 
on the bas i s  o f e xper imen ts o f  B r e y  a n d  
Gre e n  ( 1 9 7 5 )  a n d  E g g l e r  ( 1 9 7 7 ) . ( The rock 
name for the l iqui d is me l i l i t i te ,  al tho ugh 
it sho uld be noted that no t a l l  l arni te 
normative rocks con ta i n  modal me l i l ite 
( Ve l de a n d  Yo d e r , 1 9 7 6 ) . )  Liquid i n  the 
Do l + LH Z + L fie ld wi l l  be more c arbo n a te 
rich  ( k i mberli ti c ) , bec aus e Do l me l ts o ve r  
tha t  temp e r a ture i n te rval . The c ompos 
i t i on o f  l iquid i n  equi l ib r i um w i th LH Z + 
Ph + H 2 0 - r i c h  vapor i s  a s s umed to be the 
potash - r i c h  o l ivine thole i i te de te rmi ne d 
by B ra v o  a n d  O ' Hara ( 1 9 7 5 ) . 

Pe t ro l o g i c  C o nc l us i on s  

F i g . 8 .  Phase  r e l a t i on s  
o f  a perido ti te contai ning 
0 . 1 wt . % vol a t i l e s  ( H 2 0 + 
C 0 2 ) a s  a func tion o f  the 
C 0 2 / ( C 0 2 + H 2 0 )  vo l a t i l e  
compo s i tion . The abs c i s s a  
doe s n o t  de no te vapor comp
o s i t ion . Do l ,  do lomite ; 
Ph , ph logop i te ; K s , k al s i l 
i te ; S a ,  s an i d i ne ; LH Z , 
o l i v  + opx + cpx + garne t 
( gar ) . So l id l i ne s  deno te 

wel l -de te rmined bo undar i e s ; 
long-dashed l i ne s , e xtra
po l a te d  bo undari e s ; and 
short-dashed l i ne s , e s t i 
mated boundari e s . The 
boundari e s  be twee n  Ph + LHZ 
+ L and LH Z + L and be tween 
Do l + Ph + LHZ  + L and LHZ  
+ L are a fte r Ho l l o way a n d  
E g g l e r  ( 1 9 7 6 ) ; the boundary 
be twee n  Do l + LHZ + L and 
LH Z + L is a fter E g g l e r  
( 1 9 7 6 a ) ; the boundary be t 

wee n  Do l + Ph + LHZ  + V and 
Dol + Ph + LHZ + L ( th e  
Z IVC sol idus ) was cal culat
e d  from the de c a rbona tion 
curve of E g g l e r , Ku s h i r o .  
a n d  Ho l l o w a y  ( 1 9 7 6 )  and the 
perido ti te s o l i dus  of Ku s h 
i r a .  S y o n o , a n d  A k i moto 
( 1 9 6 8 ) ( co n tours of equal 
XH 0 mus t  i nte r s e c t  at the 

2 
Z IVC s o l idus ) . Pha s e  

r e l a tion s above 1 5 0 0 ° C  are 
e x tr apo l a ted from My s e n  a n d  
Ku s h i r o  ( 1 9 7 6 ) . E s timated 
compo s i tion s o f  l iquids  in 
the various pha se fi e l d s  
are  shown i n  th e ins e t .  
The low- tempe r ature tho l 
e i i te f i e l d  i s  a fte r Bra v o  
a n d  O ' Hara ( 1 9 7 5 ) , the 
kimbe r l i te field  a fte r 
E g g l e r  ( 1 9 7 6 a ) , and the 
h i gh - temper ature theole i i te 
and p i c r i te fie l d s  a fte r 
My s e n  a n d  Ku s h i r o  ( 1 9 7 6 ) . 

The fol lowi ng conc l us i ons  c an be reached from i n s pe c tion o f  Figs . 
7 and 8 .  I t  should be kep t  i n  mind that the f i gure s are cons truc te d for 
s pe c i fic  range s of vo l at i l e  compo s i ti on s , as  i ndi c a te d  above . 
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1 .  I n  experiments  on  perido ti te -H 2 0 -C 0 2 sys tems c a rried out wi th 
re l a ti ve l y  large amounts of vo lati le s ( My s e n  a n d  B o e t tc h e r , 1 9 7 5 a ;  Egg l e r , 
1 9 7 5 a ) , i t  has been found that the s o l i dus tempe rature and l iquid compos 
i tion vary wi th C 0 2/ ( C 0 2 + H 2 0 ) , becaus e exce s s  vapor , o f  varying compos 
i t ion , i s  pre sent . For mantle compo s i t i on s  con tai ning r e l a ti ve ly smal l 
amounts  o f  vo lati le s ,  where a hydrous or c arbonate mi ne ral i s  pre sen t , the 
vapor compo s i tion i s  ( at any � and !) i nvari an t  ( fo r  mo s t  C 0 2 / ( C 0 2 + H 2 0 ) 
c ompo s i tion s ) with i n  a Z IVC . S uch mantle compo s i tions me l t  ( i sobar i c a l ly ) , 
whatever the C 0 2/ ( C 0 2 + H 2 0 ) , a t  a common temper ature to a common l iquid . 

2 . At 1 5  kb ar pre s s ure , amphibole perido t i te ( pl us vapor ) cont
ai ning sma l l  amounts of c o 2 + H 2 o me l t s  at abo ut 1 1 0 0 ° C  to a nephe linitic  
l iquid , because  the coexi s ting , i nvari ant vapor has  C 0 2/ ( C 0 2 + H 2 0)  � 0 . 8 .  
Only a sma l l  amount o f  nephe l i n i t i c  l iquid can be p roduced , howeve r , i f  the 
amount of vol a ti le s in the s ource r e gion is smal l  ( �  0 . 1  wt . % )  . For 
l a rger degre e s  of me l ting , l iqui ds w i l l  contai n sma l l e r  amounts o f  vol a t 
i le s  and the i r  compos i tion s  wi l l  be l e s s  a f fe c te d  by the vo l a t i l e s ,  unti l 
a t  temperature s ne ar the vo l at i l e - ab s ent sol i dus ( 1 5 1 0 ° C ) , l iquid compos 
i tion s  wi l l  be s imi l a r  to tho s e  o f  l iquids produced i n  the abs e nce o f  vo l 
a t i l e s  ( thol e i i te s ) . I f  parti al me l ting i s  frac tion a l , me l ting wi l l  c e a s e  
a t  the p o i n t  at which the vo l a t i l e - containing l iquid fraction i s  removed 
from the s ource r e gion , and w i l l  no t re s ume unl e s s  the tempe rature r i s e s  to 
that o f  the vo l a t i l e - ab s e n t  solidus . An exception i s  the hype r s ol idus 
field containing bo th l iquid and vapo r : I f  vapor i s  not removed wi th the 
liqui d  fraction , me l ting wi l l  not ce ase . Moreoeve r ,  the l iquid compo s i tion 
wi l l  be s tron gly contro l led by vapor frac tionation ( Eg g l e r , 1 9 74 ; My s e n ,  
A r c u l u s ,  and E g g l e r , 1 9 7 5 ) , be comi ng even le s s  s i l i c a - s atur a te d  than neph
e l i n i te . ( No te that under no c ircums tance s can ande s i te be produced by 
partial  me l ti ng ,  e xcep t  i f  co 2 is enti re ly lacking in the source re gion . )  

. ·  3 . At 3 0 kbar pre s s ure , do l omi te - ph l o gopite pe r i do ti te ( wi th or 
wi thout vapor ) containing sma l l  amo unts o f  co 2 and H 2 0 me l ts a t  about 
1 0 2 5 ° C to a l i qui d  that is probably me l i l i ti ti c . Such me l i l i t i t i c  primary 
me l ts c an be  produced only i n  the p re s e nce o f  c o 2 ( Eg g l e r , 1 9 7 4 ; B r e y  a n d  
Gr e e n ,  1 9 7 5 ) . For v e r y h i gh H 2 0/ ( H 2 0 + C 0 2 ) , the  liquid i s  o l i vi ne tho l 
e i i ti c . The compo s i t i on o f l iquid produced i n  the abs e nce o f  H 2 0 i s  kimb
e r l i t i c  or c arbonatitic  ( E g g l e r , 1 9 7 5 b , 1 9 7 6 a ;  Wy l l i e  an d H u a n g , 1 9 7 5 b ) . 
Do lomi te or  ph logopi te pers i s ts to tempe rature s about 1 0 0 ° C  abo ve the sol i 
dus , but the amo unt o f  l iqui d  produced i s  probabl y  only a few pe rcent unti l 
tempe rature s about 3 5 0 ° C above the sol idus are re ache d . The s ame princ i 
ple s  o f  frac tional  me l ting di s cu s s e d  above apply t o  the 3 0 kbar s e c tion , 
with the e xception th at within the hype r s o l i dus fie lds contain in g e i the r 
dol omi te o r  phlogop i te , remova l o f  the l iqui d fraction wi l l  not c ause  me l t
ing to cease . Ra ther , me lting w i l l  proceed , but on a r adi cally  di f ferent 
cours e , i na smuch as the s ource region wi l l  then contain only c o 2 o r  H2 0 ,  
depending on  whe the r dolomite o r  ph lo gopite i s  the re s i dual phase . 
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No t e  a d d e d  i n  p ro o f :  Wy l l i e  ( 1 9 7 7 )  has  deve loped a concept ve ry s i mi l a r  
t o  the Z IVC deve loped here , th at i s , a mantle vapor compos i tion 
buffered by reaction . H i s  di s cus s ion i s , howeve r , l imited to a 
carbonated pe r i do ti te . 
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E Q U I L I B R I UM AND M I X I NG I N  A PART I A L L Y  MO LTEN MANTLE 

Albrecht H .  Ho fmann and Mordeckai Magari t z  
Carne gie Ins titution o f  Washington 

Department o f  Te rre s trial  Magne tism 
5 2 4 1  Broad Branch Road N . �IJ .  

Wash ington , D . C .  2 0 0 1 5  

The vo lume o f  rock that wi l l  attain chemical  and i s o topi c  equi l i 
brium during p arti a l  mel ting depends on ( a )  the re acti on rate be twe en s o l i d  
and me lt , ( b )  th e rate o f  mi xin g due to conve c tive movement o f  the me l t  or 
the s o l i d -me lt aggre gate , ( c )  the rate o f  transport due to d i f fus ion , and 
( d )  the duration of the proces s .  

Effect  ( a ) has be en revi ewe d by H o fmann a n d  H a r t ( 1 9 7 7 ) , who 
s ummari z e d  the avai l ab l e  di f fusion data for man tle mine ral s ( o l i vine , 
py roxene , ph logop i te ) and es tima te d  that D= l o - 1 3cm2 s - l  i s  a l ower limi t  for 
d i f fus i vi tie s at tempe ra ture s above l 0 0 0 ° C . Thi s  me an s that crys tal s o f  
l e m  di ameter or l e s s  wi l l  reach e s senti a l ly comp l e te ( > 9 9 % )  equi l ibrium 
w i th the s urro unding me l t  phase in l e s s  than 4 x l o 4 years . Un for tunate l y , 
the expe rimental data on di f fus ion i n  c rys tal l i ne s i l i cate s  are i ncomplete 
and in many c a s e s  open to que s tion . The re fore , the above conc l us ion should 
be regarde d as a c urrent be s t  e s timate only . Howeve r , for the purpo se of 
thi s  di s c us s ion , we s hal l as s ume that s o l i d-me l t  equi l i b ration i s  s uf f i
c i ently rapid s o  that the par tially mo l te n  aggrega te may be regarded a s  
being in  l o c a l  equi l ibrium ,  i n  the s e n s e  that the me l t  i s  eve rywhere i n  
equi libri um wi th the ne are s t  s o l i d  phase s . 

E f fect ( b )  i s  di fficult to as s e s s  be cause the dynami c s  o f  man tle 
convec tion is poorly unders tood . Quanti tative es timate s  mi ght be obtained 
for ce rtain probab l e  proce s s e s  s uch a s  di api ric  intrus ion of a c ry s ta l 
me l t  mush , o r  two -phase f low during upwe l l i ng at the mi d-o ce an ri dge 
( Tu r c o t t e  a n d  A h e rn , 1 9 7 7 ) . H o fmann a n d  Har t ( 1 9 7 7 )  revi ewe d the Sr i s o 
topi c data o n  oceani c bas a l ts , wh ich are re l a ti ve ly uni fo rm for ocean floor 
rock s and much mo re he teroge neous for ocean i s l ands . We s ugge s t  that the 
rel ati ve uni fo rmi ty o f  the oce an floor ro cks is the re s u l t  of convective 
mi xing with in a we l l  de fine d re servo i r  i n  the mantle whi ch undergoes  only 
l imi ted m ixing wi th the source mantle of the ocean i c  i s l ands . The length 
s c ale o f  mixing be tween the s e  two re servoi rs c an be es timated from the 
length of the trans i tion zones betwe en the two types o f  mate ri a l . Al though 
i t  i s  not a p r i o ri clear  that the se trans i tion zone s mus t be a re sul t o f  
mi xin g rathe r than a primary fe ature o f  the unde rlying mantle , s uch an 
inte rpre t ation is plausible , for exampl e , i f  the i s l ands a re deri ve d  from 
a de ep-mantle pl ume . S uch trans ition zone s , i nte rpre te d as regions o f  
mi xin g be twee n  two mantle-de rived components , have been s tudi e d  on the 
Reyk j ane s Ri dge by S c h i l l i n g  ( 1 9 7 3 ) , Har t e t  a l. ( 1 9 7 3 ) and Sun e t  a l . 
( 1 9 7 5 ) , and on th e Azore s  plat fo rm by S c h i l l i n g  ( 1 9 7 5 ) , Wh i t e e t  a Z .  ( 1 9 7 6 )  
and Wh i t e ( 1 9 7 7 ) . The length o f  th e tran s i tion zone i s  abo ut 4 0 0  km i n  the 
Reyk j ane s Ri dge and about 1 0 0 0  km in the ri dge s e gment so uth of the Azore s  
plat form . De spi te th is  re l ative l y  l arge ove ral l s c ale o f  mi xin g ,  the i so 
topic compo s i tion shows smal l e r  fl uc tuations o n  a s c a l e  o f  ten s o f  k i l o 
me ters or le s s  alon g both ri dge se gmen ts . Th i s  mus t re flect  the length 
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s c a l e  o f  the conve c ti ve mo ti on s  invo l ve d .  

E f fe c t  ( c )  c an be meas ure d with mo re confidence from ava i l able  
experimenta l data  on  di f fus ion i n  s il i c a te me lt s . Fi gure 1 i s  a comp i la 
t i o n  of  re s ul t s  fo r di f fus ion i n  me l t s  o f  b a s a l t i c  compo s i tion . H o fm a nn 
a n d  Ma g a r i t z  ( 1 9 7 7 )  h ave argue d that the se di f fus i vi ti e s  woul d no t be 
dras t i c a l l y  incre ased  by the addi tion of vo l a ti le s to the b a s a l t . The se 
argume nts are based  in  part on th e low c a ti on mob i l i ty i n  a wate r - s aturat
ed b a s al t  - rhyo l i te couple  ( Yo de r , 1 9 7 3 ) .  Thus , a l though the addi tion o f  
water c an increase the re action rate s i n  s i l i c ate s b y  seve ra l  o rders o f  
magn i tude , the e f fe c t  on the di f fus ion rate s i n  s i l ic a te me l t s  appe ars to 
be much smal le r .  The s imi lari ti e s  o f  di f fus ivi tie s o f  a w i de var i e ty o f  
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Fi g .  1 .  Di f fus ion coe f f i c i e nts in 
mo l ten b as al t a s  a function of i nve rs e  
abs o l ute temperature . Source s o f  data 
are given by n umbe r· in  p arenthe s e s : 
( 1 )  H o fm a nn a n d  Ma g a r i t z  ( 1 9 7 7 ) ; ( 2 ) 

Ho fm a n n  a n d  B r own ( 1 9 7 6 ) ; { 3 ) Ma g a r i t z  
a n d  H o fm a nn ( 1 9 7 7 a ) ; ( 4 )  Mue h l e nb a c h s  
an d  Kus h i r o  ( 1 9 7 4 ) ; ( 5 )  Me dfo r d  ( 1 9 7 3 ) .  
( 1 ) , ( 2 ) and ( 3 ) are tracer di f fus ion 
s tudie s on o l i vi ne tho l e i i te bas a l t  
( Ki l a u e a ,  1 9 2 1 ) ; ( 4 )  i s  a tracer 
di f f us ion s tudy on ( un s p ec i fied )  
bas al t ;  ( 5 )  i s  a s tudy of  chemi c a l  
di f fus ion from a muge a r i te , arti fi c 
i a l l y  e nri che d i n  C a O , into no rmal 
muge ari te . 

ioni c spec i e s  make s i t  po s s ib l e  to 
e s tima te tran sport rate s i n  a 
parti a l l y  mo l ten mantl e , a s s uming 
th at the compos i tion of the me l t  
phase i s  s imi lar  t o  b a s a l t .  In 
mul tiphase  aggregate s , the di f fus 
ion transport  i s  a comple x  pro
c e s s  when con s i de red i n  de tai l .  
Howeve r , the as s umpt i ons norma l ly 
app l i e d  to di f fus ion me t asomati sm 
in me tamorph i c  rock s should  a l s� 
apply to parti a l l y  mo l te n  rock s . 
Fol lowing Ko r z h i n s k i i  ( 1 9 7 0 ) ,  we 
as s ume l o c a l  equi l ibrium be tween 
l iquid and s o l i d  phase s and di f

fus ional  transport th ro ugh a s tand 
ing pore l i q ui d ,  whi ch i s  eve ry 
whe re i n te rconne c te d . The di f fu s 
ion e quation ( fo r  o ne dime ns ion ) 
may the n  be wri t te n  

() c  
IT 

i3 D  
me l t 

T [ k  ( 1 - 13 )  + 13 ]  ( 1 )  

whe re c i s  the c oncen tration o f  
the d i f fusing c omponent i n  the 
me l t ,  t is th e time , T is the c o 
e f fi c ient rel ate d t o  the to rtuo s 
i ty o f  the di f fus ion path , i3 i s  
the f rac tion a l  poro s i ty ,  D i s  the 
di f fus ion coe f f i c i ent , k i s  the 
b ulk parti tion coe f f i c ient given 

by k = sjc , where s is the concentration i n  the s o l i d  phases  and k is as s 
ume d con s tan t , x i s  the di s tance i n  the direc tion o f  d i f fus i on . Equation 
( 1 )  may b e  derive d ,  for example , from equation 1 4 . 3  given by Cran k ( 1 9 7 5 ) . 
Thus , an e f fective di f fus ion c oe f fi c i en t  c an be de fined for the parti al ly 
mo l ten rock 

!3 D  
D = 

me l t  
rock T [ ( 1 - i3 ( k + i3 l 

The dependence o f  Drock/Dme l t  on the me l t  fraction i3 i s  s hown o n  Fi g .  2 for 
di fferent value s  of K.  The val ue of T is a s s umed to be uni ty . Th i s  i l lus 
tra te s  the di f fe rence i n  di f f us ion behavior  be twe en ma j o r  e lements ( k  > 
0 . 1 ) and incompatible trace elements ( k  < 0 . 1 ) . For l arge val ue s  o f  k and 
mo derate de gre e s  o f  me l ti n g ,  the e f fe c tive di ffus ion coe f f i cient o f  the 
rock i s  g iven by Drock � Dme l t ( i3/k ) , and Drock is the re fore smal ler than 
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Fi g .  2 . Re lative e f fe c ti ve 
di f fus ion coe f fi c ient o f  the 
parti al ly mo l ten rock , D ( rock/ 
D ( me l t ) , as a function of the 
me l t  fraction o f  the rock , for 
di ffere nt va l ue s  of the bulk 
parti tion coe f ficient k = 

0 . 0 0 1  to k = 3 0 . The me l t  i s  
as s ume d to b e  interconne c te d  
and the e f fe c t  o f  path tort
uo s i ty negligib l e . Al l trans 
port i s  a s s umed to occur in 
the me l t phase , which i s  
eve rywhe re i n  l ocal equi l i 
brium wi th the s o l i d  phases . 

Dme l t  by one o r  seve ral orders o f  magn i
tude . For ve ry smal l value s  o f  k ,  Drock 
become s approximately equal to Dme l t  
e xcept when the de gree o f  me l ting i s

'
also  

ve ry small . Consequently , th e incompatibl e  
e l ements , s uch as B a  an d the l i gh t  REE , 
wi l l  in gener a l  di f fuse more rapidly 
thro ugh a parti a lly mo l ten mantl e  than do 
the ma j or el emen ts , s uch as Ca , or trace 
e l ements s uch as Co that  have re l at i ve ly 
l arge parti tion coe f fi cients . For e xample , 
i f  the bulk parti tion coe f fi c i ents for S r  
and Ca are k = 0 . 0 1 and k = 1 . 0  re spec tive 
ly , the e f fe ctive di f fusion coe ffici ents i n  
a ro ck wi th one pe r cen t  me l t  a t  l 3 0 0 ° C  
w i l l  b e  Drock ( S r )  = 1 x l o - 7 and Drock 
( Ca )  = 4 x l 0 - 9 cm2 s - l , e ven though Dme l t  
( Ca )  i s  gre ater than Dme l t ( S r ) . 

The order o f  magni t ude o f  equi l i 
bration di s tanc e s  i s  mo st conveniently 
e s timated by the re l ation X =  ( Dt ) l /2 . 
Con s i deration o f  examples  with speci fi c 
ini tial and bo undary conditions yie lds . ·  

resul ts that are s urpri s i ngly s i mi l ar to 
tho�e ob tained from th i s  s imp le  e s tima te 
( Ma g a ri t z  a n d  Ho fmann , l 9 7 7b ;  H o fmann a n d  

Ma gari t z ,  1 9 1 7 ) . Us ing D = l o - 6 cm2 s - l  as 
an uppe r l i mi t  for mo s t  of the e ffe c�ive 
di f f us i on coe f f i c ie nts , we obtain dis tance s  
o f  5 . 6  e m  f o r  one year , 5 6  e m  fo r 1 0 0  year� 
5 6 m fo r 1 0 6 years , and 3 . 8  km fo r 4 . 5 x 
1 0 9 ye ars . Thus , di f fus ion i s  ve ry e f f i c 
i e n t  i n  equi l ibrating a part i a l ly mol ten 
mantle on a sma l l  s c a le , but any mi xi ng on 
a s c ale  greate r  than a few ki lome ters  c an 
only be accomp l i shed by con ve c tion . 

The pers i s tence of  rel ative ly 
sma l l - s c ale i s otopic  i nhomo gene i tie s along the Mi d-Atlantic ri dge shows 
th at conve c tive mi xing did not reduce the s i ze o f  the se inhomo gene i tie s 
s u f fi ciently for comple te di f fus ive homo geni z ation to take place . Thus i t  
appe ars that di ffus i ve and conve c ti ve mi xing do no t interact e f fi c iently 
in the source re gions o f  mi docean ridge s , and it  shoul d there fore be pos s i 
b l e  to s e t  a l owe r limi t for the s i ze o f  the sma l l  mantle - convec tion ce l l s  
th at have recently be en advocate d  ( Ri c h t e r  and Pa rs o n s , 1 9 7 5 ;  Pa r s o n s  an d 
Mc Ke n z i e , 1 9 7 7 ) . 

In contras t wi th the se hete rogene i ti e s  a long the mi docean ri dge , 
many individual vo lcanoe s and several  entire ocean i c  i s l ands a re q ui te 
un i fo rm in i s o topic compo s i tion ( O ' Ni o n s  a n d  Pa nk h urs t ,  1 9 7 4 ; Ho fmann a n d  
Har t ,  1 9 7 7 ) . The se mus t  b e  de rived from re se rvoirs  that a r e  i nte rna lly  
we l l  mi xed by  combined convec tion and di f fus ion . I t  seems p l aus ible that 
the ne ce s s ary sma l l - s c a le convec tion is re l ated to the intrus ion p roce s s  
i tse l f .  

The e f fe ct o f  time ( d )  can b e  estimate d from the re l ation X = 
( Dt ) l/ 2 for di f fus ion processe s .  Because o f  the square roo t relation , 
e rrors in th e t ime es timate are dema gn i fi ed i n  the e s timate o f  di f fus ion 
dis tance . Estimate s for the duration o f  conve c tion depend strongly on the 
parti cular  conve c t ion proce s s . Thus the time for conve c tive turnove r  
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o f  a l arge o ceanic p l a te may be es timated f rom the rate o f  sea  floor 
s p re ading to be o n  the o rder of 1 0 8 to 1 0 9 years . Time s for magma ascent 
can be e s t i mated from the vi s cos i ty of the magma and the s i ze of xeno l i ths 
tr ans porte d  by the ma gma . Ku s h i r o e t  a l .  { 1 9 7 6 )  e s tima ted t i me s  o f  seve ral 
day s fo r tho le i i ti c  magmas and hours for a lkal i c  magma s , i f  inclus ions o f  
1 0  e m  di ame te r are tran sported by magma wi th Newtonian behavior . Sp a r k s  
e t a l . { 1 9 7 7 )  di s c u s s e d  the pos s ibi l i ty o f  a s lowe r a s c ent on the orde r o f  
1 0 0  days be cause o f  the yie l d  s trength o f  magmas . In con tras t w i th these  
comp arative ly rapi d  a s c en t  rate s , the ri s e  o f  hot  vi scous di api r s  or  
" b l obs " wi l l  be much s l owe r , if  the re i s  no crack or  pre -e xi s ting condui t .  
Ma r s h { 1 9 7 7 )  has e s timated the ascent rate o f  a blob that heats i ts wa l l  as 
it r i s e s  to be about l o - 6  m s - 1 , or abo ut 3 x 1 0 3 yr  pe r 1 0 0  km . 

The conc l us ion drawn from the above obs e rvations i s  that the three 
proce s se s  whi ch c aus e homo geni z at ion and e qui l i b r i um in the mant le have 
di f fe rent characte ri s ti c  length s c a le s : fo r s o l i d- s o l i d  an d so l i d -me l t  
re ac tions the s c ale i s  o n  the order o f  l e m  o r  le s s ; for conve c t i ve mi xing 
i t  is hundre ds of ki lome te rs , e xcept in i ntrus i ve proce s s e s  whe re it i s  
s u f fi ci e n t ly s mal l s o  th at conve ction inte rac ts wi th di ffusion i n  the me l t  
t o  produce ne arly c omp le te homo geni z at ion . Di f fus i on in a parti a l ly mo l ten 

homo geni z e s  the rock on a s c ale o f  me te r s  to k i l ome te rs fo r time s  
be tween 1 0 6 and 1 0 9 ye ars . Incompatible trace e leme n ts tend t o  di f fuse 
fas te r  than ma j o r  e lemen ts ( de s p i te l ower di f fus ion  coe f f i c i en ts ) be cause 
the i r  mob i l i ty is l e s s  re tarde d by re ac tion wi th s o l i d  phase s . 
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2 .  F I E L D E V I D E N C E  O F  P A R T I A L  M E L T I N G  

NON - E QU I L I B R I UM PART IAL FUS I ON DUE TO DE C Oi'.!PRE S S I ON 
AND THE RMAL E F FE C T S n C RU S TAL XE NOL I T H S  

E l a i ne R .  Padovani 
Departmen t o f  Earth and P l ane tary S c i ences 

Mas s a chuse tts Insti tute of  Te chnol ogy 
Cambri dge , Mas s achuse tts 0 2 1 3 9 

Jame s L .  Carter 
Unive r s i ty o f  Texas a t  Dal l a s  

Program f o r  Ge o s c i ences  
Box 6 8 8  

Ri chardson , Te xas 7 5 0 8 0  

Ab s t r ac t  

Var i able amoun ts o f  part i a l  fus ion both wi thin c racks i n  mine ra l s  
and a long grain boundari e s  have been obs e rve d  i n  c rus tally derive d  granu
l i te fac i e s  xeno l i ths from Ki lbourne Hole maar , south central New Me xi co . 
Th e fusion o ccurre d rapidly e nough to have had li ttle e f fe c t  on the homo 
gene i ty o f  ma j or phase s .  The me l t  produce d was quenched producing  e i ther 
inhomo geneous inte r s t i t i a l  glas ses  o r  symp l e c ti te s  o f  e i the r : 1 )  ortho
pyroxene - spine l - gl as s  around garne t margin s , or 2 )  o l ivine - gl a s s  around 
orthopy roxene margins . Lack of mi xing of liqui ds on a mi cro s c ale has been 
observe d where fus ion occurred be twee n  adj acent i lmen i te and s anidi ne 
gra ins . Parti a l  fus i on i n  anortho s i te and charnocki te produced gl a s s e s  
r i ch in  P 2 0 5 ( up t o  1 0  oxi de we i ght percen t )  due t o  the pre s e nce  o f  loc a l ly 
abun dan t apati te . In ters ti tial  me l ti ng mo s t  frequently occurs ad j a cent to 
ferromagne s i an phase s ; s uch l iqui ds , howeve r , do not re pre sent the firs t 
me l t s  that would be produced by equi librium fus ion o f  the xeno l i th . The 
reactions invo lved have not re ached equi l i b r i um and , there fore , cann o t  give 
indi cations o f  temperature , oxygen fugaci ty or pre s s ure attained by the 
xenol i th e i ther be fore incorporation i n to the ve nt or during tran sport to 
the s urface . 

I n t r o d uc t i o n  

We have found vari ab le amo unts o f  g l a s s  and i t s  cooling  produc t s  
i n  a s uite o f  lowe r  crus tal xeno l i th s  f rom Ki lbourne H o l e  maar in s o uth 
central New Mexi co . The xen o l i ths have been previ ous ly de scribed 
( Pa do v a n i , 1 9 7 7 ;  Pa do v a n i a n d  Car t e r , 1 9 7 7 )  and appe ar to re present  lowe r  
crus tal mate ri a l  wh ich was inco rporate d  in to as cending magmas during the 
e xp los i ve vo l c an i c  e rup tions whi ch forme d  the maar . The xenoli th g l a s s e s  
an d the i r  products a r e  chemi c a l ly un like the ho s t  a l k a l i  o l i vine b as a l t  and 
evi den tly repre sent  partial  me lts  o f  the xeno l i ths pre se rve d in s i tu by 
quenching . 
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The lower crus tal xeno l i ths con s i s t  o f  anhydrous quartzo fe l d
sp athi c garne t granul i te s , two pyroxene granul i te s , charnocki te and 
anortho s i te in de cre a s i ng abundan ce ( Pa do v an i , 1 9 7 7 ;  Pado v an i a n d  Ca r t e r , 
1 9 7 7 ) . The mine ralogy an d chemi s try o f  the s e  xeno l i ths  i s  outl ined i n  
Pa do v a n i  a n d  Car te r ( 1 9 7 7 )  and de s c ribe d in  de tai l  in Pado v a n i  ( 1 9 7 7 ) , but , 
in general , garne t , fe l dspars , s i l l imani te , pyroxene and i lmeni te are the 
prin c ip al phase s . 

P a r t i a l  F u s i on P r o du c t s  

The xeno l i th s  mo s t  a f fe cte d b y  th e fus i on p roc e s s  are the quartzo
fe l dspath ic gar ne t granul i te s  ( P l ate s  1 and 2 ) . Two pyroxene gran ul i te , 
charno cki te and ano r tho s i te a l s o  di splay e f fe cts o f  par tial  fus ion , but 
me lts  in the se rock typ e s  are much l e s s  extens i ve ly deve lope d .  Garnet i s  
the principal phase mo s t  a f fe cte d  b y  the parti al  f us i on proce s s  ( P l ate s l a ,  
lb and l c ) . Moderate amo un ts o f  parti a l  fus i on appear t o  have no t a f fe cte d 
the homo gene i ty o f  ma j or pha s e s  s uch as garne t ,  as demons trate d by e le c tron 
mi croprobe analy s e s  which indi cate no obse rvable zona tion wi th re spe ct  to 
ma j o r  and minor e lements ( Pa do v an i and Ca r t e r ,  1 9 7 3 ,  1 9 7 7 ) . I lmen i te , when 
exte n s i ve ly f use d ,  deve l ops ulvospine l rims o r  quench - l i k e  c ry s ta l s  o f  
ul vospine l o f  vari abl e  compos i tion a l ong i ts margins ( Pa do v an i , 1 9 7 7 ) . 
Often , hercyn i ti c  s pi ne l  i s  found nucle ating on the ulvospine l rims 
( Pado v a n i , 1 9 7 7 ) . Ulvos p i ne l l ame l l ae o f  uni form compo s i tion are found in 
the interiors  of i lmeni te g rains whi ch have unde r gone smal l amoun ts of 
fus ion . Wi th progre s s i ve fus i on , the rims deve lop at the expense  o f  the 
lame l l ae , wh ich eventual ly di s appe ar . 

Inte rs ti ti a l  gl a s s  i s  an ub iqui tous component in  the garne t-rich 
re g ions o f the quar t z o fe l dspath i c  granul i t e s  and i t  i s  a l s o  ob s e rved i n  
reglons r i ch s il l iman i te , fe l dspars a n d  quartz  ( P l ate s l d  and 2 ) . Glas s e s  
produced from the parti al fus ion o f  i lme nite are typ i ca l ly purple in color , 
thos e  produce d from th e partial fus ion o f  garne t are pale ye l l ow and those 
produce d f rom the parti a l  fus ion of  po tas s i um fe lds par ( s ani dine ) are  
co lorle s s . The se  di f fe rence s a re accentuate d  whe re glas s e s  p roduced by 
parti a l  fus i on of garne t , i lmeni te and s anidine have forme d but ha ve no t  
been thoroughly mi xe d  ( Pl a te 2 a ) . P l a te 2 i l l us trate s va ri ous type s  o f  
incipient fu s i on . Es timate s o f  the percent o f  g l a s s  and i t s  containe d 
quench products de te rmined by point counting demon s trate that interconne ct
ion o f inte rgranul ar me l t  po cke ts i s  s l i ght un ti l gre ate r than 40  to 5 0  
pe rcen t tr appe d me lt i s  p re s e n t  in the ga rne t granuli te s . Loc a l ly , ini ti a l  
me lts tend t o  re fle c t  ad j acen t mi ne ralogie s .  A few xenol i ths have a frothy 
texture wi th dark gla s s y  ma te ri a l  along formerly garne t-ri ch l ayers , whi ch 
n ow are separate d  from o ne ano the r by reg ion s o f  lighte r  co lored gl a s s  
con taining parti al ly di ge s te d  and/or unal te re d  grains o f  p l agioclase , 
s i l liman i te and quart z  ( P l a te l d ) . 

Gl as s y  alka l i  o l i vine b as a l t  forms parti al  or  comp l e te c rus ts 
a round th e xenoli ths . The con tact betwe e n  the i n te rs ti ti a l  g l a s s  forme d 
with in th e xenol i th and th e b a s a l t  c rust  i s  sharp e xcept whe re fracture s , 
extending to the s urface of  the xeno l i th ,  have acted as pathway s for en try 
o f  magma . Whe re thi s bas a l t i c  gl a s s  and its  quench products i s  ob se rve d 
within a xe no l i th ,  i t s  pre sence i s  di stinctive be c ause o f  i t s  dark b rown 
color , ve s i cul ar nature and the pre sence of o l i vine and/or pyroxene 
phe no c ry sts . 
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P l ate l .  a .  Garne t gran u l i te with about 7 %  parti al me l t  ( e s tab li shed 
by point counting) seen in th i s  photomi crograph as dark rims around 
garnet and i lmen i te . Principal mine rals are garnet ,  quartz , s i l l i 
manite , pota s s i um fe lds par ( s anidine perth i te ) , plagioclase and 
i lmenite . Acces sory minerals are ruti le and z i rcon . b .  Garne t granu
l i te with about 3 0 %  partial me lt seen as dark patches which are 
composed of glas s ,  orthopyroxene and s pinel symp lectites . The 
symplectite s  have part i a l ly replaced the l arge garne t in the cen tral 
and l e f thand portions of the photomi crograph and have tota l ly re placed 
the smaller garne ts in the ri ghthand s i de . Mine ral assemb lage i s  the 
s ame as in P l ate la . c .  De tail of symp lectite associate d with garne t .  
Cruc i form , medium gray he rcyn i ti c  s pine l and lath - l ike pale gray ortho
pyroxene oc cur as quench- l ike crys tals in glas s .  d .  Garne t granu l i te 
which has un dergone gre ate r than 5 0 %  fusion . Garne t can no longe r be 
re cogni zed as a discre te phas e ,  but its pre sence can be infe rred by 
patche s of symplecti te . Lines o f  flow in me l t  are seen as l ight and 
dark areas o f  poorly mi xed i n te rs ti ti a l  glas s e s  of variable compos i 
tion . Mineral re s i due con s i s t s  o f  quart z ,  s i l limani te , potas s i um 
fe l dspar and p l agioclas e . 
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P l ate 2 .  a .  Exampl e  o f  apparent l ack o f  mi xing between me lts , now 
s een as glas se s ,  of Fe , T i - r i ch , S i -poor ( i lmen i te r i c h )  compo s i tion 
( e longated dark b lob above b lack i lmen i te grain ) and K, S i - r i c h  
( s anidine - ri ch )  compo s i tion ( s een as pale gray g l a s s  sur ro unding the 

dark b lob ) . Garne t occupi e s  the l e f thand portion o f  the pho tomi cro
gr aph , while s anidine oc cupies the r i gh thand s i de .  b .  Flow l i n e s  in 
glas s within s ymp le c t i te seen in le fthand po rtion o f  photomi crograph . 
B l ack mi nerals in gl ass are hercyn i te and orthopyroxene . Minerals i n  
ri ghthand portion o£ pho tomi crograph are potas s i um fe l dspar ( s anidine 
pe rth i te ) . Perth i te can be seen e xtending in to glas s along marg in o f  
s anid ine hos t .  c .  Area wi thin a garnet gran u l i te wh i ch has unde r gone 
app roximate ly 3 0 %  fus ion . Potass ium fe ldspar is the mineral in the 
cente r ,  with s i l l iman i te grains to the le f t  o f  i t .  Note that pe rthi te 
lame l l ae have been le ft s tranded in glas s on e i th e r  s i de of the parti a l l y  
me l te d  s an i dine hos t ,  i n  the s ame opti cal ori entation as tho s e  w i thin the 
hos t .  d .  S ame pho tomi c rograph as in P l a te 2 c  but with c ro s s e d  n i c o l s . 
S tr ande d perth i te l ame l l ae can be seen e xtending from the margins o f  the 
s ani dine hos t  i n to the i so t rop i c  g l as s .  
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Electron mic roprobe analyse s o f  the glas ses s ugge s t  that the 
glas s compos i tions are e s sentially re flecting adj acent mine ralogies and 
tha t thorough mixing did not occur between me lts of vari ab le compos i tions 
wi thin a give n  xenoli th ( Table s 1 and 2 ) . Mul tiple ele ctron microprobe 
analyses o f  glas sy areas within individual th in sec tions show the i n f l uence 
of garnet and potas s i um fe ldspar on the glass compo s i tion s , which c an vary 
from s i l i ca unde rs aturate d  to s i li c a  ove r s atur ate d wi th in s e ve ral mi l l i 
me te r s  ( Fi g .  1 ) . A s  seen in th i s  figure , garne t c l e arly in fluence s the 
al uminum , i ron and magn e s i um contents of the coex i s ting glas s e s . Trends 
within each s ample are ne arly l i ne ar betwee n  garne t and glass for the se 
e lements . Potas s ium fe l dsp ar appe ars to be the main con tributor to the 
sodium and potas s i um con tents in the glas se s , but the se tren ds are more 
comp le x . 
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Fi g .  1 .  Electron mi c roprobe analyses o f  glass compo s i tions from 
garne t granuli t e s  compared wi th ana lys e s  o f  ma j or phase s .  Sma l l  
square s and half-circles repre sent the r ange o f  compos i tions o f  
glasses from two xenoli ths repre senting group 1 and group 2 garne t 
granul ite s re spe ctive ly ( Pa do v an i , 1 9 7 7 ) . The l arge square and 
hal f-circle repre sent the ave rage compos i tion o f  garne t from the 
s ame s ample s .  The s tar and closed c i r c l e , respective ly ,  re pre sent 
co-e x i s ting plagio c lase and potass ium fe ldspar compo s i tion s . 

70 

The ro le o f  texture is important and appe ars to contro l the e xten t  
o f  me l ting i n  the xeno li ths . The amoun t  o f  me l t  produced and the extent o f  
i t s  inte rconne ction from one re gion t o  another i s  largley in fl uenced b y  the 
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TAB LE 1 .  Re p r e s e n t a t i ve G l as s  An a l y s e s  F r o m  K i l b ourne H o l e  G a rne t G r anul i te K 9  

Wt . % 9 / l a  9 / l b  9 / l c  9 / l d  9 / 2 a  9 / 2 b  9 / 2 c  9 / 2 d  9 / 2 e  9 / 3 a  9 / 3 d  

S i 0
2 

6 4 . 2  8 6 3 . 8 9 6 0 . 9 2 6 2 . 3 5  5 4 . 5 7  5 3 . 7 1 5 6 . 3 0 5 2 . 8 5 5 2 .  7 9  6 8 . 0 1 6 7 . 3 1 

T i 0
2 2 . 1 4 2 . 0 9 2 . 1 2  2 . 0 6 1 .  5 4  1 .  6 1  1 . 7 1 1 .  8 7 0 . 9 1  1 .  8 0  2 . 0 2 

A1
2

o
3 

1 5 . 8 2 1 5 . 8 4 1 6 . 7 0  1 5 . 7 4 1 7 . 4 0 1 7 .  3 4  1 7 .  7 6  1 7 . 4 9 1 7 . 8 7  1 5 . 4 1 1 5 . 2 7  

F e O 8 . 7 6 8 . 9 9 1 0 . 2 9 1 0 . 1 6 1 5 . 9 5 1 6 . 9 2 1 5 . 1 0 1 6 . 7 1 1 7 . 1 0 3 . 8 5 4 . 2 6 

Mn O  0 . 1 3 0 . 1 2 0 . 1 5 0 . 1 2 0 .  2 7 0 . 3 2 0 . 3 0 0 . 3 1 0 . 3 3 nd 0 . 0 2 

Mg O 2 . 3 9 2 . 4 0 3 . 0 1 2 .  7 1  3 .  7 8  3 . 7 9 2 . 9 9 3 . 4 9 3 . 3 8  0 . 6 2  0 . 6 1 

C a O  2 . 1 2 2 . 2 2 2 . 6 9 2 . 1 8 3 . 0 0  3 . 1 0 3 . 0 0  3 . 3 0 3 . 4 2 1 .  2 5  1 .  3 1  

N a 2 o 1 .  4 1  1 . 7 1 1 .  8 7  1 .  6 9  1 .  5 8  1 .  5 3  1 .  6 1  1 .  3 8  1 .  5 6 2 . 4 8 2 . 5 3 

K
2

0 3 . 5 9 3 . 6 3  3 . 3 0 3 . 4 0 2 . 1 7  1 .  8 7 2 . 1 5 1 .  8 0  1 .  8 1  5 . 5 8 5 . 2 3  

· TOTAL 1 0 0 . 6 4 1 0 0 . 6 8 1 0 0 . 8 5 1 0 0 . 4 0 1 0 0 . 2 7 1 0 0 . 1 9 9 9 . 9 2 9 9 . 1 8 9 9 . 1 7  9 9 . 0 0 9 8 . 9 6 

S amp l e  K 9  h a s t h e  fo l l ow i n g  m i n e r a l o gy : g a rn e t ,  p l a g i o c l as e , p o t a s s i um fe l ds p ar , qua r t z ,  
i lme n i t e , r ut i l e  and z i r c on .  nd  = no t d e t e rm in e d . To t a l  i r on e xp r e s s e d  a s  F e O . G l a s s e s  
i n  Tab l e  1 r an g e  from co l o r l e s s  t o  y e l l ow i s h  b rown w i th i n c r e a s in g  i r o n  c on t e n t . 

9 / 4 c  

6 9 . 4 9 

1 .  5 0  

1 4 . 2 4 

3 . 9 7  

0 . 0 3  

0 . 6 4  

1 .  4 3  

2 . 5 4 

5 . 2 5 

9 9 . 1 9 
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TAB LE 2 .  G l as s  Ana l y s e s  F r om G arne t G r anu l i t e K 3 3 , Ano r th o s i t e and Cha rno c k i t e  

W t .  % 3 3 / 4b 3 3/ 1  3 3 /  S a  3 3/ S e  3 3/ 6 d  3 3 / 6 f  3 3/ 6h 3 3 / 3h 2 0 / 1  6 / 1  6 / 3  6 / 2 

S i 0 2 4 5 . 9 6 4 8 . 7 4 5 7 . 6 0 4 9 . 0 2 4 9 . 4 4 5 0 . 3 2 5 0 . 8 0 5 2 . 8 4 4 8 . 7 3  4 6 . 9 9 4 8 . 7 6 4 8 . 8  7 . 

T i 0 2 1 .  7 8 2 . 1 1 2 . 1 3  1 .  6 2  2 .  7 6  2 . 8 2 2 . 5 9 0 . 8 8 2 . 2 0 4 . 0 8 3 .  5 4  .. 3 . 5 4 

A l
2

o
3 

1 8 . 4 3 1 5 . 7 1 1 6 . 3 1 1 7 . 0 7 1 4 . 8 8 1 6 . 7 6 1 4 . 0 4 1 9 . 1 3 1 4 . 2 1 1 2 . 5 9 1 2 . 5 7 1 2 . 3 0  

c r 2 o 3 n d  nd n d  n d  n d  n d  nd nd n d  0 . 0 1 0 . 0 2 0 . 0 6  

F e O  2 5 . 2 2 2 4 . 6 7  2 6 . 6 2 2 5 . 8 7  2 6 . 7 1 2. 2 . 9 8 2 4 . 8 6 2 1 . 6 8 1 3 . 9 3  1 3 . 0 5  . 1 2 . 6 8  1 0 . 9 9 

Mn O n d  0 . 7 7 n d  n d  n d  n d  n d  n d  0 . 2 6 0 . 6 2 0 . 6 6  0 . 6 4 

M g O  2 . 6 0 2 . 8 7  3 .  5 7  2 . 5 6 3 . 4 7 1 .  4 2  2 . 4 5 1 . 7 1 2 . 5 8  4 . 8 7 4 . 6 4 4 . 9 0 

C a D  3 . 7 2 3 . 9 1 4 . 2 7 4 . 1 5 3 . 8 3 4 . 0 5 3 . 4 5 5 . 5 5 9 . 6 8 2 . 2 0 2 . 3 4 2 . 2 1 

Na
2

o 0 . 0 5 nd 0 . 2 9  0 . 3 1  0 . 9 2 1 . 1 1 1 . 1 1  0 . 0 1 3 . 3 1 1 .  4 6 1 . 6 4  2 . 0 2 

K
2

0 0 . 0 6 nd 0 . 2 9 0 . 1 8  0 . 2 5 0 . 0 8  0 . 0 8 0 . 0 5 1 .  8 3  2 . 6 1  2 . 7 8 2 . 9 4 

r
2

o
s n d  nd nd nd nd nd nd nd 5 . 0 6 1 1 . 0 3 1 0 . 5 5 1 0 . 9 8 

TOTAL 9 7 . 8 1 9 8 . 7 8 1 0 0 . 8 8 1 0 0 . 7 8 1 0 2 . 2 5 9 9 . 5 3 9 9 . 3 9 1 0 1 . 8 5 1 0 1 . 7 9 .  9 9 . 4 1 1 0 0 . 1 8 9 9 . 4 9 

S amp l e  K 3 3 h a s  the  fo l l ow i n g  m i n e r a l o gy : garne t , p l ag i o c l a s e , quar t z , o r t h o py r o x e ne , i lme n i t e ; 
S a � l e  2 0  i s  ano r tho s i t e  w it h  l e s s  t h an 1 %  o r th o py r o x e ne and ap a t i t e  as  a m i n o r  pha s e ; S amp l e  6 
i s  c h a rno c k i t e  w i th o r th o py ro x e ne , c l i n o py r o x e ne , s an i d ine , p l a g i o c l a s e , i l me n i t e  and a p a t i t e 
a s a m i no r  pha s e . n d  = n o t  d e t e rm i ne d .  To t a l  i r on e xp r e s s e d  a s  F e D . G l a s s e s  i n  T ab l e  2 a r e  d a rk 
c o l o r e d . Th o s e  i n  s amp l e  3 3  a r e  p a l e b r own t o  dark  purp l i s h  b r own ; tho s e  in s amp l e s  6 and 2 0  a r e  
d a r k  b r own o r  b l a c k . 



concentration o f  ma f i c  mine r a l s . An i so l ate d ga rne t wi l l  p ro duce a g i ven 
vo lume o f  me l t ,  whi ch , i ts e l f ,  wi l l  be i s ol a ted . S uch a me l t  may o r  may 
no t c onne c t  wi th o th e r  p ar t i a l  me l t s  depen ding on the pro ximi ty o f  phas e s  
s uch a s  i l meni te and s ani di ne . I n  the garne t g r an ul i te s , whe re ma fi c 
mi ne r a l s  ( ga rne t and i lme ni te )  te n d  to be i s o late d ,  large amo un t s  o f  
p a r t i a l  f us ion ( gre a te r than 4 0 % , e s tab l i shed b y  po i n t  c o un t i n g )  are 
ne ce s s ary be fore e x te n s i ve i n te rconne c t i o n  of me l t  is achieve d . I n .  con
tras t ,  p a rt i al me l t s  i n  l aye rs o f  ma f i c  mine ra l s , s uch as in two py ro xene 
granul i te and charno cki te , may e xhib i t  gre a te r i n te rconne c t i on o f  me l t  at 
s ma l l  me l t  f r a c t i on s  b e c ause of th e p roximi ty o f  ma f i c  pha s e s .  

Quench c ry s ta l s  o f  o r th opyroxe ne and s pine l are not abundant in 
the gl as s forme d from the i n i ti a l  s ta ge s  of me l ti n g  ( 1  to 3% of the ro ck ) . 
Wi th an i n c re a s e  i n  th e pe rcen t o f  me l t ,  o r tho py roxene and s pine l q uench 
c ry s ta l s  i n c re a s e  i n  ab un dance i n  g l a s s e s  p roduce d by garne t me l t in g .  The 
var i ab i l i ty o f  c o o l i n g  r a te s  appe ars to have a f fe cte d the s e  que n ch p roduc ts 
and the i r  textur e s  and may also h ave i n f lue n c e d  the e x ten t of c ry s ta l l i z a 
t i o n  o f  s pine l a n d  o r thopyroxe ne . 

Que n c h  and C ry s t a l l i z a t i o n  Pro duc t s  

Symp l e c t i te s  o f  quen ch- l ike c ry s ta l s  o f  o r thopyroxene and s p i ne l 
oc cur i n  g l a s s  a t  garne t margi n s  in many o f  the garne t granul i te s . 
G a rne t s , i n  the xen o l i ths whi ch do not h ave s uch s ymp l e c ti te s , may i n s te ad 
have th in bo rde rs o f  y e l lowi s h  g l a s s o r , mo re r a re ly ,  are i n  di re c t  con tac t 
wi th the s ur r o unding mine ra l s  w i th no e vi dence o f  fus i on a t  a l l . E l e c tron 
mi c r op robe an a ly s e s of the s ymp le c t i c  p h as e s  s h ow tha t  the o r thopy roxene 
is fe rrohype r s thene an d tha t  the s p i ne l  is he r cyn i te ( Pa d o v a n i , 1 9 7 7 ;  
Pa do v a n i  a n d  C a r t e r , 1 9 7 7 ) . 

The o r thopy roxe ne o c c ur s  e i th e r  as p a l e  green l ath s o r  a s  s tubby 
s ubhe dral green p le o c h ro i c grains wh i c h  o f ten a re zone d .  E le c tron mi cro 
p robe anal y s e s o f  s uch a z oned grain a re p l o tte d i n  F i g . 2 . In th i s  
e x amp le , i ron e n r i chme n t  i s  ac compan i e d  b y  a de c re a s e  i n  a l umin a  c on ten t . 
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from c e nter to r im .  The a l umina content o f  the or thopyroxene i s  h i gh a nd 
ranges from 7 to 1 4  oxide we i ght percent ( F i g . 3 ) . Orthopyroxene o c c ur s  
a l s o  as a pr imar y ph a s e a lon g wi th garne t and p l ag i o c l a s e  i n  one type o f  
ga rne t gr anul i te ,  i n  c harnock i te and i n  anor tho s i te ( Pa d o v an i  a n d  Car t e r , 
1 9 7 7 ) . 

20 

d., "' 
_N 
o( 1 5  .A.D "' 8 

6 
v v fll ... � v v 'lb  

'"" 1 0  
•• � v "' o .._  

5 

E N  5 0  60 70 8 0  

F i g . 3 .  We i ght percent Al 2 0 3 
p l o t ted versus mo l e  percent f erro 
s i l i te i n  symp l e c t i c  o r thopyroxe ne 
from qua r t z f e l d s p a th i c  garne t 
gr anul i te s . S quar e s  and c i r c le s  
repre sent s amp l e s  from gro up l 
gr anul i te s ,  w h i l e  tr i a ng l e s  
repre s e n t  s amp le s  from group 2 
gr anul i te s .  

F S  

Cruc i form gre en or purple 
hercyni te ( F eAl 2 0 4 ) ,  l to 35  
mic ron s i n  maximum d i men s ions , has 
nuc leated a l on g  the marg i n s  and 
sk e l e ta l  inte r io r s  of o r thopyrox
e ne i n  the syrnp l e c ti te s  ( P l a te 
l c ) . I t  h a s  been ob s e rved a l s o  
a l o n g  garnet mar g i n s  and a s  i s o 
l ated crysta l s  i n  g l a s s  bordering 
garne t and i lmen i te . The purple 
s p i ne l s  are found in gl a s s bord er
i n g  i lmen i te , whi l e  the green 
s p i ne l s  are found in gl a s s  border
i ng garne t . S emiquant i ta t i ve 
e lec tron mic roprobe a nal y s e s  
i nd i c a te tha t the pur ple c o l o r  i s  
probabl y d ue t o  a gre a te r  concen
tra tion o f  t i ta n i um ( approxima te l y  
0 . 3  t o  0 . 5  we i ght p e r c en t  Ti 0 2 l 
than that ob s e rve d  in the gr e en 
s p i ne l  ( up to about 0 . 3  we i ght 
pe r c e nt T i 0 2 ( Pa do v a n i , 1 9 7 7 . 

In two pyroxe ne gran u
l i te , charnock i te and ano r tho s i te , 
p ar t i a l  fus ion o f  o r thopyroxene 
is cha r a c te r i z e d  b y  s ymp l e c t i te s 
o f  quenc h - l i k e  ske l e ta l  o l i vine 
in gl a s s  a l on g  i t s  mar g in s . 
Apa t i te , when p r e s e n t  a s  a minor 
ph a s e  in charnock i te and anortho 

s i te , occur s  a s  d i s c r ete anhedra l gra i n s  and a s  s ubhedr a l  to e uhedr a l  
i n c l u s ions i n  p l a gioc l a s e  and can c ontr ibute u p  t o  1 0  oxide we i gh t  percent 
P 2 o 5 to th e g l a s s  c ompo s i t i o n s  wi thin s uch xeno l i th s  ( Table 2 ) ( Pa do v a n i , 
1 9 7 7 ) . 

D i s c us s i on 

The mi ne r al a s s emb l a ge s  p r e s e n t  in the garne t granul i te s , the 
c ompo s i ti o n  of the garne ts , and the absence of the hydrous ph a s e  b i o tite 
ind i c a te that th e s e  granul i te s  formed at pre s s ure s greater than tho s e  
requi red for the bre akdown o f  c o rd i er i te and tha t the equi l i b r i um tempera
ture had to be greater than tha t  required fo r the bre akdown o f  b i o t i te 
( H o l da w a y  a n d  L e e ,  1 9 7 7 ) . Th i s  s ugge s t s  minimum e qui l ib r i um P - T  condi tions 

o f  5 . 4 k i l obars and 7 0 0 ° C . Equ i l ibr i um tempera ture s of 7 5 0 ° to l 0 0 0 ° C are 
ind i c ated from f e l d s par geo thermome try ( S t o rm e r , l 9 7 5 i P a do v an i , l 9 7 7 i  
P a d o v a n i a n d  C a r t e r , 1 9 7 7 ) . Appl i c a t ion o f  geobarome try to the garne t
pla gioc l a se equi l ibr i um yields a pr e s s ure range corre spond i n g  to depths of 
2 2 to 2 8 k i l ome te r s  ( G h e n t ,  l 9 7 6 i P a d o v an i , l 9 7 7 i  Pado v a n i a n d  Ca r te r ,  
1 9 7 7 )  . Th i s  i s  e quiva l ent to a geo therma l grad i e n t  o f  a pprox ima te ly 
3 0 ° /km in th i s  depth r ange bene a th the so uthe r n  Rio Grande Ri f t . 

5 1  



The pe rcen t rock me lted ( e s tab l i shed by po i n t  c o un ting ) was 
plotte d  ve r s us the range in tempe rature to de termine whe the r or no t the re 
is a corre lation be tween the amoun t of fus ion wi thi n  the xeno li th s  and the 
cal cul ate d  temperature . I t  c an be s e en from F i g .  4 tha t  the lowe s t  
equi libration tempe rature ( samp l e  5 4 ) corre late s  wi th the mo s t  extens ive 
fus ion , s o  the re appe ars to be no di re c t  re lation s h i p  be tween vi s ib l e  me l t  
and c a l c ul ated temperature . 
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F i g . 4 .  Percen t o f  rock me l te d ,  as 
e s tab l i s he d  by point counting , ver s u s  
i t s  tempe rature range c a l cul ated by 
us i n g  the me tho d of S t o Pme P ( 1 9 7 5 ) . 
Open and clo sed s ymbo l s , respe ctive ly,  
repre s e n t  tempe rature s calcul ated 
from e le c tron mi c roprobe analy se s o f 
the rims and core s o f  potas s i um 
fe ldspar ( Pa do v ani , 1 9 7 7 ) . 

The compo s i tion o f  ulvo
spine l e xs o l ution from i lme ni te may 
be u s e d  to indi cate both tempe rature 
and o xyge n f ugaci ty at the time o f  
the i r  f o rmation ( B uddi n g t o n  a n d  
L i n ds le y , 1 9 6 4 ) . Howe ve r , the 
ulvos pine l rims on i lmen i te grains 
wi thin the xeno l i th s  h ave re acte d  
wi th the s urroundin g me l t  and are 
i nhomogene ous w i th respe ct to ma j or 
and minor e leme nt s . Thus , the rims 
c anno t be u s e d  to indic ate temper
ature and oxygen fugac i ty at the 
time the xen o l i th was i ncorporated 
i n to the e rup tive proces s .  In  
contras t ,  ulvo s p i ne l  l ame l l ae found 
in the i nteriors of i lmen i te grains 
are homogeneous and may be used to 
indi c a te cond i t ion s a t  the on s e t  o f  
fus ion . E l e c tron mi croprobe 
an a l y s e s  o f  l ame l l ae and ho s t  from 
one s ampl e  indic ate a tempe rature o f  
about 1 0 0 0 ° C  and oxygen p re s s ure o f  
abo u t  l Q - 1 2 a tmosphe re ( B uddi n g to n  
a n d  L i n ds l e y , 1 9 6 4 ; Pa d o v an i  a n d  
CaP te P ,  1 9 7 7 ) . 

Me l t s  i n  th i s  s ui te o f 
rock s forme d under anhydro us condi 
tions an d in many xe no l i ths the 
ini tial  s tage s o f  me l t i ng have be en 
p re s e rve d . The appare n t  lack o f  
mi xin g o f  me l ts , now s e e n  a s  
glas s e s , o f  Fe , Ti - r i ch , S i -poor 
( i lmeni te - r i ch )  compos i tion and K ,  

S i - ri ch ( s an i dine -r i c h )  compos i tion may be due to me tas tab l e  immi s c ib i l i ty 
( P l ate 2 a ) . Ir v i n e  ( 1 9 7 6 )  has demon s tr ate d e xpe rimenta l ly that large re 
gions o f  me tas tab l e  immi s cibi l i ty exi s t  i n  the s y s tem Mg 2 S i 0 4 -Fe 2 S i 0 4 -CaAl 2 
S i 2 o 8 - KAl S i 3 0 a - S i 0 2 . Give n  the appropr i ate i nte rmedi ate to bas i c  me l t  com
Pos i tions and the pre se nce of fus ab l e  components s uch as Fe - r i ch pyroxene , 
i lmen ite , pota s s i um fe ldspar and apati te , the poten tial  for immi s c ib i l i ty 
i s  e nhanced be cause o f  the pro ximi ty o f  the low temperature cote c t i c s  
betwe en p l agio c lase and the ma fic min e r a l s  t o  the re gion o f  immi s ci b i l i ty .  
Pow e l l  e t  a l . ( 1 9 7 5 ) note d  the pre s ence o f  i mmi s ci b l e  Fe - r i c h  ( Si -poor ) 
and S i , K- ri ch gl as s e s  i n  me sos tas i s  i n  Apo l l o  1 6  fe l dspath i c  me l t  rock s . 
The me l t s  i n  the s e  ro ck s  we re forme d  by r ap i d  di s e q ui libr i um fus ion and 
quench in g  o f  the me l t  produc t s , a proce s s  comparable to that wh ich pro duced 
th e me lts in the xeno li ths . An a l ternative exp l an a t i on for the apparen t  
lack o f  mi xing o f  me l ts i n  the xeno l i ths may have been s imp ly i n s u f f i c i e n t  
time f o r  di f fus i ve mi xing . Wi th advance d me l t i ng an d the appe arance o f  
orthopyroxe ne an d s p i ne.l a s  c ry s ta l l i z ation produc t s , mi xing appe ars to 
be come more e f fi ci e n t  ( P l ate ld , P l a te 2 b )  • 
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The l ack of thorough mixing o f  me l ts o f  di fferent composi tions , 
the exis tence o f  me l ts o f  vari able compos i tion wi thin sma l l  re gions within 
a xen ol i th , and. the presence o f  me l t  crystal l i zation products s ugge s t  that 
these me lts formed unde r disequi libr ium condi tions . In addi tion , the 
compo s i tions of the me l ts formed do not res emble tho se compos i tion s 
predicted by e i ther equi l ibrium fus ion or fractional fus ion o f  a lowe r 
crust o f  interme diate compo s i tion . ( Fi gs . 5 and 6 )  ( Pr e s n a l l  an d B a t e m a n , 
1 9 7 3 ) . 

A N  • A N O R T H O S I T E  

A G A R N E T  G R A N U L I T E ,  S A M P L E  33 
2, G A R N E T  G R A N U L I T E , S A M P L E  54 
& G A R N E T  G R A N U L I T E ,  S A M P L E  5 1 
to. G A R N E T  G R A N U L I T E ,  S A M P L E  9 

A B  L---�----�--�----�--�5�0�--�--�----�--�----� o R  

Fi g . 5 .  Normat
ive proportions o f  
AB , AN and OR 
normal i zed to 1 0 0  
percent o f  glas ses 
from Kilbourne Hole 
granul i te facie s 
xeno liths . Tri 
angles repre sent 
glas s  compo s i tions 
from garne t granu
l i te s , whi le the 
ci rcle re pre sents a 
glas s  compos i tion 
from anortho s i te . 
The l i ne m-n shows 
the approximate 
trend o f  S i erra 
Nevada rock compo
s i tions ( Pr e s n a l l  
a n d  B a t e m a n , 1 9 7 3 ) . 
Note that the trend 
exhibi ted by open 
tri angles is de riv
ed from a s ingle 
th in section and 
i ts con taine d  vari 
abi l i ty o f  glass  
compo s i tions . 

The fus i on texture s observed in the Kilbourne Hole xenol i ths 
provide some l imi ts to the di saggregation of mate ri al of  thi s  compos i tion 
at depth . During the i ni ti a l  formation o f  me l t ,  the me lt i s  res tricted to 
the boundary o f  and/or to crack s within the phase being me l ted . The shape 
of the deve loping me l t  pocket re flects the shape of the adj acen t grai ns 
which are not undergoing me l ting . Thus , the shape of the pocke t is highly 
vari able depending upon local geometries between the me l t  phase and i t s  
non-me l ting matrix . The i n terconne cti on o f  me l t  in the xenol i ths at low 
me l t  fractions is hi ghly depe ndent on the abundance and proximi ty o f  
garne t ,  i lmen i te and sanidine i n  the quartzo fel dspath i c  granul i te s  and of 
pyroxenes and i lmenite in the two pyroxe ne granuli te s  and charnock i tes . 

Yo de r  ( 1 9 7 6 ) note s  that l ittle data i s  availab l e  on the de te rmina
tion of what quan ti tie s of me l t  are require d be fo re the bridging s truc ture 
of crys tals collapse s unde r con ditions o f  load or s tre ss  at depth . In 
the ory , approximate ly 50  pe rcent me l t  i s  requi re d for the ini ti ation o f  the 
co l l apse o f  an u n di s turb e d  cry s tal line aggre gate ( Yo de r , 1 9 7 6 ) . The me l t  
texture s in  the garne t granul i te s  s upport thi s  theory s ince gre ate r than 
4 0  pe rcen t me l t  forme d  be fore any extens i ve interconnection o f  me l t  and 
di s aggre gation o f  the paren t  material was produced ( P late l d ) . Me l t  
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F i g . 6 .  AFH di agram showi ng the re lation s h ip o f  
gl a s s compos i t i on s  to ma j or ph as e s  a nd e s timated 
who l e  ro ck c ompos i t i on s of q ua r t z o f e l d s p a th i c  and 
ma f i c  granu l i te s . S k ae rgaard tre nd o f  iron e n r i ch 
me n t  i s  s hown for c ompari s on ( Wa g e P  a n d  Mi t c h e l l ,  
1 9 5 1 ) . Di amonds repre s e n t  g l as s  compo s i tions from 
garne t g r anuli te s ,  whi l e  the s quare s e n c l o s i n g  the 
l e tte rs A and C rep re s e n t  g l a s s compo s i t i ons from 
anor tho s i te and cha rn o ck i te r e s p e c t i ve ly .  Hho le 
rock compos i tions o f  " typ i c a l  grani te " and 
" typ i c a l  tr achy te " are taken from T u P n e P a n d  
Ve Ph o o g e n ( 1 9 6 0 ) . 

te x ture s wi thin the 
py roxene gran ul i t e s  
a l s o  re f le c t  the 
abun dan c e  and di s tri 
buti on o f  ma f i c  
ph a s e s  b u t  e xh i b i t 
le s s  e x te n s i ve me l t
i n g . I n  gene r a l , 
when hydrous ph a s e s  
a r e  pre s e n t , the re 
is gre ate r in te r 
c onne c tion o f  me l t  at 
s ma l l e r  me lt frac
t i on s  than is  o b s e rv
ed i n  the garne t 
gran u l i te s . The 
p a rt i a l  me l t s  in the 
xen o l i th s  are compa
rab l e  to tho s e  forme d 
unde r s ta t i c  condi 
ti on s  whe r e  me l t s  are 
forme d due to heating 
in undi s turb e d  condi 
t i on s . Under the s e  
ci rc ums tanc e s , i t  i s  
un l i k e l y  th at anhyd
rous fe l s i c  me l t s  
cou l d  move f a r  from 
the i r  source re gion 
be c aus e o f  the i r  h i gh 
vi s co s i ty .  Under 
c on d i tion s of load or 
s tr e s s ,  " di s turbe d " 
c on di t ions s uch a s  
may e xi s t  in the 
l owe r c r us t ,  the 
pos s i b i l i ty o f  f i l te r  
pre s s i n g  and b uoyancy 

of c rys t a l - l iq u i d  mus he s mus t be con s i de re d .  The e x te n t  of me l ti n g  that 
mus t be ob tained be fore mi gra t ion o f  me l ts o c c ur s  unde r con di t i on s  o f  load 
or s tre s s  in the l owe r c rus t ha s not ye t been de te rmined for rocks o f  thi s 
c ompo s i t i on . 

The e xpe r i me n t a l  data o f  Ke e s m a n  e t  a l .  ( 1 9 7 1 )  c a n  be us e d  to 
p l ace upp e r  l i mi ts on the amo unt o f  h e a t  adde d  to the xeno l i th s  to p roduce 
the ob se rve d s ymp l e c t i t e s  a s s o c i ate d wi th g a rne t .  A t  tempe ra ture s ab ove 
l 0 8 8 ° C and pre s s ure s up to 1 0  k i lobars ,  a lmandine me l t s  incongrue n t l y  to 
he r cyn i te - cordi e ri te - l i q u i d  and h e r cyn i te - quartz l i q ui d ,  re s p e c t i ve ly .  At 
tempera ture s b e twe e n  1 1 5 0 °  and l 2 0 0 ° C  and a t  p re s s ure s of l a tmo sphe re to 
1 2 k i lobars , a lmandine me l t s  in congrue n tl y  to hercyn i te - liqu i d . S i nce 
qua r t z  and co r di e ri te are ab s e n t  from the cry s ta l l i z ation produc ts p roduc e d  
by garne t me l ting a n d  s ince e q ui l i b r i um temp e r a ture s o f  7 5 0 °  t o  l 0 0 0 ° C  are 
i n d i c ated for the g arne t granul i te s ,  the e xpe r imen tal data o f  Ke e s m a n  e t  
a l .  ( 1 9 7 1 )  s ugge s t  tha t  the xe no l i th s  may have e xpe r i e n c e d  an i n c r e a s e  o f 
no t mo re than 2 0 0 ° to 4 0 0 ° C  b e c ause o f  the gene r a l  l ack o f  f us i o n  
( Pa do v a n i , 1 9 7 7 ) . Furthe rmore , the h i gh a l umi na con te n ts o f  orthopyroxene 
in th e ga rne t bre akdown as s emb l age s s ugge s ts an uppe r l i m i t  o f  l l 0 0 ° C  for 
its o c c urrence ( A n a s t a s i o u  and S e i fe P t ,  1 9 7 2 ; S ta h l e , 1 9 7 5 ) . 
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The mine r a lo g i e s  and texture s obse rve d i n  the i n te r s ti ti a l  
g las s e s  an d th eir quench produc ts a re s imi l a r  t o  those re porte d  by S t a h l e 
( 1 9 7 5 )  in rocks o f  s imi l ar comp o s i tion wh i ch have unde rgone rapi d fus ion 
i n  re s p on s e  to me te ori te imp a c t  shock me l ting . He found a l umin o us ferro
hypers thene , s p i n e l  and g l a s s a s  ph a s e s of a shock - i n duce d  break down 
a s semb l age o f  almandine garne t i n  gne i s s  fragme n t s  f rom the Rie s  Crate r , 
Ge rmany . In contras t to the K i l b o urne Hole garne t gran u l i te s , the garne t 
gne i s s e s  f rom the Ri e s  Crate r  are s tron g ly sho cke d and con tain i s o trop i c  
glas s e s  o f  s i l i c a  and p l agioc l as e  compo s i tion . I n  addi tion , the h i gh l y  
z oned garne ts f r o m  t h e  Rie s  Crate r  exh i b i t mul tiple s e t s  o f  p l anar 
de forma t ion fe a ture s , wh i c h  are not obse rve d i n  the garne ts from Ki lbourne 
Hole , and the l atte r show no obse rvab l e  zona tion wi th re s p e c t  to ma j or 
e le men ts . H i gh a l umi na conte n ts ( up to 1 0  o x i de we i gh t  pe rcent ) are 
ch a ra c te r i s ti c  of th e o rthopyr oxe ne i n  the Rie s  C r a te r  as semb l age s s imi l a r  
t o  tho se ob s e rve d  i n  the xen o l i th s . The Rie s  Crate r  a s s emb l ages c ontai n i n g  
garne t a n d  i t s  b r e ak down pro duc t s  a re con s i de red t o  have forme d  a t  h i gh 
pos t- s h o ck tempe rature s and r ap i d ly dimin i s h in g  pre s s ure s di re c tly a fte r 
th e pas s a ge o f  s hock wave s ( S t a h l e , 1 9 7 5 ) . 

F rom the l ack o f  s h o ck induced fe ature s , i t  c an be i n f e rred that 
the g l a s s e s  in the Ki lbourne Hole granul i te s  we re not p roduced by imp a c t  
me l t i ng . One hyp o the s i s  for the o r i g i n  o f  the gl a s s e s in the 
xeno l i th s  i nvoke s he ating in , or in the vi cin i ty o f , b a s al t i c  ma gma at 
de p th and s ub s e que n t l y  c o o l i n g  them on the e arth ' s  s ur fa c e  a f t e r  rap i d  
tran s po r t  durin g explo s i ve vo l c an i c  e rup tions . Mc Ge t c h i n  ( 1 9 7 5 )  has c a l 
c u l a te d  th at f l ow ve loci ties  i n  kimbe r l i te p i pe s  ave r a ge d  3 0  me te r s / s e cond 
at de pth and a c c e l e rated to 3 0 0  to 4 0 0  me te r s / s e cond near the s ur face due 
to gas e xpans i on . The pre fe rred hypo the s i s , s ugge s te d  by the ob s e rvati on s  
o f  S t a h l e  ( 1 9 7 5 ) , i s  th at the xe no l i th s  me l te d  l a r ge ly due t o  de comp re s s i on 
a t  c l o se to the i r  wa l l  rock tempera ture s .  S i n ce the pe rcen t o f  me l ting 
wi th in any g i ven xeno l i th is  un i fo rml y di s tributed thro ugho ut the xen o l i th , 
de compre s s ion may h ave had gre a t e r  e f fe c t  on me l ting re l at i ve to heating 
b y  th e bas a l t i c  magma . Th i s  mode l s a ti s f i e s  the re qui reme n t  tha t the 
xeno l i th s  un de r go p a r t i a l  me l t i n g  b u t  n o t  total fus ion , and th a t  the me l t  
s o  produced b e  quenche d be fore e i ther comp l e te di f f us i on be twe en me l t s  o f  
di f fe re n t  c omp o s i tions h a s  o c c ur red o r  be fore exten s i ve cry s ta l l i z ation 
h a s  o c c urred i n  th e me l t  and/or gla s s . 

C o n c l us i o n s  

1 )  The p a rt i a l  fus ion wh ich a f fe c ted the Ki lbourne Ho le garnet 
granul i te s ,  two pyroxene gran u ' i te s ,  charnock i te s  an d ano r tho s i te was of a 
di s e qui l ibri um n a ture a s  evi den c e d  by th e l a ck o f  comp l e te mixing o f me l t s  
on a mi c r o s c ale , the var i ed chemi s tr i e s  o f  the me l t  c ry s ta l l i z a ti on 
p roducts and by th e vari abi l i ty i n  the amo un t  o f  me l t  produced . 

2 ) The par ti al f us ion app e a r s  to repre s e n t  di sequi l i br i um me l t
ing dur ing transpor t to the e a r th ' s  s urface i n  a l k a l i  ba s al t 
magma . 

3 )  The me lt s s o  produced we re quenched a f te r  rap i d  transport to 
the e a r th ' s  s u r f a ce . 

4 )  I n c i p i e n t  me l ti n g  re fle c ts a d j acent mine r al o g i e s  with garne t , 
pyroxe ne s ,  s anidi ne and i lme ni te the pha s e s  mo s t  o f te n  a ffe c te d .  
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5 )  Cont inuous i n te rconne c tion o f  me l t  h a s  no t b e e n  o b s e r ve d  in 
a nhy drous quar t zo fe l d s p a th i c  garne t granul i te s  unti l gre a te r  than 4 0 %  
me l t ing ha s o c c urred . I n  two pyroxene granul i t e s and ch ar no c k i t e s ,  
gr eate r i n te r conne c t io n  o f  me l t  a t  smal l e r  me l t  f r a c t i o n s  i s  o b s e rve d  and 
r e f l e c t s  the abundanc e and d i s tr ibution o f  ma f i c  pha se s .  

A c knowl e dgemen t s  

Th is wo rk wa s s uppor ted by N S F  grnnt D E S  7 4 - 1 4 5 3 2 .  Con tr ibution 
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Re fe r en c e s  

Ana s ta s i o u , P . , and F .  S e i f e r t , S o l id s o l ub i l i ty o f  Al 2 0 3 i n  e n s ta t i te a t  
h i g h  temperatur e s  a nd l - 5  kbar s water pre s s ur e ,  Co n t r i b . Mi n e r a l .  
Pe t r o l . ,  3 4 ,  2 7 2 , 1 9 7 2 . 

B uddi ngton , A . F . , a nd D . H .  L i nd s l ey , Iron - t i ta n i um oxide minera l s  and 
s ynthe t i c  equival e n t s , J. Pe tro l o g y ,  5, 3 1 0 - 3 5 7 ,  1 9 6 4 . 

Ghen t ,  E . D . , P l ag io c l a s e - garne t-Al 2 S i 0 5 -quar t z : a pote nt i a l  geobarome te r 
geothermome ter , Am . Mi n e r a l . ,  8 1 , 7 1 0 - 7 1 4 , 1 9 7 6 . 

Holdaway , M .  J . , and S . M .  Le e ,  S i gni f i c anc e o f  Fe -�1g cordi e r i  te s tabi l i ty 
re l a t i o n s  on temper ature , pre s s ure and wate r pr e s s ure i n  cordi er 
i te granul ite s ,  in Th e Ear t h ' s  Cru s t, Ge o p h y s . Mo n g r . Se r .  2 0 , 
e d i te d  b y  J . G .  H e a c o ck , AGU , lila s h i n g ton , D . C . , in pr e s s , 1 9 7 7 . 

Irvine , T . N . , Me t a s t ab l e  l i quid immi s c i b i l i ty and Mg 0 -Fe 0 - S i 0 2 f r a c t i on 
a t i on p at te r n s  i n  t h e  s y s tem Mg 2 S i 0 4 -Fe 2 S i 0 4 - CaA1 2 s i 2 0 g - KAl S i 3 0 g 
S i 0 2 , Carne g .  In s t .  Yrb k  . •  1 9 ? 5 - 1 9 7 8 ,  5 9 7 - 6 1 1 , 1 9 7 6 . 

Ke e sman , I . , S .  Matthe s ,  W .  S chr eyer , and F .  S e i f e r t , S tab i l i ty o f  
a lmand i ne i n  the sys tem Fe O - ( Fe 2 0 3 ) -Al 2 0 3 - S i 0 2 - ( H 2 0 )  a t  e l evated 
p re s s ur e s , Co n tr -i b . Mi n e r a l .  Pe t r o l . , 3 1 , 1 3 2 , 1 9 7 1 . 

Mc Ge tch i n ,  T . R . , The me chan i sm o f  c a l d e r a - formi n g  a s h  b l a s t  e r uption s ,  
Tr an s . A m . Ge o p h y s . Un . ,  5 8 , 4 6 1 ,  1 9 7 5 .  

Padovani , E . R . , Gr an u l i te fa c i e s  xe no l i th s  from K i l bo urne Hole ma ar and 
the i r  be aring on deep crus tal evo l u tion , Ph . D . D i s s e r t a t i o n ,  
Un i v . T e x as a t  D a l l a s ,  Ri c h ar ds o n ,  Te x a s , 1 9 7 7 . 

56 



Padovani ,  E . R . , arid J . L . Carte r , Mine ralogy and mine ral chemi s try o f  a 
s uite o f  anhydrous , quart zo fe ldspathic  garne t-be aring granulites  
from Ki lbourne Hole maar , New Me xico , G . S . A .  A b s . Pr o g r . ,  5 ,  
7 6 1 - 7 6 2 ,  1 9 7 3 . 

Padovan i ,  E . R . , and j . L .  Carte r ,  Aspe cts o f  the deep crus tal evoluti on 
bene ath south cen tr a l  New Mexi co , in  Th e Ea r t h ' s  Cr u s t ,  Ge op h y s .  
Mono gr . Se r . ,  2 0 , edi ted by J . G .  He acock , AGU , Was hin gton , D . C . , 
in  pre s s , 1 9 7 7 .  

Powe l l , B . N . , M . A .  Dun gan , an d P . vv . We iblen , Apo l l o  1 6  fe l dspath i c  me l t  
rock s : c l ue s  to the magmat i c  h i s tory o f  the l unar crus t ,  P r o c .  
L u n . S c i . C o n f .  6 t h ,  4 1 5 - 4 3 3 , 1 9 7 5 . 

Presnal l ,  D . C . , an d P . C .  Bateman , Fus ion re l a ti ons in the sy s tem NaAlSi 3 0 8 -
CaAl 2 s i 2 o 8 - s i o 2 -H 2 0 and gene r a ti on o f  gran i t i c  magmas in the 
S i e rra Nevada batho l i th ,  G . S . A .  B u l l . , 8 4 , 3 1 8 1 - 3 2 0 2 , 1 9 7 3 .  

S tahle , v . , Natural shock behavi or o f  almandi te i n  me tamorph i c  rock s from 
the Rie s  Crater , Ge rmany , E a r t h  P l a n e t .  S c i . L e t . , 2 5 , 7 1 - 8 1 ,  
1 9 7 5 . 

S to rme r , J . C . , A prac t i c a l  two- fe ldspar geo thermome ter , A m e r .  Mi n e ra l . , 6 0 , 
6 6 7 - 6 7 4 , 1 9 7 5 . 

Turne r , F . J . , and J .  Ve rhooge n ,  Ig n e o u s a n d  Me t am o rp h i c Pe tro l o g y , Mc Gr aw
Hi l l , New Yo rk , 6 9 4  p . , 1 9 6 0 . 

Wage r ,  L . R . , and R . L .  Mi tche l l , The di s tribution o f  trace e l eme nts during 
s trong fractionation o f  ba s i c magma - a further s tudy o f  the 
Skaergaard i ntrusion , Eas t Gre enl and , Ge o c h i m . C o s m o c h i m . A c t a ,  1 ,  
1 2 9 - 2 0 8 , 1 9 5 1 .  

Yode r , H . S . , Ge n e r a t i o n o f  B a s a l ti c  Ma gma , Nation al Academy o f  Sc ience s , 
Was hing ton , D . C . , 2 3 6  p . , 1 9 7 6 . 

57 



E V I D E N C E O F  PART IAL ME L T I N G  I N  THE 
J O SE PH I NE PE R I DO T I TE 

Henry J . B . D i c k * 
Y a l e  Un i ver s i ty 

New Have n ,  Conne c t i c u t  0 6 5 2 0 

( E x t e n d e d  Ab s t r a c t )  

The Jo s e ph i n e  Pe r i do t i te i s  a n  a l p i ne - typ e p er i d o t i te , 6 4 0  km 2 i n  
ar e a , l o c a ted o n  the we s te r n  edge o f  the K l amath Mounta i n s  o f  s o uthwe s te r n  
Oregon a n d  no r th ern Ca l i forn i a . T h e  p er i do t i te ma s s i f  i s  an e a s tward 
d i pp i ng thr us t shee t wh i c h  over l i e s  the Ro gue vo l c a n i c s  and I l l i n o i s River 
Gabbro . D i c k  ( 1 9 7 6 ,  1 9 7 7 )  h a s  s ugges ted th at the per i do t i te may have b e e n  
emp l a c e d  f r o m  a mar g inal b a s i n t o  t h e  e a s t ove r a n  are a o f  ac t i ve l a te 
Juras s i c  i s l a nd - a r c  vo l c a ni sm r ep r e s e nted by the gabbro and vol c an i c s . 

Th e p e r i do t i te i s  l a r g e l y  har z b ur g i te ( > 9 5 % )  wi th s c a t te r ed 
p a t ch e s  of duni te ( <  5 % ) , a nd i r r egul a r  s e ams of o r thopyroxen i te and 
o l i vi n e  web s te r i te . The average h a r z b urgi te mo d a l  compo s it i on is 7 8  + 6 %  
o l i v i ne , 2 0  + 5 %  or thopy r oxene , 1 . 3  + 1 . 3 % d io p s i d e  and 0 . 6  + 0 . 3 % 

-

c hr omi a n  s p i ne l . I n  the ha r z b urgi te ; o l i vine r a nge s from Fo39 . 5 to Fo 9 1 . 2  
wh i l e  the or t hopyroxene range s from En 9 0 . 3 to E n 9 1 . 9 · Ac c e s sory s p i ne l , 
un l i k e  th e s i l i c a te s ,  ha s a l a r g e  range o f  comp o s i tion in the har z bur g i t e  
w i th Cr/ ( Cr+Al ) r a t i o s from 0 . 1 8 to 0 . 7 6 .  

The ul tr ama f i c  ro c k s  i n  l a y e r ed i ntr u s i on s , the o n l y  c r u s t a l  
ul trama f i c  bod i e s  comp a r a b l e  to a l p ine - type p er i do t i te s , d i f f er s i gn i f i 
can t l y  f rom the Jo s e ph i ne P e r i do ti te . Hh e r e a s  g abbro i c  r o c k s a s s o c i a te d  
wi th l ayered i n tru s i o n s  gr e a t l y  exceed i n  vo l ume the u l trama f i c  por t i o n , 
the propo r t ion o f  gabbro i c  to u l trama f i c r o ck s i n  the v i c i n i ty o f  the 
Jo s e ph ine Pe r i do ti te is approxima t e l y  1 : 1 .  No l ayered i n tr u s i on is k nown 
to c o n t a i n  a t h i c kne s s  o f ul trama f i c  rock c omp a r a b l e  to the k i l ome te r th i ck 
expo s ed s e c t ion o f  the Jo s ephine Pe r i do t i te . Laye red i n trus i o n s  are 
cha rac te r i z ed b y  d i ve r s e  l i th o l o g i e s a nd miner a l o g i e s  and typ i c a l l y  have 
l a r g e  s y s temat i c r ange s o f  s i l i c a te c ompo s i t i o n s  w i th r e s tr i c te d  s p i n e l  
compo s i t i o n s . 

F r ac t i ona l c ry s t a l l i z a t ion a nd pa rti al f u s i on a r e  n o t  s imp l y  the 
oppo s i te o f  one a no th e r : frac t io n a l  c r y s ta l l i z a t i o n  produce s d i ver s e  
l i th o l o g i e s  a nd a l ar g e  range o f  mi ne r a l  compo s i t i on s wh i l e  par t i a l  f u s i o n  
i s  exp e c te d  t o  l e ave a s o l id re s i due o f  n e a r l y  uni form compo s i tion and 
m i ne r a l o gy ( Pr e s n a l l ,  1 9 6 9 ;  D i c k , 1 9 7 7 ) . The Jo s e ph ine Pe r i do t i te , then , 
h a s  a l l  the f e a t ure s o f  a r e s i d ue o f  par t i a l  f u s io n . As m i gh t  be expec te d , 
o l ivi ne - s p i n e l  ge o thermome try i nd i c a te s n e a r l y  un i form c r y s t a l l i z a t ion 
temp e r a t ur e s  a c ro s s  the p e r i do t i te ,  wh i c h  is to be e xp e c te d  f o r  the re s i due 
of parti a l  f us io n ( ra th e r  than the range of temp e r a t ur e s  found i n  l ayered 
intrus ions a nd exp e c te d  for f r a c t i o n a l  c ry s ta l l i z a t ion ) . 

* Pr e s e n t  addr e s s : De par tme n t o f  Ge o l o gy and Geophy s i c s , Wo od s H o l e  
O c e anograph i c  I n s ti t u t i o n , Woo d s  H o l e , Ma s s ac hu s e t t s  
0 2 5 4 3 
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F i g . l .  I rregul a r  seams o f  ol i vine web s te r i te i n  har zburgi te . 
The l arger s e am a t  the c en te r  has been par t i a l ly replaced by duni te. 
The h i gh chrome conte n t  i n  the pyroxene of the o l i v in e -we b s te r i te 
has r e su l ted i n  chromi te e n r i chme n t  ( b l a ck s peck s )  whe re i t  has been 
r eplaced . The pyroxe ne in the har zbur g i te and o l i vine web s te r i te 
s tand s  out as i t  i s  mor e  r e s i s tant than the o l i vine to wea ther i n g . 

F ig . 2 .  Tabular orthopyroxe n i te , one of a para l l e l  s e t  in the 
har zbur gi te , c ro s s c utting dun ite . 
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The m i ne r a l s  i n  the Jo s ep h i ne Pe r i do t i te s how sy s tema t i c  
var i a t io n s  i n  compo s i t i o n  ( Fe ,  Al , C a  d e p l e tion , Mg , Cr enr i c hme n t )  from 
pyroxene - r i c h  to mo r e  re frac tory pyroxene�poor h a r z b ur g i te s c on s i s te n t  
w i th a l im i ted var i a ti on i n  the degree o f  fus ion and me l t  remova l ( D i c k , 
1 9 7 7 ,  1 9 7 6 ) . 

O l i vi n e  web s te r i te , o r t hopyroxe n i t e , dunite a nd chromi t i te 
toge the r co n s t i t u te a very sma l l  propor t i o n  o f  the p e r i d o t i te w i th very 
imp o r t a n t  p e trogene t i c  s i gn i f i cance . O l i vi ne we b s te r i te o c c ur s  as 
i r r e gul a r  s e am s  a nd l ayer s l o c a l l y  in the p e r i do t i te ( F i g . l ) . The modal 
compo s i t i o n  of the s e  l ay e r s  p l o t s  i n  the 0 1 - 0px- Cpx ternary d i agram i n  a 
l i ne ar manne r w h i c h  mimi c s  the p o s i t io n  o f  the h i gh p r e s s ur e  o l i v i ne 
for s te r i te co te c t i c i n  much the same manne r a s  g r an i te compo s i t io n s  p l o t  
ne ar a tern ary e ute c t i c  minimum-me l t  c ompo s i t io n . The o l i vine -web s te r i te s  
then a r e  tho ugh t t o  r e pr e se n t  the c on g r ue nt l y  c r y s ta l l i z e d  produc t s  o f  
pock e t s  o f  t r a pped me l t  i n  the h a r z b ur g i te . 

Dun i te and chrom i t i te o c cur to ge the r in the har z b ur g i te , w i t h  
t h e  chromi t i te s  i nva r i ab l y  enc lo sed i n  dunite . T h e  duni te o c c ur s  a s  
i r re gul a r  patche s , tab ular b o di e s , a nd pod s r an gi n g  i n  s i z e from a f e w  cm 3 

to tho u s a nd s  o f  c ub i c  me te r s . Dun i t e  i s  fo und c ro s s - c u t t i n g  and re p l a c i n g  
th e o l i v i ne we b s te r i te a n d  har z burgi te o n  a l l  s ca l e s ( F i g . 1 ) . I t  c an be 
c l e a r l y  s hown that the forma t io n  of the dunite oc curred i n  s i t u  a nd 
invo l ve d  the r e p l ac eme nt r e a c t ion : pyro xene + o l i vine + s p ine l + l i q u i d . 
On the o t h e r  hand , many o f  the l a r ge r  b od i e s  o f  d un i te s  con tain c umu l u s  
chromi t i te o r e  bodie s wh i c h  r an ge i n  s i z e  f rom a f e w  k i l o gr ams t o  
tho usands o f  me tr i c  ton s . Th e s e  o r e  bod i e s  c l earl y fr a c t iona l l y c ry s t a l 
l i z e d  f r o m  a me l t .  As th e i r  enc l o s i n g  d un i te s  c r o s s c ut l ay e r i n g  i n  the 
har z b ur g i te c o un tr y  r o ck , bo th d un i t e  and chromi t i te are thought to be l a g  
depo s i t s  pr e c i p i ta ted from re l a t ive l y  l a r ge bod i e s  o f  me l t  wh i ch we r e  
p a s s ing thro u gh the ma n t l e  t o  the c r us t . Thi s i s  t o  b e  e xp ec t e d  o f  s u c h  
me l t s a s  the f i e l d  o f  o l i vi n e  con tr a c t s  on t h e  b a s a l t  l i q u i d u s  a t  l ow 
pr e s s ure s ( O ' Ha r a , 1 9 6 8 ) . The d un i te s , s uc h  a s  a re s hown i n  F i g s . l and 
2 ,  howe ver , probably did not form in th i s  manne r . I t  i s  evid e n t  t h a t  
th ere a r e  man y  gene r a t i o n s  o f  dun i te i n  t h e  Jo s e ph i n e  Pe r i do t i te 
( H imme l b ur g  a n d  L o n e y , 1 9 7 3 ;  D i c k ,  1 9 7 6 ) and there a ppe a r s  to be a comp l e te 
gr ada t ion from the sma l l  i r r e gu l ar d un i te patch r ep l a c i n g  pyroxe n i te 
( F i g . l )  up to the h uge duni te bod i e s  e n c omp a s s in g  a ma j or c umul u s  ore 

de po s i t .  Th e s ma l l e r  d un i te s have pro b a b l y  forme d , then , d ue to l a te 
s ta ge i n c o n gruen t me l t i n g  o f the pe r i do t i te and l e a c h i n g  of pryoxe ne from 
wa l l  rock s d ue t o  the moveme n t  o f me l t  th rough the p e r i do ti te . 

F o rma t i on o f  the d un i t e s by d e s i l i c i f i c a t ion o f  the p er i do t i te 
by wate r vapo r i s  un l i k e l y  for three r e a s on s : l )  The c h romi t i te s  w i t h i n  
the sma l l  d un i te s  h a ve f ormed a t  h i gh temp er a ture s ( D i c k , 1 9 7 7 ) . T h u s  the 
i ntrod uc t io n  of water wo uld c a u s e  the p e r i d o t i t e  to me l t  anyway . 2 )  There 
are c umul us chromi t i te s  in many dun i te s  i nd i c a t i n g  p re c i p i ta t ion from a 
me l t . 3 )  Dun it e  i s  ub i q u i tous i n  the p e r i do t i te ; i t s  fo rma t i o n  due to 
d e s i l i c i f i c at io n  by water vapor require s the pene tr a t i ve f low o f  an 
e no rmo u s  vo lume o f  wa ter vapo r through the per ido t i te , for wh i c h  evi denc e ,  
o th e r  than the d un i te s , s uch a s  hydro us pha s e s , i s  comp l e te ly l a ck in g . 

O r thopyroxe n i te o c c ur s  a s  t abu l ar d i k e s i n  the har z burg i te . 
The s e  bod i e s are o f ten a l i gn e d  w i t h  one an other a s  tho ugh they we r e  
f o l lowing a j o i n t p a t te r n . Many o f  them c o n t a i n  e uhedral c h romi te and 
c ro s s c u t  dun i te s . The y  may r e pr e s e n t  l a te s tage c r y s ta l l i z a t ion o f  me l t  
swe ate d o u t  a l o n g  j o i n t s , b y  the re a c t ion me l t  + wa l l  rock o l ivine + 
e n s ta ti te , at the end o f  par t i a l  fus i on a nd co o l i n g  o f  the p e r i do t i te . 
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The ob s e rva t i o n s  a t  the Jo s ephine P e r i do ti te may p u t  s ome l imi t s  
on mod e l s for magma gene r a t i o n . D i c k  ( 1 9 7 7 )  h a s po i n te d  o u t  t h a t  s ome 
me l t  mu s t  h ave b e e n  trapped i n  the p e r i do t i te thro ugho ut th e c o u r s e  o f  
par t i a l  fus i on . Th e pr e s en c e  o f  man y gene r a t i o n s  o f  dun i te , w i t h  c umu l us 
chromi t i t e  ore s in the peri do t i te i nd i c a te s , howe ve r , tha t s i gn i f i c a n t  
bodie s o f  me l t  d id s e gr e g a te w i t h i n  the man t l e  a n d  r i s e to t h e  c r us t . 
The r ang e o f  ore c ompo s i ti o n s  ( Di c k , 1 9 7 6 )  i nd i c a te s  that a r a nge o f  ma gma 
compo s i t i on s  wa s produce d , wh i l e  the vary i n g  d e gr e e s o f  d e fo rma tion o f  the 
dun i te r e s i d ue s  s ugge s t s  th i s  o c curre d ove r a r an ge of dept h s . The 
impre s s io n  o ne r e c e i ve s , then , is tha t ma gma ge n e r a tion in the man t l e  mu s t  
h a ve o c c urre d b y  f r a c t i o n a l  f u s ion wi th i n c ompl e te r emo val o f  me l t  a t  
any o ne t ime ( a  r e s i d ue = s o l id + trapped me l t ) . Magma s were e vi d en t l y  
produced at a r a n g e  o f  d e p th s  wi th a r an g e  o f  c ompo s i t ion s , probab l y  
r e f l e c t i ng i n c r e a s i n g  d e gr e e s  o f  de pl e tion o f  the s o u r c e  rock d ur i ng 
upwa rd a s c en t  o f  the man tl e . 
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S TRUC T URAL C ONTRO L S  ON PART IAL ME L T I NG I N  THE LAN Z O  PE R I DOT I TE S  

Franco i s e  B o udi e r  and Ado l phe Ni c o l a s  
Labo r a to i re d e  Te c tonophy s i que 

Uni ve rs i te de Na nte s 
BP 1 0 4 4  

4 4 0 3 7 Nante s  c e de x ,  Fran c e  

Ab s t r a c t  

The s tudy deal s wi th n a t ur a l  parti a l  me l ti ng i n  th e L a n z o  l he r z o 
l i te ma s s i f and w i th e xpe r i me n t a l  me l ti n g  p e r fo rme d  on core s from th i s  
ma s s i f wh i l e  a de vi a tori c s tre s s  was app l i e d . The r e l a t i on s  be tween 
pl a s t i c  f low a nd s imul taneous me l ti n g  a re i n ve s t i ga te d . Dur i n g  e xpe rime n ts 
the i nc i pi e n t me l t i n g  appe a r s a t  grain boundar i e s  and c r a c k s  p a ra l l e l  to 

a1 . In natural me l ti n g , fe l d s p a r  l e n s e s corre spondi n g  to abo ut 5 %  me l t i ng 
i n the l he r zo l i te do o r  do not coa l e s ce depend i n g  on the i n te ns i ty o f  th e 
p l a s ti c  de forma t ion . When i t  i s  i n te n s e , p ar a l l e l  l e n s e s fo rm ; i n  the c a s e  
o f  rota ti ona l s he a r  f l ow ,  the y  paral l e l  the i n fe r r e d  f low p l a ne , wh ich l i e s  
ro ughl y 1 5 ° o f f  the fo l i a t i on p lane . Fe l d s p a t h i c  ve i n l e t s  grade i n to gab
bro i c  di ke s wh ich a re commonly p erpendi c u l ar to l i ne a t ion in th e ho s t  
peri do ti t e . S ome gabbro i c  dik e s  have dun i ti c  wa l l s  and were probably fe d 
by exte n s i ve p a r t i a l  me l ti n g  i n th e ho s t  p e r i do ti te a l o n g  the ma rgi n s  o f  
the d i k e s . F i e l d  obse rva ti o n s  s how tha t the s o - c a l l e d  dun i t i c  " d i ke s " a r e  
probab l y  the re s i d ua t h a t  rema in a f t e r  comp l e te r emoval o f  gabb roi c  or 
pyroxe n i t i c  ma gma . 

No di f fe re n c e  i s  no t i c e d  i n  m i c ro s truct ure s and mine ral pre fe rred 
o r i entations be twe e n  unme l t e d  l he r z o l i t e s  and tho s e  de fo rme d i n  th e pre 
s e n c e  o f  about 5 %  me l t ,  s ugge s ting tha t  the pl a s ti c  prope rti e s  do not 
n e c e s s a r i l y  ch ange w i th 5 %  me l ti ng . 

I NTRODUC T I ON 

The prob l em o f  parti a l  me l ti n g  o f  peridotite s ,  e s pec i a l l y l he r z o 
l i te s , i s  o f  p rime importance s i nc e the re i s  now a c on s e ns u s  th at b a s a l t s  
a n d  gabb ro s d e r i ve from th i s  pro c e s s  o c c urri ng i n  the upper man tl e . The 
ge ochemi c a l  and pe tro l o gi c a l  a s p e c t s  o f  th i s  p rob lem have been de al t wi th 
con s i de r ab l y  mo re c a re than the phy s i c a l  and me chan i c a l  one s . Que s tions 
s uch a s : wh ere the fi r s t  mo l te n  p ro duc ts are ge nerate d , how the y c o a l e s c e ,  
and how they a f fe c t  the me chani c a l  and rheo l o gi c a l  properti e s  o f  th e ro ck 
have no t re c e i ve d  all the a tte ntion they d e s e rve . An swe r i n g  them wo uld 
contrib ute to an unde r s tand i n g  o f wh a t  is s o ften i n g  the low ve l o ci ty zone 
( Go e t z e , in prepar a ti on ) o r  wo ul d  pro vi de a b e t te r  b a s i s  for e l e c tr i c a l  
conduc t i on mo de l s  i n  the mantle ( Ch a n  e t  a l . , 1 9 7 3 ;  Sh a n k l a nd and Wa ff , i n  
prepara t i on ) . The s tudi e s  in th i s  fie l d  a re ma i n l y  o r i e nted towa rd expl a i �  
i n g  how part i a l  me l ti n g  a f fe c t s  s e i smic ve l o c i t i e s  a n d  a t te n ua tion . They 
are theore ti c a l  ( Wa l s h , 1 9 6 9 ;  O ' Co n n e l and B udi a n s ki , 1 9 7 4 )  and expe rime n t 
a l  ( S t o c k e r  and G o r do n , 1 9 7 5 ) ; a f e w  have i nve s t i g a te d  how parti a l  me l ti n g  
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a f fe c t s  the c r e e p  prop e r t i e s  ( A u t e n  e t  a l . , 1 9 7 4 ; A r z i , 1 9 7 4 ) . Di re c t  
o b s e rva t i o n s  o n  th e ge ome t ry o f  part i a l  me l t s  i n  n a tura l ly or expe r i me nt
a l ly de forme d pe r i do ti te s  have not b e e n  reported y e t . 

The l he rz o l i t e  mas s i f  o f  Lan zo ( W e s te rn Alp s ) i s  a p r e f e r r e d  p l a ce 
to s t udy the pro c e s s o f  par t i a l  me l t i n g . Dur i n g  i t s  p l a s t i c  f low emp l ace 
me n t  i n to the continental c r us t ,  i t  equi l i b r a t e d  i n  the fe l dspar l he r z o l ite 
fac i e s . S i nc e  o n l y  s ome parts o f  i t  un derwe n t  parti a l  fus ion , the ma s s i f  
con ta i n s  a range o f  s truc ture s  co rre s pond i n g  t o  a r ange o f  f us i on , from 
i nc i pi e n t  me l ti n g  to mo re than 2 5 %  me l ti n g  ( B o u di e r , 1 9 7 6 ) . The fre s hne s s  
o f  the rock s i n  the mas s i f  fac i l i tate s ob s e rva tion s . The pre s e n t  s t udy 
i nve s ti ga te s  th e me chan i c s  o f  me l t  c o a l e s c e nce during p l a s t i c  f l ow o f  th e 
ho s t  p e r i do t i te and c omp l eme nts p revious wo rk on the pe tro l o gy and geo
c hemi s try of gabb r o i c  par t i a l  fus ion ( B o udi e r , 1 9 7 2 ;  B o u di e r  and Ni c o l a s , 
1 9 7 2 ; Me n z i e s , 1 9 7 4 ; L o ub e t ,  1 9 7 6 ) .  We w i l l  repo rt o n  evi dence from the 
Lan zo ma s s i f b ut wi l l  i n c l ude d a t a  from har zburgi te mas s i f s i n  Turkey a nd 
from de forma t i on e xpe rime n t s  on Lanzo pe r i do t i te c on d uc te d a t  hype r s o l i dus 
temp e r a t ure s .  

Te rmino l o gy a nd i t s b ack gro und 

A k i nema t i c  i nte rpre tation of texture s and fab r i c s  i n  the p e r i do 
ti te s , a nd e s p e c i a l ly i n  the L a n z o  ma s s i f  wa s propo s e d  b y  Ni c o l a s e t  a l .  
( 1 9 7 2 , 1 9 7 3 )  and re vi ewe d i n  Ni c o l a s a n d  Po i r i e r  ( 1 9 7 6 ) . I t  was s hown 
tha t , d ue to the homo ge ne o us de fo rma t i on o f  the s e  rock s , i t  i s  po s s i b l e  to 
c o rre l a te the o r i entation o f  the p ri n c i p a l  s tr a i n a xe s  dete rmi ne d from the 
s t u dy o f  p e ne tr a t i ve f i e l d  s tr uc t ure s ,  w i th the o r i e nt a t i on o f  the pr i n c 
i pa l  k i nema t i c  axe s dete rmi n e d  from t h e  s tudy o f  pre fe r r e d  l a tti c e  o r i ent
a ti on in o l i v i ne and e ns tati te : 

- p r i nc i pa l  s tr a i n  a xe s  ( X  > Y > Z )  

X = d i r e c t i on o f  mi n e r a l  e l o n ga t i on , para l l e l  i n  the f i e l d  t o  a s p i ne l 
aggre gate l i ne a t i o n . 

Z perpe nd i c ul a r  to the fo l i a t i o n  p l ane ( p l ane o f  mi ne r a l  f l a t teni n g )  . 

Y i n te rme d i a te axi s ,  perpendi c ul ar to X i n  the fo l i at i on p l ane . 

- p r i n c i pal k i nema t i c a xe s  ( � , �1 £) 
a = f l ow l i ne approxima t e d  by the maximum o f  s l i p  d i r e c t ions i n  o l i vine and 
ens tat i te : [ 100 ] 0 1 a nd [ O O l l e n · 

c = no rma l to th e flow p l ane appro ximated by the max imum o f  s l i p  p l a ne s i n  
o l i vi ne and e n s tat i te : ( 010 ) 01 ( h i gh tempe rature ) o r  ( 0 0 1 ) 0 1 ( low temp e r 
a t ur e ) , and ( l O O ) e n · 

b = perpend i dular to a i n  the f l ow p l a ne . 

- re l a t i o n s  b e twe e n  s tr a i n  and k i nemat i c  a xe s  

- ro t a t i ona l s he a r  flow ( s imp l e  s h e a r )  : 

a o b l i q ue to X by an angle a ( l )  r e l a te d  to the s h e a r  angle e by c o t  2 a  
l/ 2 tan e 

( l )  A c omp ute r s imul ation o f  rotation a l  s he a r  flow h a s  s ince i n di c ate d 
tha t th e true f l ow l i ne may be at an angle s l i gh t l y  l a r ge r  than a from 
the X di re c t i on ( E t c h e c o p a r , 1 9 7 4 , 1 9 7 7 ) . 
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b para l l e l  to Y 

� obl i que to Z by a 

- i rro tational she ar flow ( pure shear)  : maxima o f  s l i p  di rections and 
pl anes re spective ly equate d  with the flow l i ne and f low p l ane only for 
large s trai n .  

- comb ination o f  the se e lementary flows : a i s  reduced 1 n  proportion o f  
the percentage o f  i rrota tional shear componen t .  

Fe l ds p a th i c  l e ns e s  and d i k e s 

B o u di e r a n d  Ni c o l a s  ( 1 9 7 2 ) des cribed i n  Lan zo feldspath i c  lense s 
( o f  regular shape ) and ve inle t s  ( con torted and i rregul ar )  on the one hand , 
indi gene ous ( previ o us ly  called  " i n  s i tu " )  and i ntrus i ve gabbro dikes on the 
o the r . The mineral modes o f  the i ndi geneo us and i ntrus i ve dikes remain 
remarkab ly cons tant at  6 0 %  labradori te , 3 0 % diops i de and 1 0 % o l i vine , wi th 
the e xception o f  special  type s o f  intrusive dik es  obse rved only locally . 
I l l -de fined bo unda ri e s  prec l ude meaningful meas urements o f  modes o f  fe lds
path ic le nses  and ve inlets any thi nner tha n  one to  two centime te rs thi ck . 

The fe ldspathic  lenses  and dikes are ubiqui tous in the so uthern 
body and on the we s te rn margin of the central body o f  the tri part i te 
mas s i f  ( Fi g .  1 ) .  Agains t and i n s ide the serpentinite rim along the we s te rn 
margin o f  the ce ntr al body , the i nd i geneous dikes  are e s pe c i a l ly numero us 
and atta in s i z e s  o f  a few meters ; he re the i ndi geneous dike s are enc l osed 
in dunite s and s trongly depleted lhe r zo l i te s . The abundance of lens e s  and 
i ndi ge neo us dike s de creases rapidly to the e as t ,  and only i n trus i ve dike s 
are pre s e nt more than l km i n s i de the wes te rn ma rgin o f  the mas si f .  

F e l ds p a r  L e ns e s  and Ve i n l e t s  

Two type s o f  feldspar + pyroxe ne se gre gations c an b e  di s tingui shed 
on the bas i s  of the i r  shape and the s truc ture of the enc lo s ing lher z o l i te . 
The mi l dly de forme d lherzo l i te s  from the c ente r  o f  the southern body 
con tai n fe ldspar ve inlets  tha t are th in  and con torted wi th no pre ferred 
orie ntation . The ve inlets are compo s ed of s l i ghtly e l ongate d  poik i l i ti c  
cry s ta l s  o f  feldspar enclosing corroded oli vine grain s . Fe ldspar i s  not 
de forme d ( Fi g .  2 ) . The lhe r z o l i te i s  de pleted in  plagioc lase  and pyroxene 
in th e vi cinity o f  the ve inlets , to the e xtent o f  being a dunite ( Fi g . 3 ) . 
Exce ptiona l ly ve inle ts coa l e s ce into i ndi geneous dike s the way roo ts 
conve rge in  the s tem of a tree . 

El sewhe re i n  the mas s i f  the pl astic  flow has impri n te d  mine ral 
pre fe rre d orientations , fo l i ation and l i neation ; plagio c la s e  + pyro xe ne 
s e gregations are then better de ve loped , wi th a regular lense shape ( 0 . 5  -
2 em i n  width , 1 0 - 2 0  em i n  length )  and a l i gned , but i t  i s  po s s ible  i n  the 
fi eld to trace the i r  ori gi n  to s tre aks o f  a few individual grains o f  fe ld
spar obli que to the fo l i ation . In th in s ection , i t  i s  no longe r  po s s ible 
to obse rve any poik i lob l a s t i c  te xture o f  the fe ldspar grains wh i ch are 
s trained . Evi denc e like  that given i n  F i g .  4 i ndicate s  that the fe ldspar 
has grown from triple j unctions and grain boundari e s  by coro s ion of th e 
o l ivine nei ghbours . The corros ion i s  faste r  along grain boundari e s  and 
s ubbo undarie s .  
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Fi g .  1 .  Con tours 

of the Lanzo mas s i f  
showing the field 
dis tri bution of 
fe ldspath ic lense 
gabbro dikes and 
dun i te s. 

-+ 
Fig . 2 .  Plagio

clase grains in 
sma l l  lenses ( P I , 
heavy con tours ) .  
These po ik i l i ti c  
cry s t a l s  are 
bel ieve d  to have 
c rys tal l i z ed 
from the incip
ient me l t ,  
re ac ting wi th the 
s ur ro undi n g  
o l i vine ( Fi g. 4 ) . 
Micrograph , 
cro s s e d  
po lari zers . 

Fi g .  3. Con toured fe ldspathic lenses i n  
dunites from a n  area o f  mi ld de forma tion 
( Mte. Arpone ) .  



Fi g .  4 .  Drawi ng a f te r a mi c ro graph 
c omparable to tha t of Fi g .  2 .  The 
pl a gi o c l a s e  ( P l ) h a s  re a c te d  wi th the 
o l ivine grains ( 0 1 )  f rom tr i p l e  
j un c t ion s a n d  alon g gra i n  boundar i e s . 
The corro s io n  i s  f a s te r  along grain 
bound ar i e s  and s ubbounda r i e s ( do t ted 
l i ne s )  r e s u l ti n g  i n  con c ave contours . 

As s uming tha t  the de p l e tion i n  lhe r z o l i t e  ne x t  to th e gabbro 
l e n s e s  i s  produc e d  by the forma tion o f  the s e  len s e s ,  i t  i s po s s i b l e  to 
e s tima te the amount of me l t  corre spondi ng to the s e  l e n s e s . Th i s  wa s done 
by s o l vi n g  the o verdetermi nated s y s tem for ma j or e l eme n t s  c ompo s i tions : 
norma l lhe r zo l i te = deple ted l he r z o l i te + mi ne ra l s  from gabbro ( B o u di e r ,  
1 9 7 6 ) . A go od fi t wa s ob taine d for a me l t  corre s po nd i n g  to 5 %  part i al 
fus i on o f  the no rma l lher z o l i te . 

S t r uc tur a l  s e t t i n g  

Th e l e n s e s a re o b l i que wi th re s pe c t  to the fo l i a t i on , us ua l l y i n  a 
s i n gle di re c t i o n  and o c c a s i on a l ly i n  two c on j ugate di re c t i o n s  ( Fi g . 5 a nd 
6 ) . They are o f te n e n  e c h e l o n  ( Fi g .  5 ) , and may g i ve evi de nc e o f  rotation 

Fi g .  5 .  Va r i o u s  pa tterns o f  l e n s e s  and vei n l e t s  o b s e r ve d  i n  
a pl ane par a l le l t o  the min e r a l  l in e a tion ( L )  and no rma l to 
the fo l i a t i o n s  ( s e e a l s o  F i g s . 6 ,  8 and 9 ) . 
a )  e n  e che lon p a t te r n  typ i c a l  o f  rotational s he a r  f l ow . 
b )  s ymme t r i c a l c on j ugate s e t  typi c a l  o f  i r rotation a l  s h e a r  

flow . 
c )  a s ymme t r i c a l  c o n j ugate s e t  indi c a t i n g  a change from 

i rro ta ti o n a l  to ro ta t i on a l  s h e a r f l ow . 

from th e i r  pr evious o r i e ntat i on ( Fi g s . 5 a nd 8 ) . B o udier a n d  Ni co l a s  ( 1 9 7 2 ) 
i n te rp r e ted the l e n s e s a s  te n s ion ga s he s ; thi s i n te rp re t a tion mus t b e  
revi s e d . F i g . 7 g i ve s  t h e  l e n s e s  o r i entat ion w i th r e s pe c t  to t h e  fo l i a t i o n  
a n d  aggregate l i ne a t i on i n  th e cen tral body whe re the f l ow wa s ro tation a l : 
the me an angle be twe en the l e n s e s and the f o l i a t i o n  i s  o n l y  1 5 ° .  The angle 
s hould b e  la r ge r  i n  te n s i on ga s h e s  and wo uld i nc r e a s e  i n  case o f  a rotation 
due to s ubs eque n t  s he ar . Indeed th i s  r o ta t i on o c c ur s  ( Fi g .  8 )  and e xp l a i ns 
de parture s toward angl e s  l ar ge r  than 1 5 ° on the ne t . O b s e rva tions i n  thi n 
s e c t i on s u gge s t  th a t  the len s e s  form in the p l a ne c o n ta i n i ng the s l i p  
pl ane s o f  o l i vi ne an d e n s tati te and con s i de re d a s  the f l ow p l ane . I ndeed 
in th e central body of L an zo th i s  f l ow p l ane is u s u a l l y  i n c l i ne d  a t  ab out 
1 5 ° to the f o l i a t i o n , B o u dier ( 1 9 7 6 ) . The block d i a gr am of Fi g .  9 i l l u s t 
ra te s t h e  re l a t ion be twe e n  l e n s e s , fo l i a t i on a n d  l i n e a t i on , a n d  f l ow p l ane . 
The l e n s e s  c o i nc i di ng w i t h  th e f l ow p l ane c an be us e d  to d e te rmi ne the 
s he ar s e ns e  i n  a rotational shear f l ow . The s e n s e  r ema i n s  the s ame a s  i n  
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Fi g .  6 .  Ob l i q ue fe l dspath i c  lense i n  a 
lherz o l i te w i th a s trong plas tic de formation 
( S tura di Vi u ) . 
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Fi g .  7 .  Orie n ta t ions o f  po l e s  o f  fe l dspath i c  
lense s and ve i n l e t s  in Lanzo . Lower-hemi s phere 
equal are a pro j ect ion, con tours per 0 . 4 5 %  net are a ;  
s tructural re ference sys tem : foliat ion ve rtical EW , 
aggregate l i ne ation hori zontal EW . A and B are 
re s pe c tive ly for the central and so uthern bodi e s ; 
A) 8 1  me as urements, contours approximately at 1 ,  2 ,  
4 ,  8 % ; B)  5 1  me as urements, con tours at 2 ,  4 ,  8 % .  

- F i g .  8 .  Obli que 
fe ldspathic ve in
l e t s : in the upper 
part o f  the pic ture 
a con j uga te s e t  o f  
ve i n l e t s  has been 
rotated w i th respect 
o f  the foliation . 
Some ve inlets tend 
to grow i n to 
gabbro s e gre g
a tions ( Rio 
Ordagn a ) . 

� 

Fi g .  9 .  The ore tical block dia
gram i l l u s trating how the fe l dspar 
lens e s  ( b l ac k )  coa l e s c e  i n  the f low 
p l ane the orie ntation of whi c h  i s  
a s s umed from s l i p orientations i n  
o l ivine a n d  en s ta t i te ( hatchings ) .  



the previous interpretation ( tens ion gashe s )  ( B oudi e r  and Ni c o l a s , 1 9 7 2 ) . 
The con j ugate sets of lenses h ave been obse rved mai n ly in one local i ty 
( Ca s te llo Came r le tto ) whe re no obli qui ty i s  reporte d be twe en fo l i ation and 

mine ral pre fe rred ori entation ( B o udi e r ,  1 9 7 6 , p .  3 0 ) . Th i s  l atte r fact 
s ugge s ts an i rro tational flow in which case the two sets of lenses wo uld 
coincide w ith the two shear pl ane s as sociated with thi s  flow reg ime. 

The lenses and ve inlets can locally grow into gabbroic segrega
tions as i l lus trated by Fig . 1 0 . As in the case of indigenous dikes , 
de plete d  lhe r z o l i te s  s urround them but they do no t have any contin ui ty and 
there i s  no reason to cons ider them as transi tional be twee n  lenses and 
ind igenous dike s . 

GAB B RO D I K E S  

I ndigenous dikes and dunites 

Fig . 1 0 . Various pat
terns o f  coalescence of 
ve i n lets observed in a 
plane paral l e l  to the min
eral lineation and normal 
to the foli ation . The 
s urrounding lherzol ite i s  
loc a l ly deplete d  ( ske tche s 
a fter pi cture s ,  see also 
Fig. 8 ) . 

Al th"ough the indigenous dike s were probably fed i n  part by extra
neous magma , the ir name i s  j us t i fied by the fact that they a l so have bor
rowed mate r i a l s  from their wa l l  rocks . The typical indigenous dike i s  
symme tri cally bound b y  l ayers o f  dun i te gradi ng away i n to a lhe r z o l i te 
deplete d  in a pl agiocl as e  and diops i de ( Fi g .  l l ) ; the th i c kne s s  o f  the 
dunite band is proportional to that of the dike ; the re i s  a vague comb 
s truc ture ins ide the dike ; both the dike and the dunite wal l s  can be folded 
and foli ated ; the contact of the dike and the duni te is i n terdi gi tated and 
close e xamination of it reve.a l s  a con tinuation of the duni te into the dike 
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F i g . 1 1 .  Indigenous 
gabbro dike with dunite 
wal l s  ( Mt . Arpone ) . 



as o l i vi ne septa ( Fi g .  1 2 )  which s e em to be oriente d c l o s e  to the fo l i at ion 
and hence could have a tecton i c  ori gin ; a magma t i c  o r i gin is a l so pos s ib l e  
wi th t h e  magma c i rculating para l l e l  t o  t h e  s e pta . 

Fi g .  1 2 . Block di agram showing the 
o l i vine s e pta a t  the contact between 
the gabbro dike ( do ts ) and i ts dun i te 
wa l l  ( b l ank )  and how the y  are ori ent
ed w i th respe c t  to the fo l i at ion S 
and mi ne ral l i ne ation L .  

The gabbro dike may have mi grated out l e aving behi nd the dun i te 
and de p l e ted l he r z o l i te wa l l s . Th i s  le ads to the so cal led dunite "dike s " .  
The i r  origin as parti a l  me l ting re s i dua i s  s ugge s te d  when rel i c s o f  the 
gabbro dik e  are le f t  behind , and when the web s te r i t i c  primary banding from 
the s urrounding l he r zol i te can be traced i nto dunite as a seam of spinel + 
orthopyroxene grains ( Fi g .  1 3 ) ( 1 ) . S uch evidence has been obse rve d i n  
Lanzo , i n  t h e  Hatay harzbur g i te mas s i f i n  Turkey , i n  Jo s e ph ine peri do ti te 
( Dick , 1 9 7 7 )  and in Burro Mountain ( 1vith pyroxene s re l i c ts ) . I t  i s  pos
tulated here that the dunites obs er, cd i n  the tectoni c peridotites are such 
r e s i dua ; when they are paral l e l  to the pyroxe n i t i c  l ayers , they may be part 
o f  an e a r l i e r  layering transposed a fte r a parti a l  me l ti n g  epi sode . 

F i g .  1 3 . Drawing a f te r  a photo
grap h  o f  de forme d gabbro dyke ( ga )  
cutting dun ite ( du ) . In the duni te , 
the primary b andi ng ( S0 )  i s  pre
s e rve d as a seam o f  spine l p lus 
o rthopyroxene . ( Lh )  = l he r zol i te . 

I n t r us ive d i k e s  

In Lan zo , three type s  o f  
intrusive dikes have been observe d . 
The y a l l  sharply cut the undepleted 
l he r z o l i te . The mo s t  common type has 
the s ame compo s i t ion a s  that of the 
indigenous dike s : they are 2 0  em 
th i ck or more and i n te rnal ly laye red 
w i th a c omb s tr uc ture at the margi n s  
and a more homo geneous and fine
grained s tr uc t ure i n  the center 
( Fi g .  1 4 ) . They may be s l i ghtly 
fo l i ated and gently fo l ded . Late r 
di k e s are e i ther ens tati te bear i n g , 
one centime te r  th i ck and ab s o l ute ly 
unde formed or andes i ne - augite-o l i vine 
beari n g , a few dec i me te rs thick and 
und e fo rme d . The l ate r dikes a re 
res tri c te d  to spec i fi c  a reas and wi l l  
not b e  d i s c u s s e d  further i n  th i s  
s tudy . 

I n trus i ve dike s from the 
An talya harzburgi te ma s s i f i n  Turkey , 
cons idered below , are ens tati te 
bearing and s tron gly fo l i ated and 
l i neated ( Ju t e a u , 1 9 7 4 ; Ju te au e t  a l . , 
1 9 7 7 )  . 

( 1 )  Moreover o l i vi ne i n  the dunite has the s ame Fa conte n t  as i n  the 
adj acent l he r zo l i te : Fo 9 1  ( B o u di e r ,  1 9 7 2 ) . 
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O r i g i n  o f  t h e  L a n z o  d i k es 

Fi g .  1 4 . Intrus i ve 
gabbro dik e ,  c ro s s  cut
ting the pyroxe n i t i c  
l ayering ( C a s te l lo 
Came r l e t to )  . 

Ear l i er pe tro chemi cal calculat ions ( Bo u di e r  and Ni c o l a s , 1 9 7 2 ;  
B o u di e r , 1 9 7 6 )  have s hown that the indi genous dike s c ry s t a l l i zed f rom a 
compos ite magma formed by addi tion of an e xtraneous magma corres ponding to 
a moderate ( le s s  than 5 % ) me l ti ng w i th one loc a l ly ge ne rated and corres pond
ing to an e xtensive ( up to 3 0 % )  me ltin g . Should the compos i te ma gma be 
al lowed to move i n to fre s h  lhe r zoli te s  i t  would give b i rth to an i ntrusive 
dike . Th is i n terpretation i s  s upported by the analogous range o f  bu lk 
compo s i tion i n  the two sorts of dike s . Fol low ing a s ugge s t ion by Di ckey , 
we be l i eve that the extraneo us magma was overheated due to i ts chemical 
e qui l i bration with the l he r z o lite at a deeper leve l , and it reacted 
s trongly w i th i ts lhe r z o l i te wal l s  and tri ggered the extens i ve parti al 
me l t ing resulting in the formation of the indigenous dike . On the other 
hand , the compo s i te magma if inj e c ted i nto the lher zol ite penetrates i t  at 
1 2 5 0 ° C  ( B o u di e r ,  1 9 7 6 ) a temperature at which it is no longe r reactive . 
The temperature o f  the ove rheated ex traneous ma gma can be e s timated from 
our experime n tal parti a l  fus i on on the Lanzo l he r z o l i te . I t  i ndica tes that 
the comp le te me lting of e n s ta t i te le aving o l i vine - s pinel re s i duum occurs 
around 1 4 0 0 ° C .  This was the s i tuation at the wa l l s  of the indigenous 
dikes ( dunite r e s iduum) ; therefore this magma was at 1 4 0 0 ° C or above . 

O ther pos s i b i l i ties have been s ugge sted by Co l eman and Ob a ta 
( pe rsonal communications ) to e xplain depleted margins wi thout ove rheati ng . 
They cal l on the enri chment in a me l ti ng age n t  ( C 0 2 or H 2 0 ) . We d i s c arded 
th i s  pos s i bi l i ty con s i dering the ab sence o f  any hydrated phase in the 
gabbros . 

S t r u c t ur a l  s e t t i n g 

As no dif ference appeared in the attitude s of the indigenous and 
intrus i ve dike s from Lan zo ,  they have been plo tted together on the ne t s  o f  
Fi g .  1 5  wi th re spect to s truc tural axe s . The dikes tend to ori ent them
s e lve s  perpendi cular to the aggregate l ineation . 
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Fi g .  1 5 . Orientations o f  pole s to gabbro dikes in Lan z o . 
Lowe r hemi sphere , equal area p ro j ect ion , con tours p e r  0 . 4 5 %  n e t  
area ; s tr u c tural re fe rence sys tem : fol i a t i on ve r t i c a l  EW , 
aggre ga te l i n e a tion hor i zon tal EW . A and B are respe c t i ve ly for 
the central and s o uthe rn bodi e s ; A ) 86 me asurements , contours 
approx i mately at 1 , 2 % ;  B ) 1 0 2  meas uremen ts contours a t  1 , 2 % .  

The i ntrus ive dikes from An talya a re p l o tted on Fi g .  1 6  w i th 
respect to geographi c  coordinate s .  The plot on the s ame ne t o f  the be s t  
computed axi s for the spinel l i ne a tion and po le o f  fo l i at i on pl ane s 
( J u te a u  e t  a Z . , i n  p re s s ) i ndi c ate s that the gabbro dikes tend to be a t  

vari o us ang l e s  t o  t h e  fo li at ion b u t  i n te rs e c t  with th i s  plane para l l e l  to 
the s pi ne l  l i neation . 
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Fi g .  1 6 . Ge ograph i c al o r i entations o f  gabbro 
dikes in An talya . Lower hemi sphe re ,  equal area 
pro j e c tion ; 2 4 3  me a s ureme n ts , contours at 0 . 4 ,  
0 . 8 , 1 . 6 ,  2 . 5 ,  3 . 3 and 4 %  p e r  0 . 4 5 %  a re a . The 
s o l i d  l ine and the do t are respe c ti ve l y  the be s t  
comp uted fo l i ation and mineral l i n e at ion i n  the 
ma s s i f ;  the da shed l i ne i s  the b e s t  computed 
dike o r i e nta tion . 

E xp e r im e n t a l  Me l t i n g  Un d e r  Un i a x i a l  C o mp r e s s i ve S t r e s s 

Expe r i me n t a l c o n d i t i o n s  

Exp e rime n ts o f  part i a l  fus ion have b e e n  conduc ted i n  a Gri ggs 
sol i d  med i um apparatus . A compre s s i ve s tre s s  was appl i e d  to i nve s ti gate 
i t s  i n f l uence on the me l t  coa l e s cence . Cores from a Lanzo fe ldspar pe r i do
ti te ( l )  were used di rectly , a f ter de hydrat ion a t  1 0 0 ° C ,  i n  vi ew to deter
mine the nominal temperature a t  which each mi neral phase di s appears . The 

( 1 )  Modal c ompos i t ion : ol i vi ne = 6 4 ; orthopyroxene , =  1 7 , 5 ;  
pyroxene = 7 , 5 ;  spine l = 1 , 5 ;  plagioclase = 9 , 5 .  
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core s were P t  j acke te d and the s amp le assemb l i e s  were dry ( A l s ima g s leeve s ) .  
Eight s ucce s s fu l  run s  were per formed a t  7Kb and temperature s betwee n 
1 1 5 0 ° C and 1 6 0 0 ° C with a longitudinal tempe rat ure gradi ent between 5 0 ° C 
and 4 0 0 ° C .  Runs va ried i n  time from 1 to 1 0  hours . 

Re s ul t s  

The comp lete me l ting o f  fe ldspa r  occurs w i thin a f e w  de gree s above 
1 1 8 0 ° C .  I t  re s u l t s  i n  pockets o f  tho l e i i tic me l t  w i th s l i gh tly di f fe rent 
compos i t i ons C l )  due to the temperature gradient and probab ly local depart
ure from equi l i b r i um .  The me l t  pocke ts a re conne cted by ch anne l s  along 
whi ch the other mine r a l s  s u f fe r  corro s ion . Clinopyroxene d i s appe ars 
around 1 2 5 0 ° C , and orthopyroxene be twee n  1 4 0 0 °C and 1 4 5 0 ° C .  The i n i ti al 
amoun t  o f  me l t  doe s not conspi cuous l y  exceed that o f  the forme r fe ldspar . 
The channe l s  fo l l ow gra in boundar i e s  but can a l s o fol l ow cracks i n to gra ins 
( Fi g .  1 7 ) . They are more abundan t ,  para l l e l  to o 1 ; me l t  products have also 

Fi g .  1 7 . Micrograph of e xpe r i 
mental me l ting in a Lanzo lherzo
l i te . The glass i s  con centrate d  
at g r a i n  boundari e s  a n d  cracks 
para l l e l  to the 0 1 d i re c tion . 
Grain boundaries corroded by 
g l a s s  look darker and s t rained . 
The g l a s s  pockets ( upper l e f t , 
middle and l ower r i gh t )  look 
l i gh ter . 

been i denti f i e d  in ob l ique s he ar zone s .  Coale s ce nce o f  me l t  in c racks and 
at grain boun darie s paral l e l  to 0 1 is mo re spectacular in a s e r i e s  o f  
s imilar expe riments con ducted at 1 5  Kb w i th a s pine l lherzol i te ,  because i t  
can be s tudi e d  s tarting from a n  i ncipient me l ti n g  l owe r than 1 % ; me l ti ng i s  
then much more gradual ( Fi g .  1 8 ) . In partic ul ar , tiny channe l s  o f  me l ts 
have been obs e rve d  pene trating i n to o l i vine cry s t a l s  at a sma l l  angle to 
o1 . S imi lar obse rvations are re po r te d  by A v e  La l l e ma n t  and Car t e r  ( 1 9 7 0 )  
i n  expe riments conducted w i th powde r s . The channe l s  are i n i t i at e d  at grain 
boundar ies , alway s poi nting towards the warme r and more mo l te n  part of the 
s pecimen wi th , at the i r  termination , a negative c ry s tal due to corro s i on 
( F i g .  1 9 ) . For amount s  o f  me l ting in the range o f  2 0 %  and above , the me l t  

pocke ts are mode rate l y  fla ttened perpendicular to 0 1 . 

J l )  G l a s s  m i croprobe ana lyses were performed by M . H .  B e e s o n . 
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C furnace 

Pt jacket 

Fi g .  1 8 . Drawing a fte r a pic ture 
of the expe rimental as semb l age for 
partial me l ting expe rimen ts under 
s tre s s . The me l t ing i n  th i s  s pine l 
lherz o l i te is important i n  the 
central part of the spec imen ( gray 
de coration ) ;  at the colder ends the 
incipient me l ti ng ( dashe s )  fo l l ow 
the s tress tr a j e c to rie s .  

Fig . 1 9 . Mi c rograph o f  the 
counte red are a  in Fi g .  1 8  showi ng 
inc ipient me l ting : tiny channe l s  
of me l t  s l ightly obl ique t o  cr 1 
pene trating o l i vine crystal s ,  
ending by a negative crystal due 
to corros ion . 

D i s c u s s i o n 

T i m e  r e l a t io n  o f  pa r t i a l  me l t i n g a n d  p l a s t i c  d e fo rm a t i on 

The gabbro lenses an d dikes in Lanzo we re produced by partial 
me l ti ng as evidenced by the o c c urrence of res idual dunite and deple ted 
lhe r zo l i te at the i r  contact . Th i s  par ti a l  me l ti ng event took place during 
the plas tic de formation as deduced from the fo l l owing evidences . 

i )  The lenses and dike s have spe c i a l  orienta tions with re s pe c t  to the 
plas tic de formation s tructure s ( fo l i a tion and l i nea tion ) . The se ori entat
ions cannot have been attained by rotation during the fl ow , in con tras t to 
the dikes in An talya whe re thi s i s  po ss ible ( s e e  below ) 

i i )  I n  the southern body , the indigenous dikes can be gently folded and 
the wa l l -dun i te s  are fol i ated with a rel ated o l ivine preferred ori entation 
( B o udi er , 1 9 7 2 ) . In the northern body where the de formation was ac tive at 
tempera tures we l l  be low the sol idus , dikes are bo udined and the i r  mine r a l s  
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a lway s  s tr a i ne d .  At th e c ry s ta l  s c ale the s ame s o r t  o f  c o n f l i c t i ng 
o b s e rvations are repo r te d : i n  l e n s e s  the f e l d s p ar i s  s tr a i n e d  but o n  the 
o the r h an d  th i s  mi ne ra l r e a c t s  wi th o l i vine , pr e s e n t i n g  tri p l e  j un c t i o n s  
invo l vi n g  a s ub bo unda ry ( F i g . 4 ) ; th i s  indi c a te s  that the p l a s ti c f l ow 
s ub s truc ture pre da te s  the corros i on . The s e  c on f l i c t s  are re conc i l e d  by 
c on s i d e r i n g  th a t  the me l ti n g  o c c urre d dur i ng the p l a s t i c  f l ow . 

i i i )  Mi ne r al equ i l i b r a t i o n s  i n  lhe r z o l i t e s  a f fe c te d  by p l a s t i c  d e fo rma t ion 
i nd i c ate ma ximum temp e r a ture s on the fe l d s p a r  l he r z o l i te dry s o l i dus 
( B o u di e r , 1 9 7 6 , p .  1 0 6 ) . 

C o a l e s c en c e  a t  i n c i p i e n t  me l t i n g  

The i n c i pi e n t  me l t i n g  ( <  1 % ) o b s e rve d exp e r ime n ta l l y , imp r e gnate s 
g r a i n  b o unda r i e s  and c r a c k s  p a r a l l e l  to 0 1 a nd s h e ar z on e s o b l i que to 0 1 ; 
co rros i on channe l s  thro ugh o l i vine a nd a g a i n  s ubpa ra l l e l  to 0 1 h ave been 
re por te d . Attr i b ute d to th i s  s t age i n  s ma l l  l en s e s  of natur a l l y  mo l te n  
lh e r z o l i te s  are t h e  fe l d s pa r  gra i n s  r e a c t i n g  w i t h  o l ivi ne a lon g grai n 
b o und a r i e s  a n d  s ubbo unda ri e s , o f te n  s tarti ng from t r i p l e  j un ct i o n s . 

C o a l e s c en c e  i n  f e l d s p a r  l e ns e s  

Evi den c e  from experime n t s  s uppo r te d  by a n  approxima t e  c a l c u l a t i o n  
s h ows th at a l l  t he fe l ds p a r  me l ts i n  a 1 0  ° C  i n t e rva l . Thi s s ugge s ts tha t  
when th e f e l d s p a r  l e n s e s  fo rme d i n  t h e  L a n z o  lhe r z o l i te t h e  r o ck contained 
5 to 1 0 %  me l t . Whe re the de fo rma tion i s  we ak the c o a l e s cen c e  except i o n a l l y  
e xc e e d s  t h e  s tage o f  produc i n g  mo nomi n e r a l i c  c on to r te d  ve i n l e t s  ( Fi g .  3 ) ; 
whe re the de fo rma t i on i s  s trong the l e n s e s  r e a di l y  a t t a in one o r  two 
c en ti mete r s  i n  th i ck ne s s ; at the s ame time th ey con c en tr a te i n  the s he a r  
p l ane s . I n  the c a s e  o f  ro t a t i o n a l  s he ar f l ow ,  they s tand at s ome 1 5 ° from 
the fo l i a ti on i n  the s h e ar p l ane a s  i t is de f i ne d  by mi ne ral p re ferred 
o r i e n ta t i on s  ( Fi g . 9 ) . F rom the re the y may ro tate duri n g  f l ow s ub s e quen t 
to me l t  crys t a l l i z a t i on . The y c a n  a l s o  form a n  e n  e c h e l o n  p a t te rn . The s e  
o r i e n ta tion s wi th re s p e c t  t o  th e fo l i a tion are re adi l y  us e d  to s pe c i fy the 
s e n s e  o f  s h ea r .  The ve i n l e t s  c an grow to b e c ome i r regular gabb ro i c  
s e gre ga tions deve lo p i n g  a dep l e te d  are a  i n  the l he r zo l i te aro un d  them . 
The re i s  no e vi dence th a t  the s e  s e gr e g a t i o n s  re p re s e n t  trans i t i o n  towards 
i ndigenous dikes . 

The q ue s t i o n  o f  how th i s  5 to 1 0 %  me l t  product c on c en tr a t e s  i n  the 
s h e a r  pl anes ( a  s in g l e  s h e a r  p l a ne i n  ro tation a l  d e formation , two con j uga te 
s h e a r  pl ane s  i n  i rro t a t i o n a l  de forma t i on ) i s  not unde r s too d . S uch a me l t  
concen tra tion i n  s h e a r  p l an e s i s  ob s e rve d a t  the i n c i p i e n t  s ta ge o f  me l ti n g  
i n  e xp e r i me n t s  conducted wi th a n  appl i e d  s tr e s s ,  to ge the r wi th ano ther 
c on ce n trati on i n  frac ture s p a r a l l e l  to the d i r e c t i on of th e appl i e d  s tre s s . 

An i mpo rtant poi nt i s  th at the l h er z ol i te mi c ro s truc ture and 
mi ne r a l  pre f e r re d  o r i e n t a t ion in th e s e  are a s  whe re l en s e s  are de s c r i b e d  
di f f e r s  i n  n o  con s p i c uous w a y  from are a s  whe re trace s o f  parti a l  me l ti n g  
have n o t  b e e n  foun d  ( c omp a re i n  Boudi e r , 1 9 7 6 , p .  3 5 - 3 6  a n d  p .  3 8 ) . Th i s  
s ugge s t s  th a t  the pre s e n c e  o f  5 - 1 0 %  me l t  i n  the ro ck do e s  not dra s t i c a l ly 
change i ts p l a s ti c  proper t i e s i n  k e e pi n g  w i th s o me e xpe r i me nta l e vi dence 
( A r z i , 1 9 7 4 ) . 
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G a b b r o  d ik e s and dun i t e s 

The indigenou s and intru s ive dike s in Lanzo have the s ame comp 
o s i tion and the s ame o r i en tation i n  the f i e l d . Th i s  i s  e xp l a i ne d  in the 
fo l lowin g manne r :  an e x traneo us magma corre s r onding to a mo de rate perido
tite me l ting a t  gre a te r  dep th and o ve rhe a te d  a t  1 4 0 0 ° C or more (or a fluid 
rich ma gma ) is i n j e cted i n  the l he r z o l i te the tempe rature of which i s  
1 2 5 0 ° C .  I t  tri gge r s  a l o c a l  an d exten s i ve me l t i ng , l e avi ng the dun i te 
wal l s  of the ind igenous dikes a s  r e s idua . I f  the compos i te magma thus 
generated rema ins there i t  wi l l  cry s tal l i z e  into an indigenous dike . If 
i t  is i n j e c te d  into an unde pleted lhe r z o l i te it w i l l  con s ti tute an i n trus 
i ve dike , le aving behind the s o - c a l l e d  dun i te " d i k e s " whi ch are i nd e ed , 
in Lan zo and i n  o ther vi s i te d  ma s s i fs , re s i dua o f  part i a l  me l ti n g . 

In thi s  inte rpre tat i on the ma gma s re s pon s ible for the two k i nds 
of dikes a re bo th i n j e c te d  i n to the lhe rz o l i te s  over a short i nte rva l o f  
time , thus e xpl aining why the y have the s ame compos i tion and o r i e n tation 
in the f i e l d .  The y te nd to gathe r at a l arge angle to the aggre gate 
l i ne a tion ( th a t  is in a s tre tch i ng ori entation ) . 

A d i f fe re n t  ori enta tion h a s  be en recorded i n  An talya whe re the 
in trus i ve dike s form various angl e s  w i th the fo l i ation but tend to c on tain 
the l i ne a t i on . Con s i deri ng the i r  i n te n s e  i n te rnal de formation and the 
dominant cons tri c ti ve charac te r o f the s train i n  tha t  mas s i f  ( Ju t e a u  e t  
a l . ,  i n  p re s s ) ,  the i r  o r i e n t a tion c an be exp l ai ne d  by a ro tation during 
the f l ow from any previous o r i e ntation towards that of  the l i ne a t ion ; but 
o the r exp l anations c anno t  be ruled out . 

Ac knowl e d geme n t s 

We woul d l i k e  to e xp re s s  our appre c i ation to th e Centre Nation a l  
de l a  Re cherche S c i e n t i fique ( E . R . A .  5 4 7 , A . T . P . 3 2 . 4 1 )  a n d  th e u . s . 
Ge ologica l S urve y  i n  which l aborato r i e s thes e  exper ime n ts we re pe r fo rme d . 
The s e  expe riments we re made pos s ib l e  th ank s to E . D . Jack s on , C . B .  Ra l e i gh , 
S . H .  Ki rby , and M . H .  Bee s o n ; J . L .  Bo uche z wro te the c ompute r programs . 
The manus c r i p t  was revi s e d  tak i n g  i n to a c count comments by R . P .  George . 

Re fe renc e s  

Ar z i , A . , Part i a l  me l t i ng i n  ro c k s : · rheology , k ine ti c s , wate r di f fusion , 
Ph . D . Th e s i s ,  H a r v a r d  Un i v e r s i ty , 1 9 7 4 . 

Aute n ,  T . A . , R . B .  Gordo n ,  a nd R . L .  S tocker , Q- 1 and mantle c reep , Na ture 
Phy s . S c i . ,  2 5 0 , 3 1 7 - 3 1 8 , 1 9 7 4 . 

Ave ' La l l eman t , H . G . , and N . L .  Carte r ,  Syn te c ton i c  recrys ta l l i z ation o f  
o l ivine and mode s o f  flow i n  the upper mantle , G e o l .  So c .  A me r .  
B u l l . ,  8 1 , 2 2 0 3 - 2 2 2 0 ,  1 9 7 0 . 

Boudier , F . , Re l at ions lhe r z o l i te s - gabbros - dun i te s dans le ma s s i f  de Lanzo 
( A l pe s p i emonta i s e s ) : Exemp le de fusion partie lle , The s e  3 °  
c y c l e , Na nte s , 1 1 8  p . , 1 9 7 2 . 

Bo ud i e r , F . , Le ma s s i f  lher z o l i tique de Lan zo ( Alpe s pi emon tai se s ) : E tude 
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s truc tura l e  et p e t ro l o gi que , Th e s e do c t .  E ta t ,  Nante s ,  1 6 3 p . , 
1 9 7 6 . 

Boudi e r , F . , and A .  Ni c o l a s , Fus ion part i e l l e  gabbroi que dan s l a  lher z o 
l i te d e  Lan zo ( A l p e s  pi emo n ta i s e s ) , B u Z Z .  Sui s s e  Mi n .  Pe t r o g . ,  5 2 , 
1 , 3 9 - 5 6 , 1 9 7 2 . 

Cha n , T . , E .  Ny l a nd , and D . T .  Go ugh , Par t i a l  me l ti n g  and con duc tivi ty 
anoma l i e s  in the uppe r man tl e , Na ture Ph y s . Sc i . , 2 4 4 ,  8 9 - 9 0 ,  
1 9 7 3 .  

Dick , H . J . B . , Part i a l me l t i ng i n  the Jo s e ph i ne p e r i do t i te : Th e e f fe c t  on 
mi ne ral compo s i t i o n  and i ts c o n s equenc e fo r  geobarome try and 
ge o the rmome try , A m . Jo u r .  Sc i . , 2 7 7 , 7 b 8 - 8 0 0 . 

E tche copa r , A . , S i mul at i o n  par ordi n a te ur de l a  de forma tion progre s s i ve 
d ' un agre gat polycri s ta l l i n : E tude de deve l oppeme n t  de s t ruc t 
ure s o r i e n te e s  p a r  e c r a s eme n t  e t  c i s a i l  l emen t ,  Th e s e 3 °  c y c l e ,  
Nan te s ,  1 3 5  p . , 1 9 7 4 . 

E tchecopa r , A . , P l ane k i nema t i c  model o f  pro gre s s i ve de fo rma tion i n  p o l y 
c ry s t a l l ine aggregate s ,  Te c t o n op h y s i c s ,  39, 1 2 1 - 1 3 9 ,  1 9 7 7 .  

Goe t z e , C . , A b r i e f  s ummary o f  our pre s ent day unde r s tand i ng o f  the e f fe c t  
o f  vo l a t i l e s  and pa r t i a l  me l t  o n  the me chan i c a l  prope rt i e s  o f  
the uppe r ma ntle , i n  p r e p ar a t i o n . 

Jute au , T . , Le s oph i o l i te s  de s nappe s d ' An t a l y a  ( Taurides o c c i dentale s ,  
Turqui e )  : Pe tro logie d '  un fra gme n t  de 1 '  an c i e nne croute o c e ani q ue 
tethy s i enne , S c i . de Z a  Te rre , Me m .  3 2 ,  1 - 6 9 2 , 1 9 7 5 . 

Juteau , T . , A .  Ni c o l as , J . D ube s sy , J . C .  Fruchard , and J . L . B o uc he z , The 
An talya o ph i o l i te c omplex nve s te rn taur ide s ,  Turk ey ) : S truc tural 
re l a t i on s h i ps b e twe en te c ton i te s , c umul a t e s  a nd dyk e s : A po s s 
i b l e  mo del for an o c e an i c  r i dge , Ge o Z .  So c .  Ame r .  B u Z Z . , i n  p r e s s .  

Loube t ,  M . , Ge o chimi e de s Te r r e s  Rar e s  dans le s ma s s i fs de p e r i do ti t e s  d i t s  
de " h a ute temp e r a ture " :  e vo l ution du ma nte a u  te r r e s tre , Th e s e  
D o c t .  E ta t ,  Pa r i s  VII, 3 5 7  p . , 1 9 7 6 . 

Me n z i e s , M . , Ra re e a rth geo chemi s try o f  fused ophio l i ti c  a nd a l p i ne 
lhe r z o l i te s : I . O th r i s ,  Lan z o  and Troodo s , Ge o c h i m i c a  e t  
Co s mo c h . A c t a ,  4 0 , 6 4 5 - 6 5 6 , 1 9 7 6 . 

N i c o l a s , A . , J . L .  B o uche z , and F .  Boud i er , I n te r pretation c i nema t i que des 
de forma t i on s  p l a s tique s  dans le ma s s i f  de lhe r z o l i te de Lan zo 
( Al pe s  p i e mo n ta i s e s ) , Te c to n o p hy s i c s ,  1 4 , 1 4 3 - 1 7 1 , 1 9 7 2 . 

N i co l a s , A . , F .  Boud i e r , and A . M .  Boul l i e r , Me chan i s ms o f  f l ow i n  natura l ly 
and e xpe rime n t a l l y  de fo rmed pe r i do ti te s ,  Am . Jo u r . Sc i . , 2 7 3, 
8 5 3 - 8 7 6 , 1 9 7 3 .  

Nico l a s , A . , and F .  Boudi e r , Ki nema t i c  inte r pre ta tion o f  fo l d s  i n  a l p i ne 
type peri do ti t e s , Te c t o n o p h y s i c s ,  2 5 ,  2 3 3 - 2 6 0 ,  1 9 7 5 . 

N i c o la s , A . , and J . P .  Po i r i e r , Cry s ta l l i ne pl a s ti c i ty and fl ow i n  me ta
mo rph i c  rocks , J .  Wi l e y  an d S o n s L t d . , In te r s c i e n c e ,  L o n d o n ,  
4 4 4  p . , 1 9 7 6 . 
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O ' Conne l l , R . J . , and B .  B ud i ansky , S e i s mic ve lo c i tie s i n  dry and s a turated 
c racked s o l i d s , J. Ge o p hy s . R e s . , 5 4 1 2 - 5 4 2 6 , 1 9 7 4 . 

Shank l and , T . J . , and H . S .  Wa f f ,  Part i a l  me l ting and e l e c t r i c a l  c onduc t i vi ty 
anoma l i e s  in th e uppe r man tle , i n  p r e p a ra t i o n . 

S tock e r ,  R . L . , and R . B .  Gordon , Ve lo c i ty and i n te rnal fr i c tion i n  p a r t i a l  
me l ts , J .  Ge o p h y s . R e s . , 4 8 3 8 - 4 8 3 6 , 1 9 7 5 . 

Wal sh , J . B . , A new analys i s  o f  a tte nuation i n  par t i a l l y me l te d  rock , 
J. Ge o p h y s .  R e s . ,  7 4 , 4 3 3 3 - 4 3 3 7 , 1 9 6 9 . 
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PART IAL FUS I ON VERSUS F RAC T I O NAL C RY S TAL L I ZAT I ON : HYP O THE S E S  f. O R  THE 
D I F F E RE NT IAT I ON OF THE RO ND.I\ U L T RAMAF I C  MAS S I F  OF S O UTH E RN S PA I N  

John s .  Dickey , Jr . ,  Ma s a aki Ob a t a , and C .  John Suen 
De partme nt of Earth and P l a ne tary S c i e nce s 

Ma s s achus e t t s  In s ti tute o f  Techno l o gy 
Camb r i d ge , Ma s s achus e t t s  0 2 1 3 9 

Ab s t r a c t 

The Ronda ul tr ama f i c  ma s s i f  o f  s o uthe rn Spa i n  was d i f fe r enti a te d  
into per ido t i te ( 8 5  to 9 0 % )  wi th ma f i c  s e grega tions be fore i t  wa s e l e vated 
to th e crust from deep i n  the l i tho s phere . No prima ry i gneous texture s 
are p r e s e rve d b e c aus e o f  e x te ns ive me tamo r ph i sm dur i n g  e l e va t ion o f  the 
ma s s i f  f r om the l owe r l i th o s phere . Some fe a tures can be identi f i e d , 
howe ve r , wh i ch appare n tly re l ate to the d i f fe re n t i ation o f  the ma s s i f .  
The s e  fe a ture s ,  invo l vi n g  the fo rms , bulk c ompo s i t i o n s  a nd pha s e  equi l ib r ia  
o f  th e ma f i c  s e gre gat i o n s , s ugge s t  that th e  d i f fe r e n t i a ti o n  p ro c e s s was a 
mul ti - s tage proc e s s  i nvo l vi n g  part ia l fus ion and subsequent mo d i f i c a ti on 
o f  the parti a l  me l ts by c ry s ta l  frac tionation and , po s s i b l y , reme l ti n g . 

I n t r o duc t i o n  

The s u r f a c e  o f  the e a r th c on ta i n s  a few p l a c e s  whe r e  ma s s e s o f  
ul tr ama f i c  and re l ated rock s have pene trated the o ute r l i thosphere a s  ho t ,  
s o l i d  i n trus ion s . The s e  h i gh- tempe ra ture pe r i do t i te i n t r us i o n s  typ i c a l l y  
c r e a te subs tanti a l  c o n tac t me t amo rph i c  aureo l e s , c on ta i n  notab l y  h i gh 
c once ntra t i o n s  of ma gmaph i l e  e leme nts ( s uch a s  S i , Ti , Al , Fe , Ca and Na ) , 
and contain pha s e s  and tex ture s wh ich h ave deve loped a l o n g  de c re a s i ng T - P  
gradi e n t s . 

S e ve r a l  o f  the s e  peridoti te ma s s i f s contain s e gr e g a t i o n s  o f  ma f i c  
roc k s , vary i ng i n  mi ner a l o gy from garne t pyroxe n i te s  t o  o l i vi ne gabbro s ,  
and chemi c a l ly appro a c h i n g  p i c r i t i c  b a s a l ts . How th e s e  s e gre g a t i o n s  fo rmed 
rema i n s  a mys te ry . C a r s w e l l  ( 1 9 6 8 ) , Ko r np r o b s t  ( 1 9 6 9 ) and D i c k e y  ( 1 9 7 0 )  
p ropo s e d  th a t  s uch s e gr e g a t i o n s  i n  the Almk l o vda l e n , B e n i  Bo uche ra an d 
Ronda pe rido t i te s , re s p e c t i ve l y ,  repre s e n t  me l ts fo rme d by p a rt i a l  f us i on 
o f man t l e  pe r i d o t i te . As an e xp l anation for the rock s p a r t i a l  f us ion h a s  
s e ve ra l  adva n tage s  o ve r  frac tion a l  c ry s t a l l i z a t ion : no u l trama fi c  ma gma 
i s  required ; the o b s e rve d  chemi c a l  uni formi ty o f  the ho s t  p e r i do ti te would 
b e  re adi ly a c h i e ve d ;  a nd the s e gre ga t ion s are c l o s e  to compo s i t i o n s  from 
wh i ch b a s a l ts mi gh t be d e r i ve d . Ye t a t te mp t s  to con f i rm the pa rti a l  fus i on 
hypo the s i s  by geochemi c a l  te s t s  have me t w i th o n l y  ma rgin a l  s u c c e s s , and 1 n  
the c a s e  o f  t h e  Ro nda ma s s i f  ge o c h emi c a l and experimental s tudi e s  have 
demo n s tra ted tha t  fus i o n  alone cann o t  e x p l a i n  th e ma f i c  s e gr e ga t i on s  a s  
they now e xi s t . 
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De s c r i p t i o n  o f  t h e  Ronda Ma s s i f  

The Ronda ul trama f i c  ma s s i f  i s  the wo r l d ' s  l a rge s t  h i gh tempera
ture pe r i do t i t e  i ntrus ion , cove r i ng 3 0 0  km2 near the s o u th coas t o f  Spain 
be twe en Ma rb el l a  and Es tepona ( F i gure 1 ) . Th i s  ma s s  o f  pe r i d o t i te and 
re l a ted rock s is a 1 . 5  km th i c k  s l ab which has been thrus t north from h i gh 
dens i ty roo ts i n  the Alboran S e a  ( B o n i ni e t  a l . , 1 9 7 3 ) . S urrounding the 
ma s s i f  i s  a contact me tamo rph i c  aureole ( part of wh ich i s  a l s o  a l lochthon
ous ) which indic ate s l a s t  equi l i bration tempe ra ture s o f  appro xima te ly 8 0 0 ° C  
a t  the contac t ( L o o m i s , 1 9 7 2 ; D i c k e y a n d  Ob a ta ,  1 9 7 4 ) . 
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Fi gure 1 . Loc ations o f  the 
ma j o r  pe ridoti te ma s s i f s in the 
B e ti c - Ri f  o ro c l i ne . Bo uge r 
gravi ty anoma l i e s  ( i n mga l . ) , 
s hown a s  dashed l i ne s , are from 
B o n i ni et a l .  ( 1 9 7 3 ) . Po s i tive 
anoma l i e s  as h i gh a s  +1 1 0  mga l . 
o c c ur w i th i n  the +5 0 mga l . 
c l o s ure so uthe a s t  o f  th e Ronda 
ma s s i f . Pe tro lo g i c a l  des c r i p
tions o f  the Ronda , O j e n  a nd 
Beni Bo uchera ma s s i f s c an be 
found i n  D i c k e y  ( 1 9 7 0 ) , 
He r na n d e z - Pa c h e c o  ( 1 9 6 7 )  a nd 
Ko r np r o b s t  ( 1 9 6 9 ) respec tive l y . 

The Ronda mas s i f  i s  8 5  to 9 0  pe rcent p e r i do t i te . In add i tion the 
ma s s i f  conta i n s  s he e ts o f  ma f i c  ro cks and a va ri ety o f  d i s cordant dikes . 
S ome o f  the d i k e s  may be i nd i ge nous to the ma s s i f ;  s ome may be re l a ted to 
e xo ti c  ma gma s y s tems ; and s ome may repre s e n t  anate c t i c  ma gma s forme d by 
partial f us ion o f  c r us ta l rock s during th e emp l a ceme n t  o f  the h o t  perido 
ti te . There a re a l s o  graph ite- and cord i eri te - r i c h  dike s wh ich appare n tly 
ori g i na ted by i n trus ion and me tamorph i s m  of hy dro c a rbon - cha rged mud dur i ng 
the fin a l  emp l a c eme nt o f  the mas s i f  ( D i c k e y  a n d  Ob a t a ,  1 9 7 4 ) . 

Ma f i c  s e grega t i o n s  o c c ur within th e pe r i d o t i te a s  sharply bounded 
l aye r s , from l em to 3 m thi c k , i n  wh ich are c on c e n tr a te d  ( re l a ti ve to the 
hos t peridoti te ) s uch ma gma ph i le e leme nts a s  S i , Al , Fe , Ca a nd Na . The s e  
ma f i c  l ayers have fa i rl y  un i form c hemic a l  compo s i ti o n s  ( average : 4 7 %  S i 0 2 , 
1 4 % Al 2 0 3 ,  7 %  Fe as Fe O ,  1 7 %  Mg O , 1 2 % C a O , 1 %  Na 2 o and l e s s  than 0 . 0 1 %  
K2 0 ) ; howeve r ,  they va ry i n  l i tho logy from ec logi te s  to gabb ro s and are 
d e f i ne d  in te rms of 3 ma j o r  groups c h ar a c te r i zed by the pr e s e nce o r  ab s e nce 
o f  garnet and o l i vi n e : 

Group I Garne t Pyro xeni te s  

a .  Cpx + Gar + P l ag 
b .  Cpx + Opx + Gar 
c .  Cpx + Gar 
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Gro up I Garne t Py roxe ni te s  ( co n t i nue d ) 

d .  Cpx + Gar + P l a g  + Q z  
e .  Cpx + Op x + Gar + green S p  ( c e y l on i te ) 

Group I I  Pyroxe n i te s  

a .  Cpx + Opx + gre e n  Sp 
b .  Cpx + Opx + green Sp + P l a g  
c .  Cpx 

Group I I I  O l i vi n e  Gabbros 

a .  Cpx + 01 + P l ag + Opx + b rown Sp ( p i c o t i te ) 
b .  Cpx + O l  + P l a g  + Qpx + opaque S p  ( chromi te ) 

Ul tr ama fi c ro c k s  i n  the Ronda ma s s i f  vary from garne t p e r i do t i te 
to s p i ne l  pe r i do t i te and p l agio c l a s e  pe r i do ti te . Lhe r zo l i te i s  mo s t  
abund an t ,  fo l l owed b y  har zburgi te and dun i te . From the d i s trib ution o f  the 
type s o f  ma f i c  l aye r s  and o f  the garne t - , spine l - and pl a gi o c l a s e 
pe r i do ti te s i t  i s  po s s ib l e  t o  s ubdivide t h e  ma s s i f  i nto 4 mi ne ral fac i e s  
z one s ( F i gure 2 ) : 

I .  
I I . 
I I I . 
IV . 

Ga rne t Lhe r z o l i te Fac i e s  
Ari egi te S ub f a c i e s  o f  the Spine l Lhe r z o l i te Fac ie s 
S e i l and S ub fac i e s  o f  the S p i ne l  Lhe r zo l i t e  Fac i e s  
P l a g i o c l a se Lhe r z o l i te Fac i e s  

0 

Figure 2 .  
ma s s i f .  GL 
the s p ine l 
l he r z o l i te 
fac ie s a re 

I 
MARBELLA 

MEDITERRANEAN SEA 

Di s tri bution o f  mi ne r a l  fac i e s  in the Ron da pe r i do t i te 
Garne t  l he r z o l i t e  f ac i e s . AR Ari e g i te s ub fa c i e s  o f  

l he r z o l i te fac i e s . S E  S e i l and s ub fa c i e s  o f  th e s p i ne l  
fac i e s . P L  P l a g io c l a s e  l he r z o l i te f a c i e s . Th e s e  
de f i ned i n  the s e n s e  o f  O ' Hara ( 1 9 6 7 ) . 

Mo s t  o f  the mi ne ra l o gi c a l  charac te r i s ti c s  o f  th e ma s s i f ,  i n c l ud i n g  
t h e  d i s trib ution o f  mi ne r a l  fa c i e s  zone s , we re e s ta b l i s he d  by s ub s o l i dus 
re ac tions i n  re s p o n s e  to decompre s s ion and cool i ng a f te r the ma f i c  
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s e gre gati ons were e s tab l i s hed i n  the mas s  o f  peridoti te . Many o f  the ma fic  
s e gregations have complex te xture s due  to  in comp l e te decompre s s ion me ta
morph i sm .  Ove r mo st  of  the mas s i f  the ro cks re-equi l ibrated to  low pre s 
s ure mine ral a s s emblage s ( Group I I I ) , b u t  in  certain region s , par ticula rly 
near the north we s t  contac t ,  me tamo rphi sm wa s i nhibi ted , and the rock s 
re tained h i gher pre s s ure mi ne ral a s s embl a ges ( Group s  I and I I )  . 

C o n d i t i o n s  o f  E q u i l ib r a t i o n  

The pre s s ur e s  and temperature s a t  whi ch the rocks o f  the garne t 
lhe r zo l i te fac i e s  equi l ibrated can be es timated from the compo s i tions o f  
coexi s ting garne t  a nd pyroxe ne s . Us ing "primary " ( co r e )  compo s i tions o f  
enstati te porphyro c l as ts and e xperimental data by Mo r i  a n d  Gr e e n  ( 1 9 7 5 )  and 
A k e l l a ( 1 9 7 6 ) , O b a t a  ( 1 9 7 6 , 1 9 7 7 )  demons tra ted that the garne t perido ti te 
onc e equi l ibrated at tempe rature s and pres sure s of at leas t l l 0 0 ° C  and 
2 2  kbar . Th is corresponds to depth s o f  7 0  to 7 5  km . Compos i tions o f  
pyro xe ne neob l a s ts i n  the garne t  peri do ti te i nd i c a te that i t  wa s l a te r  
me tamorpho sed a t  8 0 0 °  t o  9 0 0 ° C and 1 5  k b a r  ( 5 0  km) . Ma fic l aye r Rl 2 7 ,  a 
pl a gioc l as e  gar ne t c l i nopyro xe n i te wi th in the garne t pe rido t i te , was com
p l e te ly recry s tal l i zed at 8 0 0 ° to 9 0 0 ° C  and more than 1 0  kbar ( O b a t a a n d  
D i c k e y , 1 9 7 6 ) . Al though l aye r Rl 2 7 pre se rve s no record o f  h i gher pr e s s ure s 
or  temperature s thi s  ma fic  s e gre gation mus t  have formed be fore the garnet 
peridotite equ i l ib ra te d  at 2 2  kbar . B e twe en 1 0  and 22 kbar the dry s o l idus 
of Rl 2 7 ri s e s  from l 2 l 0 ° C  to l 3 0 0 ° C ( Fi gure 3 ) .  I f  Rl 2 7 had fo rmed at s uch 
tempe ratures  a f te r  the mas s i f  ros e  from 70 to 75 km , the pyroxe ne s i n  the 
garne t  perido ti te would have comp l ete ly re crys tal l i zed . We conc lude , 
therefore , tha t the Ronda mas s i f  exi s ted i n  i t s  di f fe rentiated form ( that 
i s , with ma f i c  s e gregations ) when it wa s part of the lower l i tho s phere . 
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Fi gure 3 .  Pre s s ure - temperature di agram for the 
compo s i tion o f  plagioc lase - garne t  c l inopyro xeni te 
Rl 2 7 .  Expe riments r un i n  graph i te cruc ib l e s  unde r 
dry cond i tions . �  See O h a t a  a n d  D i c k e y  ( 1 9 7 6 )  for 
de tai le d  di s c u s s ion of me thods and re sul ts . 
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D i ffe r e n t i a t i o n  o f  t h e  Ro n d a  Mas s i f  

In o rde r to unde rs tand how the Ronda ma s s i f  bec ame di f ferenti a te d  
i t  i s  nece s s ary t o  l o o k  beyond t h e  e f fec ts  o f  me tamorph i sm and identi fy 
fea ture s w hi ch we re e s tab l i s h ed by the di f fe rentiation proce s s e s . We now 
reco gn i z e  6 pre -me tamorphi c  fe a tures , re lated to the fo rms , ma j o r  e leme n t  
compo s i tions a n d  t r a c e  el ement compo s i tions o f  the ma f i c  s e gregation s , 
whi c h  cons train the pos s ib l e  hypothe s e s  o f  di f fe rentia tion . 

1 .  Th e ma f i c  l ay e r s  t yp i c a l l y  h a v e  s h a r p  c on t a c t s  w i th  the h o s t 
p e r i do t i t e s . 

The s e  s ha rp conta c ts may have been c re ated by d i f fe r en t i a l  
move ment betwee n the ma f i c  l ayers  a nd the ho s t  pe rido ti te s . Neve r th e l e s s , 
ther e i s  no evidence s ugges ti ng that primary megascopic  gradati on s e xi s ted 
be twee n  th e ma f i c  laye r s  and the per i do t i te s .  

2 .  Mo d a l  va r i a t i on s  e x i s t  w i th i n s o me th i c k  ma fi c l ay e r s  wh i c h  may b e  d u e  
t o  c r y s t a l  f r a c t i o n a t i on o r  t o  w a l l r o c k  r e a c t i o n s . 

Al tho ugh pyro xe ne - r i c h  s c h l i e re n  a re pre s e n t  wi th i n  the per i do 
ti te s  th ese are no t fea ture s whi ch now r e s emb l e  products o f  c ry s tal 
f rac tionation . ,. . 

3 . The  ma j o r  e l e me n t  c o mp o s i t i on s  o f  t h e  ma fi c l ay e r s  a r e  r i ch e r  t h a n  t h e  
h o s t p e r i do t i te s  i n  ma gmaph i l e  e l e me n t s . 

The ma fic  layer compo s i tions  ( Table 1 )  a re b e tween bas a l t i c  and 
perido ti t i c . C . I . P . W . norms of the s e  rock s c on tai n 1 7  to 2 8 pe rc ent 0 1  
( except for a n  o r thopyroxe n i te wh ich contain 8 percent 0 1  a nd 7 0  percent 
Hy ) . 

H i gh p res s ure norm cal c ul a tions ( D i c k e y ,  ms ) i nd i c a te that i n  the 
l owe r l i tho s phere the s e  ro ck s wo ul d exi s t  a s  garne t pyroxe ni te s  wi th 
a c ce s s o ry quanti ti es o f  s uch phas e s  a s  quart z ,  o l i vine , spinel , kyani te and 
corundum . 

4 .  C o nc e n t r a t i o n s o f  K a n d  P a r e  va n i s h i n g l y  s ma l l  ( l e s s  t h a n  0 . 0 1 p e r c e n �  
i n  b o th t h e  ma f i c l ay e r s  a n d  i n  t h e  ho s t  p e r i do t i t e s . 

S uch low concentration s o f  K a nd P s ugge s t  tha t ,  re l ative to 
basal t-produc ing  ma ntle  rocks , the parental mate r i a l  of the Ronda mas s i f  
wa s a l re ady de pleted i n  ma gmaph i l e  elements . Al te rnat i ve ly ,  the s e  elements 
may have been r emoved f rom the d i f fe rentiate d  mas s i f  by some unknown 
proce s s . No concentr a t ions o f  K or P ,  wh ich might be evidence for pe g
ma t i ti c , hydroth e rma l o r  me tasomati c  mi gration s of the s e  elements , have 
been f o und . 

5 .  Th e l i q u i d  o f  o n e  ma f i c  l ay e r  c o mp o s i t i o n  ( p e rh a p s  o t h e rs ) i s  n o t 
s a t u r a t e d  w i t h o l i v i n e  a t  l i q u i d u s  t e mp e r a tu r e s a b o ve 8 k b a r  and  i s  n o t 
s a tu r a t e d  w 1 th o r t h o p yro x e n e  und e r  an y  c o nd i t i o n s . 

The re sul ts  o f  a s e r i e s  o f  h i gh T-P e xperiments  on garne t p l a g i o 
c l as e  c l i nopyroxe ni te Rl 2 7 ( Fi gure 3 )  c le a rl y  indi c a te tha t  l i quids o f  th i s  
compo s i t i on wo uld no t be i n  equi l ibr i um wi th perido ti te unde r l ower l i tho 
s phere condi tions . Th i s  me ans that e i ther the ma f i c  l aye r repre s e nts a 
l i quid gene rated at le s s  than 8 kbar , o r  that a re action r e l at i o n s h i p  
e xi s te d  be twe e n  th e l i quid a nd the ho s t  pe r i do t i te , o r  tha t t h e  l aye r 
repre se nts a crystal  c umul a te ra the r than a l i q ui d . 
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I f  l ayer Rl 2 7 fo rmed from a low pres s ure me l t  i t  mus t have be en 
metamorpho s ed under increas ing pres s ure a fter c rys tal l i z a tion . There is  no 
evidence for compres s ional me tamorph i sm i n  the Ronda mas s i f .  

I f  l ayer Rl 2 7 fo rmed from a me l t  gene rated a t  pres s ure s greater 
than 8 kbar it might have reac ted wi th the pe rido t i t i c  ho s t  rock upon 
coo l i ng . Such reactions i nvo lving o l i vi ne , o rthopyroxene and l i quid have 
been documented in h i gh T- P e xperiments by Ku s h i r o and Yo d e r  ( 1 9 7 4 )  and by 
O ' Ha r a  and Yo d e r  ( 1 9 6 7 ) . The creation o f  wal l rock reaction zone s , compo s ed 
probab ly o f  c l i nopyroxene and spine l , would i s o l a te the l iquid and 
te rminate the reactions . Some ma fic layers have pyroxene - r i ch margins , but 
thes e  are no t ye t recogni zed as  reaction zones . 

I f  the laye r formed as a h igh pres s ure cumul ate ; con s i s ting , fo r 
e xamp l e ,  o f  garne t and c l i nopyroxene , i t  i s  di f f icul t to e xpl a i n  the f ine 
s c a l e  ( em)  a l ternation of pe rido t i te and ma fic  l ayers wh ich is  commonly 
obs erved . I f  the layer formed a s  a low pre s s ure c umulate i t  a l s o  mus t have 
been me tamorpho s ed under i ncrea s i ng press ure ( for  whi c h  there i s  no 
evidenc e )  and it  i s  d i f fi c ul t  to e xpla i n  the absence o f  chromi ti te l aye rs , 
wh ich are common magmatic c umul a te s  i n  ma f i c  pl utons wh ich have di f feren
tiated by frac tional c rys tal l i z ation under crus tal ( < 8  kbar )  pre s s ures 
( c f .  T h a y e r , 1 9 7 0 ) . There a re no chromi ti te l ayers in  the Ronda mas s i f . 

6 .  Ra r e  e a rth e l eme n t  ( REE ) c o nc en t r at i on s  ( no rma l i z e d  to  chondr i t i c  
abundance s ) s how h i ghe r REE c o nc e n t ra t i on s  i n  the ma f i c  l ay e r s  than i n  
tne p e r i do t i t e s , l i ght r a r e  e a r th e l eme n t  ( L RE E) de p l e t i o n  in a l l  
s amp l e s , and a E u  anoma l y  ( p o s i t i v e )  i n  o n l y  1 s amp l e .  

Rare earth element abundances  ( Fi gure 4 )  were obtained by neutron 
activation analy s i s  of rock powders for which ma j o r  e l ement compo s i tions 
have previous l y  been repo r ted ( D i c k e y , 1 9 7 0 )  exc ept for garne t pe rido ti te 
R5 0 l . 
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F i gure 4 .  Concentra tions 
of rare earth el ements , 
re l a ti ve to chondr i t i c  
me teori te s , i n  ma fic layers 
and perido t i te s  of the Ronda 
mas s i f .  R2 5 1 , s p i ne l  
pyroxe ni te . Rl 2 7 ,  plagio
c l a s e - garnet c l i nopyroxen i te . 
R3 2 2 , o l ivine gabbro . Rl 2 0 ,  
o l ivine gabbro . Rl 8 3 , 
o l i vine gabbro . R2 4 3 , s pi ne l  
lhe r zo l i te . R2 2 4 ,  s pi ne l  
ha r z burgite . R5 0 1 , garne t 
lher z o l i te . 
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The depletion o f  the perido tite s  i n  LREE i s  compatibl e wi th an 
o r i g in as r e s i dues of  a sma l l  de gre e ( le s s  than 1 0 % )  o f  partial  me l ting o f  
a nea r  chondri tic  so urce . The absence o f  an Eu anoma ly i n  the perido ti te 
patterns p re c l udes the po s s ib i l i ty of partial me l ting in the plagioc l a s e  
peridoti te s tabi l i ty field . S imi lar patte rns a r e  re co gn i zed fo r many o ther 
man tle -derived peridotites  ( e . g . , Fr e y ,  1 9 6 9 ; Fr e y  e t  a l . , 1 9 7 1 ; L o u b e t 
e t  a l . , 1 9 7 5 ) . 

The REE patterns- o f  the ma f i c  layers are more var i ed than tho s e  o f  
th e peridotite s .  Some pa tterns resemble REE patte rns o f  ocean i c  tho l e i ite s, 
al though the REE conc entrations i n  the ma f i c  layers are much lowe r than 
typical  concentra tions in o cean i c  tho le i i te s . One sample  ( Rl 2 7 )  i s  a s  
s trongly deple ted i n  LREE as some pe rido t i te s , whi l e  ano the r s amp le ( R2 5 1 )  
has  a co nvex pattern with a maximum around S m  and Eu . None o f  the analyzed 
ma fic l aye rs i s  as enr iched i n  LREE as  wo uld be expec ted if  the ma fic  
l aye rs are the  unmodi f i ed produc ts o£  sma l l  degrees  o f part ial  me l ti ng o f  
the Ronda perido ti te s . 

No s ingle - s te p  pro c e s s  i s  capable o f  exp l a i ning the REE d i s trib
utions in  the perido t i te s  and ma f i c  laye r s . The REE data s ugge s t  tha t  the 
ma f i c  l ayers and perido ti te s  may be h i gh pre s s ure c umulate s , or the ma fic 
l aye rs may be c rys tal fracti onate s from partial me l t  se gregation s , o r  the 
ma f i c  layers may be res idua l ma teri a l  from repeated partial  fus ion o f  
s egregations whi ch we re origina l ly formed b y  parti a l  me l ting or  b y  frac t
ional c rys ta l l i z ation . 

C on c l u s i on s  

Even wi th the cons traints and imp l i c a tions o f  the 6 premetamo rphi c  
characte r i s ti c s  described above t h e  h i s tory o f  the d i f f erenti ation o f  the 
Ronda ma s s i f  remains  obs c ure . The fi eld and chemi cal data appear to favor 
di fferentiation of a s o l i d  peridoti te s ource by partial me l ti ng and me l t  
s e grega tion , but fractional c rystal l i za tion o f  an ul trama fi c  magma , perhaps 
a t  great depth , is a l s o  po s s ible . Wha t  is no t po s s ible is a s imple , 
s ingle- s te p  proces s .  The data show that the di f ferentiation proc e s s  
i nvo lved mo re than 1 s ta ge and may have been very compl e x . 

Fi gure 5 i l l u s trate s how parti al fus ion , c rys ta l l i z a tion and me l t  
s e gregation could re l ate to one ano the r i n  a proces s wh ich i s  based upon 
parti a l  fus ion o f  s o l i d  perido ti te . Th i s  flow di agram shows how comp l i 
cate d  cycle s could develop . The ma f i c  s e gregations are divi ded i nto 2 
c la s s e s : tho s e  which re pre sen t  the compo s i tions o f  their parent me lts  
( orthomagmati c )  and tho s e  which l ack s ome part  of  the i r  parent me l ts 
( depleted ) . Several gene rations o f  me lts  may be created by  part i al fus ion 
o f  res idual peridotite o r  of ma fic  l ayers . Orthoma gma tic se gregations may 
fo rm from any of the s e  me l ts . Thei r  de fi ni tive charac te ri s ti c  i s  tha t 
the i r  bulk compo s i tions are the s ame as the compo s i tions o f  the i r  pa rent 
me lts . De pleted l aye rs  can also fo rm duri ng any cycle . Furthe rmo re , 
depl e ted l aye rs can fo rm i n  2 way s : as cry s ta l  cumul a te s  lacking some part 
o f  the pa rent me l t ,  or  as  unme l te d  re s i due s  forme d by parti al fus ion o f  
ma fic layer s . In the absence o f  c l e ar te xtural evidence  the se  2 k i nd s  o f  
depleted se gre ga tions are probably  i nd i s ti ngui shable . Such i s  the case  at 
Ronda where me tamorphi sm has obl i tte rated the prima ry texture s , but e l s e 
whe re it  may b e  po s s ible t o  d i s ti ngui sh p arti a l  fus ion res i due s from 
c umulate s .  

Many o f  the deta i l s  o f  the di f f erenti ation p ro c e s s  can be 
dete rmi ned by further s tudy . There i s , howeve r , 1 s te p  for wh ich no 
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+Maf i c  Layer  

Fi gure 5 .  F l ow d i a gr am for the pa rtial fusion model o f  the 
di f fe rentiation o f  the Ronda ma s s i f .  S o l i d  res idue s  f rom 
fus i on may be  reme l ted . Liquids formed by partial fus ion may 
be modi fied  by c rys ta l  fractiona t ion , l i quid extraction , and 
reme l ti ng . Any magmatic  l ayer whi ch truly repre sents the 
compo s i tion o f  its p are ntal me l t  i s  c a l l e d  an o rthoma gma t i c  
ma fic  l ayer . All  o thers a re cal led dep l e ted ma gma tic ma fic  
l ayers . 

evi dence has  yet been found : there a re no known vo l c ani c , pe gma ti t i c  o r  
o ther i gneous ro cks w i th in o r  adj acent to the Ronda mas s i f  wh ich c a n  b e  
re cogni zed as the fugitive c on s ti tue nts o f  the depl e te d  ma fic  se gre gation s . 
The re are bas i c  vol cani c s  o f  Tri a s s i c  age i n  the Ne vado - Fi l abride complex , 
which l i e s  be tween the Ronda and O j e n  mas s i fs , howe ve r ( R o n d e e l  a n d  S i m o n ,  
1 9 7 4 ) , and future s tudi e s  may show that the s e  ro cks re present the fugi tive 
cons ti tue nts o f  the Ronda mas s i f . 

However i t  fo rme d the Ronda ul trama fic ma s s i f  demon s trates that a 
subs tan ti al part o f  the lowe r l i tho s phere i s  hete ro geneous on a fine s c a le 
( em to m )  and th at se gre gations o f  ec lo g i t i c  mate r i a l  a re pre s e nt , as 
s ugge s te d , for e xample , by R i ngw o o d  ( 1 9 5 8 ) . Future i nve s ti gations may 
reso lve the pro c e s s o f  di f fere n ti a tion . Othe r impo rtant q ues tions wh ich 
a l s o  may be answe red are : when wa s the mas s i f  di fferenti a ted?  whe re was 
the ma s s i f  dur ing di f ferenti ation? and do the ma fi c s e gregations bear any 
gene ti c re lations hips to bas a l t s ?  
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TABLE l .  Comp o s i t i ons of Ma f i c  L a y e r s  i n  t h e  Ron da Ma s s i f  
( D i c k e y , 1 9 7 0 )  

Samp l e  

Rl 2 7  R 2 5 1  Rl 8 3  R l 2 0  R 3 2 2  R 3 4  3 R 3 4 9 

4 7 . 7 3 4 4 . 0 9 4 6 . 6 7 4 6 . 6 8  4 8 . 3 3 4 8 . 9 1  5 3 . 2 1 

0 . 7 3 1 . 1 2  0 . 2 4 0 . 1 9 0 . 3 1 0 . 0 6  0 . 0 9 
1 6 . 1 6  1 4 . 5 1 1 7 . 7 1 1 2 . 9 1 1 1 . 8 3 1 1 . 6 1 5 . 1 7 

0 . 0 0 0 . 0 6 0 . 0 9 0 . 2 5 0 . 4 7  0 . 3 5 0 . 8 2  

0 . 9 4  2 . 4  7 0 . 9 6  0 . 9 9 0 . 4 8  0 . 5 3  0 . 6 3 

7 . 8 4  4 . 9 7  6 . 1 5 5 .  4 3  4 . 4 3  5 . 8 1 5 .  4 2 

0 . 1 5 0 . 1 4 0 . 1 4  0 . 1 7 0 . 1 2  0 . 1 5  0 . 1 4  

9 . 8 8 1 4 . 8 0 1 2 . 1 6  2 0 . 8 1 2 2 . 3 8  2 0 . 0 1 2 9 . 8 1  

1 4 . 1 5  1 6 . 4 4  1 4 . 1 6 i 0 . 3 3 9 . 8 6 1 1 . 2 7  3 . 9 2 

l .  8 9  0 . 8 9 1 .  3 0  0 . 9 6 0 . 7 7 0 . 5 3 0 . 1 8  

< 0 . 0 1 0 . 0 1 < 0 . 0 1  0 . 0 0 0 . 0 1 0 . 0 0  0 . 0 0 

0 . 3 5 0 . 2 4 0 . 3 7 1 . 0 3 0 . 5 2 0 . 5 6 0 . 3 3 

0 . 0 6 0 . 0 9 0 . 0 6 0 . 1 0  0 . 1 1 0 . 0 9 0 . 1 1 

0 .  0 0  0 . 0 0 0 . 0 0 0 . 0 0  0 . 0 0 0 . 0 0  0 . 0 0 

< 0 . 0 1 0 . 0 3 0 . 0 3  0 . 0 8 0 . 1 1 0 . 0 6 0 . 0 2  

0 . 0 0 0 . 0 4 0 . 0 0  0 . 1 2 0 . 0 6 0 . 0 0  0 . 0 5  

9 9 . 8 8 9 9 . 9 0 1 0 0 . 0 4 1 0 0 . 0 5 9 9 . 7 9 9 9 . 9 4 9 9 . 9 0 

0 . 0 6 

1 5 . 7 6  1 1 . 0 0  7 . 3 4 6 . 1 2 4 . 4 8  1 .  2 0  

3 5 . 6 1  3 5 . 7 4 4 2 . 4 9 3 1 . 3 4 2 9 . 0 0 2 9 . 3 0 1 3 . 4  7 

0 . 1 2 3 . 9 4 

2 8 . 0 2  3 5 . 6 9 2 2 . 2  5 1 5 . 7 6 1 5 . 7 0 2 1 . 1 2 4 .  7 1  

1 . 2 3 1 4 . 1 3  2 3 . 3 0 2 5 . 4  7 6 9 . 9 6  

1 7  . 1 9  1 8 . 1 3  2 0 . 6 6 2 7 . 9 8 2 2 . 9 0 1 7 . 5 1 7 . 7 4 

1 .  3 6  3 .  5 8  1 . 3 9 1 . 4 4  0 .  7 0  0 . 7 7 0 . 9 1 

0 . 0 9 0 . 1 3  0 . 3 7 0 . 6 9  0 . 5 2  1 .  2 1  

1 .  3 9  2 . 1 3  0 . 4 6  0 . 3 6 0 .  5 9  0 . 1 1 0 . 1  7 

0 .  3 5  0 . 5 0 0 . 3 7 1 .  2 4  0 . 6 3 0 . 5 6 0 . 4 2 

9 9 . 8 2  9 9 . 8 0 9 9 . 9 8 9 9 . 9 5  9 9 . 6 8 9 9 . 8 5 9 9 . 7 9 

Mo d e s : 

Rl 2 7  6 1 1 c p x , 2 3 %  p l a g ,  5 %  g n , 1 1 1  k e 1 y p h i t e . 
R2 5 1  8 1 %  c p x , 8 %  s p ,  7 %  p l a g , 4 %  o l , l e s s  than 0 . 5 % i l m .  
Rl 8 3  5 1 %  c p x , 3 0 %  p l a g , 1 5 %  o l , 3 9o s p ,  0 . 6 % c h r ,  0 . 4 %  o p x . 
R1 2 0 2 3 %  c p x , 3 3 %  p l a g , 2 7 %  o l , 3% s p ,  1 2 %  opx , 2 %  s e c ond ary . 
R 3 2 2  3 5 %  c p x , 2 2 %  p l a g ,  2 3 %  o l , 1 6 %  o p x , 4 %  c h r  + s p ,  l e s s  

th an 0 . 5 %  s e c o n d a r y  b rown amph i b o l e . 
R3 4 3  1 5 % c p x , 3 6 %  p l a g , 2 4 %  o l , 1 5 %  o p x , l e s s  th an 1 %  chr . 
R 3 4 9 7 9 %  o p x , 9 %  o l , 7 % cpx , 4 %  p l a g , 1 %  s p . 
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C OMPLEME NTARY META - GAB B RO S  AND PE R I DO T I TE S  I N  THE 
NORTH E RN KLAMATH MOUNTA I N S , U . S . A .  

M . A .  Kay s , M .· Fe rns , and L .  Be s kow 
De partment o f  Geo l o gy 
Uni vers i ty o f  Ore gon 
Euge ne , O re gon 9 7 4 0 3  

Ab s t ra c t  

Ul trama f i c  ro cks i n  s ome parts o f  the no rthe rn Klama th Mounta ins  
in  Oregon and no rthern C a l i fornia  are per s i s tently a s s o c i a ted w i th a 
compleme n tary s ui te o f  gabbroic  rocks . The u l trama f i c  and gabbroi c  bodie s 
are gene r al l y  sma l l ,  h i ghly de forme d , and me tamorpho s e d . I f  the s u i te o f  
gabbro s  and ultrama fi c  rocks bear a p ro duc t-res idue relation s h i p  h ere , 
indivi dua l  rock bod i e s  may be th e h i ghly  di smembered e ro s iona l remnants o f  
one o r  more are al ly extens i ve ul trama fi c -ma f i c  complexe s . Becaus e o f  the 
s i ze ,  me tamorph i sm and fragme ntation o f  the ultrama fi c -ma f i c  ro ck bod i e s , 
we c anno t d i s c o un t  the po s s i b i l i ty tha t  they are  te ctoni c al ly emp laced , 
unrel ate d ro ck members . Nor can we d i s count enti r e ly me tasomat ic modi f i 
c a t i on o f  some members . Ne ve rthele s s , the a s s o c i ation o f  s erpen tini z e d  
har zburgi te and dun i t e  wi th i n terna l ly gradation a l  wehr l i te - c l inopyroxeni te
gabbro s ugge s ts a cons a nguineous s ui te . 

In the we s te rn Pale o z o i c  and Tri as s i c be l t ,  ul trama f i c -ma f i c  rocks 
have a pe r s i s te n t  a s s o c i ation wi th are al l y  exten s ive me tamorph i c  terrane s  
o f  hi ghe r grade than a d j a c en t  me tavo l c an i c -me tasedime nta ry rock s . In some 
p l a c e s  the ul trama fi c and hi ghe r gra de ro ck s are c l e a r l y  a l l o ch thonous . 
The me tamo r phos ed rocks are ma inly amphibo l i te s and quart z - r i ch b i o tite 
s ch i s ts and are te c ton i ca l ly interle aved and fo lded wi th ul trama f i c -ma f i c  
rocks . Po ta s s i um-a r gon d e te rmi na ti on s  on the amphibol i te s  i n  the ul tra
ma fi c  se quence and in a s s o c iated me tamorpho s e d  ro cks i ndi c a te gro s s ly s imi 
l a r  me tamorph i c  a ge rela tions w i th a l lochthonous ul trama f i c  and me tamorph
o s e d  rocks ove r  l a rge areas in the Kl amath Mountai n s  and Coa s t  Range s in 
Oregon and nor the rn Ca l i forni a . 

I n t r o d uc t i on 

Sma l l  but nume rous bodi e s  o f  ul trama fi c rocks have a c l o s e  
a s s o c i a ti on wi th gne i s s i c  and schi s to s e  me tamo rphi c r o c k s  o f  c l e arly h i gher 
grade than s urrounding  more fe ebly me tamo r pho s e d  me tac l a s ti c  and me ta
vo l c an i c  rocks within the we s tern  Paleo zo i c  and Tri as s i c  be l t * . Me ta
mor phos e d  ul trama f i c  rock s and ba s i c  gne i s se s  mak e  up a s i z e ab l e  part o f  
thi s hi gh e r  grade te rrane . Some o f  the ba s i c  gne i s s e s  have textural , 
compo s i tional , and mi ne ra l o g i c a l  characte rs  more cons i s te n t  wi th pl utoni c  
i n tr us i ve rocks than e f fus i ve bas a l ts . The se s ame bas i c  gne i s s e s  a re i n  
p l aces  gradational and i n te r l ayered wi th amphibole - a nd/or pyroxene - r i ch 

* H e re a f te r  r e fe rred to s impl y  a s  WTrP z . 
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ul trama f ic rock s . Thus , an ob j ec tive o f  thi s  s tudy i s  to learn mo re abou t  
the re lationship o f  ba s i c  gne i s s es t o  ul trama fi c rock s : ano the r ob j e ctive 
i s  to learn mo re about the rela tion s among me tamorpho s e d  members o f  the 
highe r grade as s o c i ation . He re we focus a t te n ti on on the re lations 
dete rmined be twe en ultrama f i c  and gne i s s i c  rocks i n  two areas within the 
WTr P z  where f i e l d  and pe trograph ic relations are we l l  known ( Fi g .  1 ) . 

In the Wrang l e - Red Moun tai n  area ne ar the Cali forni a-Oregon bo rder 
ul trama f i c  and hi ghe r  grade me tamo rphic rock s are .te cton i c a l l y  i n te r le ave d 
and s e pa rated by folde d  thrus t faults . The hi ghl y  fragme nte d ,  me la nge 
l ike characte r o f  the me tamorphic and ultrama fi c ro ck s i s  cons i s te n t  wi th 
an al lochthonous o c c urrenc e . In the northe rnmo s t  are a ,  a part o f  the May 
C reek S chi s t  be l t , hi gher grade me tamo rph i c  and ul trama fi c ro cks are tect
on i c a l ly inte rl e ave d but a l arge body of quart z diori te - granodio r i te is 
approxima te ly central to the me tamorph i c  un i ts . 

Re g i on a l  Re l a t i o n s  

The relative ly l a rge vo lume o f  h ighe r grade a n d  more comp l e te ly 
recry s tal l i z e d  me tamorph i c  ro ck s in  s uch c lo s e  as s o c i at i on w i th sma l l  
di s c re te bodi es o f  ul trama f i c  rocks in the WTr P z  i s  i n  s trong c on tras t 
wi th the mas s i ve Jo s e phine perido ti te and Trini ty ul trama f i c  she ets in the 
adj acent we s te rn Juras s i c  and e a s te rn Paleo z o i c  b e l ts ( Fi g .  1 ) . In the 
latte r ,  ul trama f i c  rocks are o f  large are al e xtent and me tamo rphic rocks 
a re mi no r or rare ; met amo rphi c ro cks a re wi despre ad ,  howeve r , a t  the 
margins b e l ow the se ultrama fi c she e t s . 

Th i s  c l ose and frequently me langed a s s o c i ation o f  ul trama f i c  rocks 
wi th highe r-grade s chi s t s  and gne i s s e s  i s  s imi lar to certain occ urre nce s  in 
the Ore gon and C a l i forn i a  Coas t Range s ( Co l e m a n , 1 9 7 2 : Ramp , 1 9 7 6 ; Ern s t 
a n d  o th e rs , 1 9 7 0 ) . In contras t to the Coas t Range mel ange s , howe ver , th ese 
rocks have a f fi n i t i e s  mo re c on s i s ten t with a h i ghe r tempera ture faci es 
( Mi y a s h i r o , 1 9 6 1 )  than the h i gh pre s s ure - l ow temperature Franc i s can 
a s s oci ation . However , the thrus te d and i n  part a l lochthono us S tuart Fo rk 
Forma tion at the e a s te rn margin o f  the WTr P z  may con tain gl aucophane 
lawson i te-bearing b l ue s ch i s ts a t  i ts base ( Ho t z ,  1 9 7 3 ) . 

The abundan c e  and s i ze o f  " grani tic " p l uton s i n  the WTrP z ,  and th e 
hi ghe r tempera tur e nature o f  the se rocks may i nd i c ate some s i mi l ari t i e s  
wi th the gro up o f  fo rmation s co l l e c t i ve l y  re ferred t o  as  the cen tral 
me tamorphi c be l t  ( D a v i s  a n d  L i pman , 1 9 6 2 ) .  Mapping i n  the centra l me ta
morph i c  belt indi cate s  a ge ne ra l ly greater coherenc e  of me tamorph i c  un i ts 
than in the h i gher gr ade terrane s  o f  the WTr P z  ( Da v i s a n d  o t h e rs , 1 9 6 5 ) . 

N a t ur e  o f  t h e  U l t r ama f i c and H i gh G r a d e  Me t amo rph i c  As s o c i a t i on 

Char a c t e r  and O c cur r e n c e  

A va r i e ty o f  amphibo l e -bearing gne i s s e s  and s chi s to s e  rock s o c c urs 
fo lded wi th ,  and i n  s ome p la c e s , i n te r l ayered w i th ul trama fic rocks . In 
the Wrangl e - Re d  Mo unta in a re a  ne ar the Ca l i fornia-Ore gon borde r , the ul tra
ma fi c , gne i s s i c , and s c hi s to s e  rocks cons ti tute a s e parate te rrane w i th i n  
th e bounds o f  more feebly re c rys tal l i ze d  me tacl a s t i c  and me tavol cani c rocks 
of the WTr P z  ( F i g . 1 ) . In place s ,  me tamorph i c  and ul tramafic  ro cks are 
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Fi g .  1 .  Location map and di s tribution o f  ultrama f i c  rock s and h i gh e r  
grade metamorphic te r rane s i n  some parts o f  the WTrP z .  The Wrangl e - Re d  
Moun tain area and the nor ther n  p a r t  o f  the May Creek S chi s t  be l t  are out
l ined . The di s tribution o f  ul trama f i c  complexe s  i n  the we s tern Juras s i c  
( W .  Jur . ) ,  the we s tern Paleo zoic and Tr i a s s i c  ( WTrP z ) , central m e tamorphic 
( CMB ) , and eas tern Paleozoic ( E . P z )  be l t s  � s  a fte r Ho t z  ( 1 9 7 1 )  a s  are all 

re g iona l relations . Metamorph i c  age s we re dete rmined by the potas s i um
argon method and are keyed to the analy s e s  i n  Tables 1 and 2 .  The map 
symbo l s  a re : 1 )  p l uton i c  i n trusive rock s , 2 )  ul trama fic rock s , 3 )  amphi
bo le gne i s s es and s ch i s tose rock s , 4 )  undi f fe rentiated low grade - feebly 
me tamo rphos e d  me tavo l canic and me tase dime ntary rocks of the WTrP z ,  5 )  the 
s ch i s ts of Co ndrey Mountai n ,  6 )  thr us t  faul t wi th s awteeth on the upper 
plate . 
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se parated by folded thrus t f aul ts ( H o t z , 1 9 6 7 ) . He re , har zburgi te -dunite 
and wehrl i te i n te r gradational wi th c l i nopyroxenite and l e s s e r  gabbro are 
al l part o f the ultrama f i c  se quenc e . Fo lding of the s equence is fre que n tly 
re cumbent but axi al  p lane s have vari able di ps ge nera lly  flattening north
ward into Ore gon where the s equence th ins . In the thi nned part of the 
sequenc e ,  the ge ntly re c l i ne d ,  tecton i c a l ly and con fo rmably interle ave d  
sequence o f  ul trama fi c  rocks , amphibo l i te gne i s se s  a n d  quart z - ri c h  bio tite 
s c h i s t s  res t with di s cordance above s te ep di ppi ng me tac l a s ti c  ro cks o f  
l owe r grade . Re pre s e ntat i ve compop i tions o f  the ul trama fi c  and h i gher 
grade me tamorphi c rocks  in th i s  me l anged tec tono - s trati graph ic s eq uence are 
given i n  Tab le l ( s ample de s c riptions a re given i n  the Appendi x ) . 

In th e May Creek S c h i s t  be l t ,  the me tamorpho s e d  ul trama f i c  rock s 
are i n  c l o se associ ation wi th large amounts o f  coarse- grained metab as i c  
rocks that we in terpret t o  b e  gabbro . The se me tagabbros appear t o  b e  
con formab le w ith the gro s s - l ayered aspe c t  o f  the ul trama f i c  rocks b u t  both 
a re te ctoni cal ly inte r l e ave d wi th ge ne t i c al ly unre l a te d  gne i s s i c  and 
schi s tose  rock s . Me tamo rph i c  grade chan ges abruptly fo rmi ng a zonal  
arrangement  tha t  i n c re a s e s  wi th proximi ty to  the l a r ge quar t z  dio ri te 
granodiorite pluton largely c en tral to the metamorph i c  be l t  ( Ka y s , 1 9 7 0 ) . 
Re presentative compo s i tion s  o f  ul trama fi c and metamorphi c ro ck uni t s  are 
gi ven in Table l ( see  the Append ix fo r s ample descri ptions ) .  

The u l tr ama fi c bodi e s  o f  th i s  s tudy are me tamo rpho s e d  to a va riety 
o f  se rpentine - , t a l c - , and amphibole-bearing rocks with pers i s tent rel i c t  
mi ne ral s th a t  may , i n  p l ac e s , i nd i c ate the primary nature o f  the ro cks . 
Al though ind i vi dual ul trama fic bodi es have re cogni zable l aye rs up to 
s e veral  me te r s  th ick o f  dun i te , harzburgi te , and a vari ety o f  pyroxe ni te s , 
and gabbro s , whateve r  i nternal s trati graphy may h ave exi s te d  on a re gional 
bas i s  prior to de formati on and me tamorphi sm is  now large ly des troyed . 
Dun i te s  and harzburgite s  are recogni z able  from the i r  re l i c t  mineral s ,  and 
the i r  antigori te - r i c h  and talc -bearin g me tamorpho sed equivale nts . Pyroxen
i te s  contain varyi ng combination s of ta l c , amphibo l e , and chlor i te as  we l l  
a s  se rpentine mi nera l s , but a l s o  h ave re l i c t  a s s embl a ge s . C l i nopyroxenites 
and c l i nopyroxe ne -bearing pe r i do tite s e em to be espe c i a l ly abundant i n  some 
are as . The se features fo rm a s tron g con tras t to tho s e  o f  the l arger 
cohe rent peridotite s heets  ( e . g . , the Jo seph i ne peri dotite ) where po s s ible  
trappe d ,  early  c o te c t i c  me lting p roduct s  s uch as  o l i vi ne web s te r i te o r  
o ther c l inopyroxe ne -e nri che d peri doti te s  are o f  minor importance i n  
compari son t o  wide sp read harzbur g i te a n d  dun i te ( D i c k , 1 9 7 5 ) . The pe r i do 
ti t e s  o f  thi s s tudy are appare ntly mo re l ike tho s e  o f  t h e  c entral ophi o l i te 
z one o f  the Dinari de s  in  Bosni a ,  Yugo s l avi a i n  wh i ch c l i nopyroxene-rich 
ro ck s , gabbro s ,  and amph ibo l i te s  occur i nte rs trati fied w i th ul trama f i c  
mas s e s , and t h e  a l ternating layers o f  har zburgi te -dun i te are no t s o  
abundan t  or wide spread ( Pami c a n d  o t h e r s , 1 9 7 3 ) . 

There a re two se para te as soci ations o f  amphibo l e - ri ch gne i s s e s  
w i th ul trama fi c  rocks i n  the h i ghe r grade me tamo rphi c  comp l e xe s  o f  th i s  
st udy . In one as soci ation , coarsely c rys ta l l i ne , granul ar to poorly 
gne i s s i c  and fo l i a ted amphibo l ite s o c c ur in c lo s e  a s so c i ation w i th the 
ul trama f i c  rock s and may be gradational with tho s e  that are pyroxene - r i ch . 
The mineralogi c a l  and compo s i ti onal  fe a ture s o f  the se amph ibol i ti c  ro cks 
also s ugge s t  a c l o s e  gene t i c  conne ction w i th the ul trama fi c  ro ck s . In 
othe r place s , us ua lly  fine- gr ained amphibo l i te gne i s s e s  a re i nterl aye re d  
wi th me tase dime n ta ry ro cks ; in  th i s  case , t h e  associ ation wi th ul trama fi c  
rocks i s  tectonic . Mapping i s  unde rway in  s ome are as t o  de te rmi ne mo re 
pre c i s e ly the pro portions of the di f fere n t  rock types in the ul trama f i c 
ma f i c  a s s o c i a tion . 
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TABL E  1 .  S e l e c t e d  ana l y s e s  from the ul t rama f i c - m a f i c s e quenc e and 
a s s o c i a t e d  h i gh g r ad e  s ch is ts and gne i s s e s  

I gn i t i o n  

S i D z T i D  z Al 2 D 3 Mg D Fe D Fc z D 3 C a D  Na 2 D K z D P z D 5 Mn D L o s s  To t a l  

A .  Wran g l e - Re d  Mo un t a i n  Ar e a  

( 1 ) Tl\ - l D - 7 4  4 D . 5 6 D . D 5 D .  31  3 8 . D 2 1 1 .  7 7 *  D . D 4 D . 6 5 b . d . * * b . d .  D . l 5  7 . 3 2 9 8 . 8 7  

( 2 )  KTJ\ - 1 2 - 7 5  4 7 .  6 6  D . D 4 D . 8 6 2 7 . 2 7 9 . 4 2 *  1 2 . 5 8  D . D 3  b . d .  b . d . D . 2 1 1 .  3 5 9 9 . 4 1 

( 3 )  KTA - 7 - 7 5 5 5 . 5 4 D . D 2 2 . 2 7  2 3 . 7 1 S . D D *  1 D . 7 2 D . 3 1 D . D l b . d .  D . l 7  D . 8 7 9 8 . 6 2 

( 4 ) O B P KPXT  4 8 . 8 9 D . 1 1 3 . 5 D 1 9 . 5 8  8 . 2 9  D . 9 2 1 6 . 7 8 D . l 2  D . D 3 O . D 2 D . l 6  D . 3 9 9 8 . 7 9 

-.o ( 5 )  KTA - 1 1 - 7  5 5 3 . 4 6 D . 4 7  7 . 8 5 1 3 . 1 D  8 . 2 6 *  1 1 . 8 2 1 .  5 2  D .  5 1  D . D 8  D . 2 D 0 . 8 4 9 8 '  1 1  Ol 

( 6 ) KTA - 1 4 - 7 1 4 5 . 7 6 D .  4 3  1 4 . 1 2  11 . 7 5 8 . 3 6 D . 9 3 1 5 . 4 6 D . 2 1 D . l 7  0 . 1 5  D . l 4  D . 9 9 9 8 . 4 7 

( 7 ) RDMTAG 4 6 . 8 2 1 .  D 6  2 D . 3 8 3 . 2 7 1 D . 3 8 1 . 1 6 1 D . 6 6 3 . 2 7 0 .  4 3 D . l 2 0 . 2 1 D . 6 4 9 8 . 4 D 

( 8 )  KTA - 3 - 7 1  6 7 . 7 4 D . 8 8 1 2 . 9 D 3 . 3 4 5 . 8 7  D . 6 5 D . 4 9  1 .  3 1  4 . 8 1 D . D 5 D . l 3  2 . 2 D  l D D . 3 7 

B .  May C r e ek S ch i s t  B e l t 

( 9 ) T - 1 1 3 - 7 1  3 9 . 2 5 D . D 7  1 . 1 7  3 8 . 2 5 7 . D l D . 7 8 D . 2 4 D . D l D . D 2 b . d .  D . 1 2  1 2 . 8  9 9 . 7 2 

c l 0 ) T - 1 1 2 - 7 1 5 D . 5 9 D . 3 6 7 . 5 8  1 6 . 8 1 8 . D 8  D . 9 D 1 1 . 6 4 1 .  4 D  0 . 1 1 O . D 7 0 . 1 9 1 . 1  9 8 . 8 3 

( 1 1 ) T - 1 1 5 - 7 1 4 6 . 8 8 1 .  6 7 1 5 . 2 8 4 . 5 5 9 . D 3 l . D l 1 6 . 5 2 2 . 5 7  D .  3 5  0 . 3 8 0 . 1 2  D . 7 4  9 9 . 1 D 

c 1 2 ) T - 4 2 - 6 8  4 8 .  5 3 D . 6 4 2 D . 4 3  5 . 3 9 6 . 3 3 D . 7 1 l l . D 5 3 . 3 5  0 . 6 9 D . l  0 D . 2 5  0 . 7 9 9 8 . 2 6  

* To ta l i r o n  o x i d e  a s  Fe 2 D 3 * *  b . d .  = b e l ow d e te c t i o n  No te : S amp l e  d e s c r i p t i on s  and r e l a t i o n s  
amon g  s amp l e s  a r e  g i ven i n  the 
Ap p e nd i x .  



C o mp o s i t i o n a l  r e l at i o n s  

The ultrama f i c-ma f i c  rock s i n cluding p e ri d o ti te s , pyroxenite s  and 
c l o s e ly a s s oc i ated , coars e - graine d  " gabbro i c " amphibo l i te s  have a trend on 
the AFM d i a gr am tha t  s hows i n c re a s i ng to tal i ron oxide and only moderate 
alka l i  enrichmen t  ( Fi g .  2 A) . S e paration o f  the ro ck s o f  the ul trama fi c 
ma fic seque nce on an Al 2 0 3-CaO -Mg O p l o t  i s  s hown i n  Fi g .  2 B .  Wehr l i te s 
c l i no py ro xe n i te s s how a rathe r conti nuous compo s i t ional va ria t ion wi th 

Fe Oxide 

0 
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0 
0 8 0 0 �0 8 0 0 tJ. 

cAl 0 0 
0 0 
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" �  .. . ..  

.. 

Fi g .  2 . ( A )  AFM ( Na 2 o + K2 0 - tot a l  i ron oxide a s  Fe 2 o 3-
Mg 0 )  a nd ( B )  CaO -Al 2 0 3-MgO p l o t s  o f  ultrama f i c  and met amorph i c  
rocks f rom the Wran g l e - Re d  Mo untain  a r ea and the May Creek 
S chi s t  bel t .  I n  the AFM di agram the triangl e s  are ul trama fi c  
rocks and c l o s e ly a s s o c i a te d  pyroxe ni te s - gabbro s ;  the ci r c l e s  
are o t h e r  amphib o l i t e s  o f  vo l c an i c  ( and/or sedimentary ) o r i g i n . 
In  the Ca O - Al 2 o 3 - MgO p lo t  only the peri do t i te s , py roxeni te s ,  
and gabbros are repre s e nte d . 

" gabbro ic " gne i s s e s  and are we l l  s e parated from h a rzburgi te s -dun i te s .  
The se ro cks c anno t be confused wi th e a s te r n  Medi te rrane an a l umi no us o r  
plagioc l as e  lhe r z o l i te s  ( Me n z i e s  a n d  A l l e n , 1 9 7 4 ) . Although ma f i c  "meta
vo l cani c "  amphi bo l i te s  have greater to tal i ron-oxi de and alk a l i  en:r; ichmen t  
than membe r s  o f  the ul trama f i c  a s s o c i at ion , the i r  trend o n  a n  AFM dia gram 
i s  congruent  w i th the seque nce o f  ul trama f i c-ma fic rock s . On the bas i s  o f  
bulk rock compo s i tions  the re i s  a c l e a r  chemi c a l  d i s tinction betwe en the 
as s o c i at ion o f  amphibo l i ti zed pyroxeni te s  and gabbros and the amphi bo l i t
i ze d  rocks o f  vo lcanic a f fini ty ( Fi g .  3 , Tabl e  l ) . C l e ar ly MgO -de fi c i en t  
a n d  Al 2 0 3 + Na 2 0 + K 2 0 -e nr i c he d ,  t h e  " me tavo l c ani c " amphibo l i t e s  are a l s o  
di s tinguished from tno s e  o f  the perido ti t i c  a s s o c i at ion on the bas i s  o f  
Ca O and the S I  index ( Fi g s . 3 and 4 ) . Some " metavo l c a ni c "  amphibol ites may 
a l s o  be C a O - ri ch but the se rock s are di s t i n guished by thei r  re lative ly l ow 
S I  i ndex . The re i s  a ge ne ra l  i n c re a s e  i n  Ti 0 2 conte nts wi th S I  c ons i s te n t  
wi th i n c r e a s e d  i ro n  oxide throughout the ultrama fi c -ma fi c s eq ue nce and 
"metavo l c an i c " a s s oc i ation ( Fi g . 5 ) . 
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F i g . 3 .  Bulk rock chemi c a l  compo s i tions o f  A .  ul trama f i c  
rocks , a n d  amphibo l i ti zed pyroxeni te s - gabbros and B .  the 
amphibo l i ti zed rocks o f  vo l canic a f f i ni ty . Al l va lues a re 
give n  in we i ght percent o f  the oxi de s . 
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Fig . 4 .  CaO  versus the S I  index ( MgO/MgO + Fe O + CaO  + Na 2 0 + K2 0 )  for 
ultrama fi c-ma fi c  ( triangl e s ) and metavo l canic  ( c i r c le s ) rock s from the 
Wrangle - Re d Mountai n are a and May Creek S ch i s t be l t . The val ue for Fe O 
i s  to ta l i ron oxide . 
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Al tho ugh use o f  " gabb ro i c "  a nd " metavo l canic " i n  reference to 
chemical ly d i s tinct amphibo l ite s i n fers gene s i s , the te rms are appl ied  on 
the bas i s  o f  o c c urrence . To our knowl edge , none o f  the " gabbro i c " amph i 
bo l i te s  oc c ur inters trati fied  wi th b io ti te s ch i s ts whereas the i nte r 
s trati f i e d  a s s o c i ation o f  "metavo l c a ni c " amphibo l i te s  i s  a lway s c l e a r . 
Th is  doe s no t imp l y  th at modi fi c ation o f  the primary compo s i tions couldn ' t  
o c c ur prio r  to , during o r  a fte r metamo rph i c  di f ferentiatio n . Howeve r , s uch 
modi f i c at i on , i f  it o c c urred , mu s t  have ac te d  to amp l i fy the pri mary 
charac te r . For exampl e , the rock s o f  the ul trama f i c  a s s o c i ation a lway s 
have h i gh MgO frequently coupled with h igh C a O  ( greate r  than 1 0  and up to 
2 0 wt . % ,  re spe c ti ve ly )  whe rea s  the alkal i e s  are always low ( gene ra l l y  l e s s  
than 1 wt . % )  . For a comparable range i n  S i 0 2 con te nts , rock s o f  the 
" me tavol c anic " a s s o c i ation have only moderate MgO c on te nts and i n  tho se 
spec i mens whe re CaO  contents are h i gh ( about 1 7  wt . % )  MgO con tents are 
even l ower ( le s s  than 8 wt . % general l y , and as l ow as  4 wt . % )  . Wher e  
CaO  i s  h i gh i n  t h e  ul trama f i c  a s s o c i ation , to tal iron o x i d e  i s  mode rate t o  
l ow ,  where a s  whe r e  C a O  i s  h igh i n  the "metavo l can i c " a s s o c i at i on , to ta l 
i ron oxi de i s  mode ra te to h i gh ( Fi g .  3 ) . The s e  characte ri s ti c s , and the 
appre c i ab ly hi gher alka l i e s  and Ti 0 2 contents o f  the "me tavo l cani c " rocks , 
we be l i eve r e f l e c t  the primary character o f  the two rock a s s o c i at ions . 
Me tamorphi c di ffe renti a ti on and me tasoma t i c  change appe ar to have only 
amp l i fi e d  the primary chemi c a l  characte r . Furthermore , the " gabbroi c "  and 
" me tavo l c an i c " amphibo l i te s  are not sma l l  or l o c a l  segregations and though 
a f fe c te d  by me tamo rphi c di f feren tiation are o f  l a r ge enough dimensions  to 
be recogn i z ab l e  in the i r  f i e l d  a s s o c i at i on . 

Me t amo r p h i c a g e s  

O lde r K-Ar a ge s  from hornblende s o f  i s o l ated blocks  and l a rger 
bodi e s  of amphibo l i te gne i s s  from the Coas t Ran ge formation s  ( Franc i s can 
and Otte r  Po int  me l ange s ,  Gre a t  Val ley Sequenc e  and Do than Forma tion ) I and 
the wes tern Juras s i c  bel t are l a r ge ly c oi nc i dent w i th the amphibo l i te ages 
of th i s  s tudy (�  1 5 0  m . y . ) ( Table s 2 and 3 ) . The o l de r  K-Ar age s from 
amphibo l e s  of glaucophane s ch i s ts that o c c ur a s  i s o l ated tec toni c  blocks i n 
the Franc i scan  and Otte r  Poi n t  me l ange a l s o  have an upward termination o f  
ro ughly 1 5 0  m . y .  ( Co l em a n  a n d  L a np h e re ,  1 9 7 1 ) . The remarkabl e  s imi l ari ty 
o f  a ge s  and the widespre ad d i s tribution o f  bas i c  me tamo rph i c  rocks s ugge s ts 
a the rmal e vent o f  regi onal  proportions i n  the K l ama th Mo untai n s  and Coas t 
Range s .  The f a c t  that the me tamorphi c  rocks o c c ur frequently within me l 
anged terranes o r  a re i n  thrus t re la tion wi th overlying o r  i n te r l aye red 
pe r i do ti te s heets  sugge s ts f urther that th e o l de r  ( 1 5 0  m . y . ) me tamo rphism 
deve loped in c lo s e  rel ation to  o r  c ulmi na te d  i n  thrus t faul ting o f  regional 
s c a l e . 

Metamorph i c  ages were dete rmi ned by the po ta s s i um- argon me thod 
us i n g  hornb l ende conc en trates from four s amp l e s  of amphi bo l i te gne i s s ; two 
samp l e s  a re from the Wrangl e - Re d  Mounta i n  are a  and two f rom the May Creek 
S c h i s t be l t  ( Fi g . 1 ) . Al l po ta s s i um-argon analyti c a l  work was done for us 
b y  H enry Di ck at  Yale Uni ve r s i ty . The s amp le descri ptions , nature o f  
o c c urre nce and determi ne d a ge s  a re g i ve n  i n  Tabl e  2 . S amp l e s  KTA- 1 4 - 7 1  and 
T- 4 2 - 6 8  are amphibo l e - ri ch gnei s se s  marginal to i n trusions of " grani ti c " 
rock s i n  the Wrangle - Re d  Mountain are a  and the May Creek S ch i s t  be l t ,  
re spec t i ve ly . Both s ample s show the e f fe c t s  o f  the rmal overpri nting and 
have relative l y  yo ung ages  in the range 1 2 8 - 1 3 0  m . y .  The mode of occurr
enc e of the two s amp l e s  is qui te di ffere nt . S ampl e  K TA- 1 4 - 7 1  i s  i n te r 
l ayere d  wi th perido ti te a n d  i s  l ike ly to have be e n  a part o f  the ul trama f i c  
comple x  prior  t o  me tamorphism . S ampl e  T- 4 2 - 6 8  i s  c learly  metavol cani c and 
interl aye red w i th schi s to s e  metasedimentary rock s . Away from the i n f l uence 
o f  the i n trusion of " grani ti c " rock s , concen trate s  of hornb l e nde from the 
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TAB LE 2 .  Po t as s ium- a r go n  a g e s  and ana ly t i c a l  d a t a  

4 0Ar 1 0 - 6  S T P  
Wt .  % 

S amp l e  No . Age  M . Y .  K ( %  Ai r C o r r e c t i o n )  
Gener a l  
L o c a t i on 

KTA - 1 4 - 7 1  1 2 8  + 8 0 . 1 4 8 3 . 0 4 ( 2 7 ) Wr ang l e 
Re d Mtn . 

RdMtAg 1 4 4  + 3 

T - 4 2 - 6 8 1 3 0 + 3 

T - 1 1 2 - 7 0  1 5 0  + 1 1  

CMSV* 1 5 5  + 3 

0 . 3 8 5 6 . 4 0  ( 1 1 )  

0 . 6 6  36 . 5 7 ( 0 9 )  

0 . 0 8 8 4 . 9 0 ( 9 8 )  

2 . 0 4 1 3 . 1 5 ( 1 8 )  

Wrangl e 
Re d Mtn . 

May C r e e k  
S ch i s t  B e l t  

May C r e e k  
S ch i s t  Be l t  

Condrey Mtn . 

* Wh o l e ro ck ana l y s i s : from S up p e  a n d  A rm s t r o n g  ( 1 9 7 2 ) ; a l l  o the r 
analy s e s  a r e  from h o r nb l e nde s e p a r a te s , th i s  p ap e r . 

S amp l e  De s c r ip t i on s : KTA - 1 4 - 7 1 :  S . C .  SE l / 4  NWl/4  Sec . 1 2 , T4 l S , R2W ,  
T a l ent  quadrangl e ,  Or e gon ; amph i b o l i te gne i s s : t i gh t - fo l de d  
t o g e the r w i th  s e rp en t i n i z e d  p er i do t i te and i n j e c t e d  by qua r t z 
d i o r i te : b rown - g r e e n  t o  o l i ve gre en - b rown ho rnb l e nde i s  
domi n an t ; p l a g i o c l as e  and c l ino z o i s i te fo rm th i n  b ands . 

RdMtAg : W . C .  NE l / 4  NE l / 4  S e c . 3 2 , T4 0 S , RlW , Ta lent 
quadrangl e ,  O r e go n ; amph i b o l i t e  gne i s s : t i gh t - fo l de d ,  narrow 
b and i n  s e rp e n t i n i z e d  p e r i do t i t e : b rown - g r e e n  ho rnb l e nde 
dominant b ut p l a g i o c l as e  is r e l a t i ve ly abundan t ; c l ino z i o s i t e 
i s  m i n o r . 

T - 4 2 - 6 8 :  E . C .  S e c . 2 5 , T 3 0 S , R 3W ,  Days C r e ek 
quadrang l e , Ore gon ; amph i b o l i te gne i s s  int rude d by  quar t z  
d i o r i te ; h o rnb l e nde i s  abundant a l on g  w i th p l a g i o c l a s e ; s ome 
e p i do te ; p l a g i o c l a s e  has  p o o r l y  deve l op e d  con c e n t r i c  z o n in g ; 
i n te r l aye re d  w i th b i o t i t e - g arne t s ch is ts . 

T - 1 1 2 - 7 0 : N . C . NE l / 4  S e c . 2 7 ,  T 3 2 S , R 3W ,  Days 
C re ek quadran g l e , O r e gon ; amph ib o l i t e  gne i s s  w i th h o r nb l e nde 
domi nant  c o n ta i n i n g  rare pyr o x e ne c o re s ; p l a g io c l as e  is  no t as 
ab undan t ; t e x ture , e s p e c i a l l y  that o f  ho rnb l e nde , s ug g e s t s  
cumul a t e  growth o f  py r o x e ne w i t h  i nt e rcumul us p l a gi o c l as e ; 
the  r o c k  i s  i n t e r l ay e re d w ith  s e rp e n t i n i z e d  p e r i do t i te and 
is  l o c a l l y  crus h e d  and s he are d . 

CMSV ( 6 ) : L o c at ion  g i ve n  as  l 2 2 ° 5 7 ' 4 4 "W ,  
4 1 ° 5 0 ' 5 8 "N ,  C o ndrey Mtn . quadran g l e , b y  S up p e  a n d  A rm s t ro n g  
( 1 9 7 2 ) : quar t z - mus c o vi t e - ch l o r i t e - a l b i te s c h i s t . Th i s  
s amp l e i s  f r o m  t h e  s ch i s t s  o f C o n drey Moun t a in s outh o f  the 
Wran g l e - Re d  Mo un t a in a re a . 
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0 

C a l cul a t e d  
A g e  (M . Y . )  

1 5 1  + 6 

1 4 8  + 6 

1 4 9  + 5 

1 4 4  

1 4 8  

1 5 0  

1 5 3  

1 4 6  

1 4 6  

1 5 0  

1 5 2  

1 5 9  

TAB L E  3 .  C o r re l a t i on o f  o l de r  a ge s o f  amph i b o l i te s  and o th e r  b as i c  ro c k s , 
and h i g h - g r a d e  b lue s c h i s t s  from t h e  K l ama th Mo un ta i n s  an d C o a s t Range s .  

M i n e r a l  S o u r c e  

h o r nb l e n de ( l )  

ho rnb l en d e  ( l )  

ho rnb l e nd e  ( l )  

h o r nb l e nd e  ( 2 )  

ho rnb l en d e  ( 2 ) 

h o rnb l e nde  ( 2 )  

h o rnb l e nd e  ( 2 )  

ho rnb l e n d e  ( 2 )  

S amp l e  
Numb e r  

5 4 - 6 5  

P - 1 0 6 4  

9 - 7 0 

J 8 2 - 8  

J 8 7 - 6  

J 8 9 - l  

J5 7 - l 9  

J 4 5 B  

J 3 7H 

J 4 1 D  

Jl 2 3 - 2  

J 5 7 - 6  

L o c a t i o n  an d O c c u r r e n c e  

B i g  C r a g gi e s  k l i p p e , r e s t in g  o n  Do than Fm . r o c k s ; C o l l i e r  
B u t t e  quad . , O r e gon . 

P i c k e t t  Pe ak , t e c to n i c  b l o ck i n  F r an c i s c an Fm . , P i c k e t t  
Pe ak quad . , C a l i fo rn i a .  

C r ev i s on Pe ak , t e c t on i c  b l o ck in  F ranc i s c an Fm . , 
C r ev i s o n  Pe ak quad . , 7 l / 2 ' , C al i fo r n i a .  

Amp h i b o l i t e gne i s s  j us t  no r th o f  Mads t o n e  C ab i n , a t  
no r t h e rn c on t a c t  b e l ow Jo s e ph i ne pe r i do t i te , Ch e t co  P e ak 
quad . , O r e gon . 

Amph i b o l i t e  gne i s s  j u s t  we s t  o f  Che t c o  L a k e , i n  thrus t 
c o n t a c t  b e l o w  Jo s eph ine  p er i do t i te , C h e t c o  P e a k  quad . , 
O r e g o n . 

Amp h ib o l i t e  gne i s s j us t  no r t h  o f  Vul c an L ak e , s t r u c t ur a l l y  
b e l ow the Jo s e ph i ne p e r i do t i t e , C h e t c o  Pe ak Quad . , O r e g on . 

H o r nb l e n d e  d i o r i t e  i n  Ro gue Fm . ,  we s t  o f  Jo s eph ine Mtn . , 
C ave Jun c t i o n  q ua d . , O r e gon . 

D i k e s , mo s t l y  d i o r i t i c  tha t  i n t rude the  Jo s eph i ne 

p e r i do t i t e , C ave Junc t i on quad . ( J4 5 B , J 3 7H ,  5 4 1 D ) and 

Che t c o  Pe ak ( Jl 2 3 - 2 ,  J 5 7 - 6 ) quad . , Ore gon . 



0 
"' 

C a l cul a t e d  
A g e  ( M .  Y . ) 

1 4 4  + 3 

1 5 0  + l l  

1 5 5  + 3 

Mine r a l  S o ur c e  

ho rnb l ende ( 3 ) 

h o rnb l e n d e  ( 3 ) 

Who l e  r o c k  ( 4 )  

B a s i c  g l auc o ph ane s ch i s t s 

1 4 5  + 8 g l aucoph ane ( l ) 

1 5 0  + 6 g l auco phane ( l ) -

( l ) Co l e m a n  a n d  L a np h e re ( 1 9 7 1 )  

( 2 ) Di c k  ( 1 9 7 6 ) , s e e  a l s o  D i c k  

( 3 ) Ka y s  e t  a l . , th i s  p ap er 

( 4 )  Sup p e  a n d  A rm s t r o n g  ( 1 9 7 2 ) 

TAB LE 3 .  ( C o n t i nu e d ) 

S amp l e  
Numb e r  L o c a t i on and O c c u r r e n c e 

RdMtnA g  N a r r o w  d ik e - l i k e  amp h i b o l i t e  gne i s s  b o dy w i th i n  t h e  Re d 
Mtn . u l t r ama f i c  b o dy , Wran g l e - Re d  Moun t a i n  a re a ,  
WTrP z ,  T a l e n t  q uad . , O r e g o n . 

T - 1 1 2 - 7 1 H o r nb l e n d e - r i ch " gab b r o i c "  gne i s s  i n te r l aye r e d  and 
fo l d e d  w it h  p e r i do t i te , s o u th o f  Devi l s  F l a t , May 
C r e ek S c h i s t  b e l t .  WTrP z ,  Days  C r e ek qua d . , Ore gon . 

CMSV Quar t z - mu s c o vi te - ch l o r i t e - a l b i t e s ch i s t ,  s ch i s t o f  
C on dr ey Mtn . , C o n d r ey Mo un t a in quad . , C a l i fo rn i a . 

9 4 - 6 7  

5 5 - c Z - 5 9  

( 1 9 7 3 )  

G arne t i f e r o u s  g l auco p h ane s ch i s t ,  Tupp e r  Ro ck j e t ty 
quarry , O t t e r  P o i n t  Fm . , B andon , B andon qua d . , O r e g on . 

G a rne t i f e r o u s  g l aucoph ane s ch i s t ,  W a r d  C r e e k , 
F r anc i s c a n  Fm . , C a z ad e r o  quad . , 7 l / 2 ' ,  C a l i fo rn i a . 



amphibo l i te gne i s s e s  y i e l d  a ge s i n  the range 1 4 3 - 1 5 1 m . y .  S amp le  RdMtAg 
f rom the Wrangl e - Re d  Mountai n  a r e a  has tex ture , compo s i t i on and mode o f  
o c c urrence indi c a t i ve o f  forma tion a s  a near- s urface  intrus i ve ro ck o r  a s  a 
f l ow s ubseque ntly fo lded wi th the ultrama f i c  ro ck s . S ampl e  T- 1 1 2 - 7 0  from 
the May C re ek S ch i s t  be l t  i s  a l so folded wi th peridoti te , but has re l i c t  
c umul a te texture and a compos i tion which s ugge s ts tha t  i t  fo rme d as gabbro 
i n te r l ayered wi th the u l t rama f i c rock s . 

S umma ry and C on c l us i o n s  

The o c c urrence o f  re l at i ve ly hi gh grade gne i s s e s  a n d  s ch i s ts i n 
c l o s e  proximi ty wi th u l trama fi c rocks  i s  pecul i ar i n  that the as s o c i ation 
i n  the Wrangle - Re d  Moun tai n  area i s  compl e te ly s epara te d  by faul t s  from 
me t avo l c an i c  and metac l a s ti c  rocks o f  l ower grade . In  a s tr uc t ura l s ense , 
me tamorph i s m  i s  shown to i n c r e a s e  towa rd thrus t p l a ne s  gene r a l l y  bounded by 
ul trama fic  rocks . The change i n  grade of  me tamo rphi s m  may no t be gre a t , 
but th e re i s  always a s tron g imp ro veme n t  i n  the met amorph i c  f ab r i c s  and the 
degre e o f  recrys tal l i z a t i on towa rd the te c ton i c  boundary b e twee n  the ultra
ma f i c  and  metamorph i c  rock s . Al though the me tamorph i s m  is  o f  di f ferent  
cha rac te r ,  the a l l oc h thonous oc c ur re nc e  may  be s imi l a r  in a s truc tural 
s e n s e  to the " up side- down " a s s o c i at ion of b lue s ch i s ts and u l trama f i c  rocks 
i n  the Cal i forni a Coas t Range s  ( B l a k e , Irw i n ,  a n d  Co l e ma n ,  1 9 6 7 ; Ern s t and 
o th e rs ,  1 9 7 0 ) . A l a te r  me tamo rph ism is  a s s o c i a te d  wi th i ntrus ion o f  
grani t i c  rock s and has  produced re c o gn i zable  the rma l zon a tion ( Kay s ,  1 9 7 0 )  
i n  the May C r eek S ch i s t  b e l t .  Ther e  i s  no me l anging  evident he re , a l though 
the WTr P z  in  thi s area i s  i n  thrus t contac t wi th the unde rlying  Jura s s i c  
Ga l i c e  Fo rmation ; the me ta s e d ime nta ry-me tavo l c an i c  rock un i t s  a re cont
i nuo us and traceabl e .  

The re i s  p e rs i s te nt a s s o c i at ion o f  ul trama f i c  ro cks  and h i gh 
grade " gabbro i c " gn e i s s e s . Undoub te dl y , a s tr on g  de forma tion and me ta
mo rph i s m  has had a pro found e f fe c t  on the prima ry charac t e r  of the se ro cks . 
Our own fie l d  and petro graphi c s tudi e s  i nd i c a te that the ul trama f i c  and 
me tamo r pho s e d  roc k s  o f  the me l a nged a s s o c i ation o n  the C a l i fo rni a - Or egon 
border may have had qui te a compl i c a ted hi s to ry . Ho t z  ( 1 9 6 7 ,  and personal  
communi c a t i ons ) i n d i c a te s  tha t  thrus t faul t s  s e parating  ul trama f i c  and 
me t amorpho s e d  rocks of  th i s  a s s o c i ation are  fo lded ; the evidence s ugge s ts 
that the rocks were fo l de d  and me tamo rpho s e d  a fter me l angin g . Thus , a l l  o f  
the rocks o f  thi s  a s s o c i a t ion could have been modi fi e d  through metamo r ph i c  
d i f fe renti a t ion . I n  addi tion , Co l e man ( 1 9 6 7 )  has  s hown tha t  me tas omati c  
change during me t amo rphi s m  o f  ul trama f i c  rock s c an b e  appre c i ab l e . Ne ve r 
the l e s s , f o r  r e a s on s  a l re ady s ta te d ,  w e  be l i e ve tha t mos t  change a s s o c i ated 
wi th metamo rphi c di f ferent i a tion or me t a s oma ti s m  is recogni z a b l e  as  s uch , 
and tha t  i t  i s  un l i k e l y  tha t  the compo s i tion a l  re l a t i o n s  r e f l e c t  on l y  later  
modi f i c ation of  the  rock s . 

Thus , we i n te rpre t fe a t ure s s uch a s  p e rs i s te nt f i e l d  a s s o c i ation 
of ultrama fi c rocks and " gabbro i c " gne i s s e s  and the i r  inte r l ayered nature 
l o ca l ly i n  the WTrP z ,  and the o c ca s i on a l  re l i c t  c umul a te te xture s among 
pyroxe ni te s  and gabbroic  rock s to be comp a t i b l e  wi th di f fere n ti a t ion o f  
gabbro ic  magma s . I n  th i s  c a s e , di f fe re n t i ati on re s ul te d  i n  i ron-enri chme n t  
w i th only mode rate a l ka l i  ga in . The ultrama fi c - " gabbro i c "  r o c k  a s s o c i ation  
s howi n g  i ron-enri chme n t  and  i n creas i n g  Ti 0 2 wi th Fe O /MgO s e ems c l e ar l y  
i nd i c a tive o f  ma gmas o f  tho l e i i ti c  a f f in i ty ( Mi y a s h i ro a n d  o t h e r s , 1 9 7 0 ) . 
The se rock s a re , there fore , compatible w i th l i quids  deri ve d  from parti a l  
me l ti n g  o f  the uppe r mantle tha t  ul tima te ly lea ve behi nd " de p l e te d " bodie s 
o f  predominantly h a r z burgi te -duni te , s uch a s  the Jo s ephi n e  pe r i do ti te 
comp l e x  ( D i c k ,  1 9 7 6 ) . We s ugge s t  that the compo s i tion a l ly i n te rgradational 
s uite  of  gabbro s , c l i nopyroxeni te s ,  and weh rl i te s  re pre s e n t  parts  of  the 
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cons tructional pi le o f  an ophi o l i te seque nc e . Howeve r ,  i t  i s  no t clear , 
and perhaps impo s s ible  to j udge on the bas i s  o f  the s e  data , whe ther the 
envi ronment for di f fe rentiation was ocean floor or i s l and arc s e ttin g . On 
the o ther hand , the fie l d  a s s o c i ations , low to moderate pre s s ure me ta
morph ic facie s , and the abundance o f  grani te serie s pl utonic  rocks make a 
r i s ing i s l and arc baseme n t  s etting an attractive pos s ibi l i ty . Some o f  the 
"metavo l c anic " amphibo l i te s  have compo s i tions which a re con s i s te n t  w i th 
l i quids forme d late from the s ame magma s tem tha t  produced the a s s o c i at ion 
o f  ul trama fic and gabbro ic  rocks . No direct f i e l d  evidence has  been found 
to indi c ate that the " me tavo l cani c "  amphibo l i te s  a re re lated to the ul tra
ma fic rock and " gabbro i c " gne i s s  s eque nc e . However , a s imi l a r  a s s o c i ation 
o f  u l tr ama fic-ma f i c  and vo l c an i c  rocks ha s  be en re cogn i zed i n  othe r 
complexe s , e . g . , Troodos ( B e a r , 1 9 6 9 ; Gas s a n d  Ma s s o n - Smi t h ,  1 9 6 3 ) , Bay o f  
Is lands  ( Wi l l i am s ,  1 9 7 3 ;  Wi l l i am s ,  Ma lp a s ,  a n d  Co m e a u ,  1 9 7 2 ) , C anyon 
Moun tain ( B ro w n  a n d  T h a y e r ,  1 9 6 6 ; Th a y e r  and H i mm e l b e r g ,  1 9 6 8 ) . The wide 
s pread and c l o s e  a s soci ation o f  fragme nted " me tavo l c anic " amphibo l i te s  and 
per ido t i te s he re as we l l  as  in the Co a s t  Range s ,  the we s te r n  Juras s i c  be l t , 
and beneath the Tr ini ty ul trama fi c  sheet s ugge s ts that the i r  o c c urrence 
toge the r is not fortui tous . 
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Ap p e nd i x  

No t e s o n  S t r a t i gr ap h i c  Re l a t i o n s  

Wrangl e - Re d  Mountain Are a  

S amp l e s  l - 6  occ ur a s  bands w i th i n  large r  complexe s  o f  ul trama fi c  
rocks . I n  gene ral the ultrama fi c  c omplexe s  occur a s  fo lded , 
sheet- l ike bodi e s  above s ample s 7 - 8 ;  the basal  parts o f  the 
ultrama fic-ma f i c  complexe s  a re h i gh l y  s he a re d  and the immed ia te ly 
under lying rock s have t i ght rec umbent folds . " Gabbro i c " 
amphibo l i te s  are not so  abundant but c l i nopryxoe ne - r i ch ultra
ma f i c  rocks are widespread . Biotit e  s ch i s ts dominate in the 
i n te r l ayered seque nce o ve r  amphibol i te gne i s s e s . 

May Creek S chi s t  Be l t  

S amp l e s  9 - 1 0  are inte r l ayered and fo lde d toge the r i n  a n  ul tra 
ma fic-ma fi c  complex  tha t re s ts above s amp l e  l l ; s ample  1 2 i s  
i n truded by quar t z  diori te and i n te r l ayered w i th pel i ti c  s chi s tose  
rocks . Amphibo l i te gne i s s e s  may have coarse- graine d ,  poo r l y  
banded a n d  pe rhaps re l i c t , gabbro i c  te xture a n d  o c c u r  immedi a te ly 
a d j ac ent to ul trama fi c  ro ck s , and i n  p l a c e s  may be inte r l ayered 
wi th the m .  Amphibo l i te gne i s s es i n te r l ayered w i th b io t i te s chi s ts 
have a mapped di s tribution that i s  o f  grea te r  areal  e xtent than 
" gabbro i c " amphi bo l i te s ; howe ve r , in the l a t te r  case  the mapped 
di s trib ution is as  much as one -hal f tha t of a s s o ciated ul trama fi c  
bodi e s . 
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Gene ral 

S ample s 7- 8 , 1 1 - 1 2 are parts of the inte r l ayered me tase dimentary
me t avo l c anic sequence bene a th ul trama fic sheets in the WTrP z .  

S ampl e De s c r i p t i ons  

( 1 )  Hi ghly se rpentini z e d , amphibo l e-beari ng perido ti te . 

( 2 ) Olivi ne-bear i ng c l i nopyroxe nite o r  wehrl i te . 

( 3) Tremol ite s chi s t  inte r l aye re d and fo lded with amphibo l i te ;  contains 
re l i c t  c l inopyroxene , or thopyroxene , and o l i vi ne . 

( 4 )  Clinopyroxeni te w i th exsolved patche s and l ame l l ae o f  o rthopyroxene 
in c l inopyroxe ne . Mi nor amphibo le . 

( 5 )  Amphibo l i t i z e d  c l i nopyroxene - o l i vine -be aring me tagabbro i n  pe rido
ti te .  Amph ibo le i s  twi nne d grune rite-cumington i te . 

( 6 ) Tight- fo lded amphibo l i te gne i s s  con ta i ni ng c l i no zo i s i te - chlori te 
inte r l ayered wi th se rpenti ni zed perido ti te . 

( 7 )  Fine- gra ined , tigh t- fo l ded hornb le nde- rich amphibo l i te gne i s s  with 
plagioc l a se and epido te . 

( 8 ) Ti gh t- fo lded , fine-graine d  quart z - r i ch , garne ti fe rous mi ca schis t .  

( 9 )  S e rpenti n i z e d  t a l c - amphibole-be aring peri doti te with re l i c t  o l i vi ne 
and orthopy roxe ne . 

( 1 0 ) Amphibo le-rich me tagabbro with re l i c t  c l inopyroxene and pl agioc l a s e ; 
has pos s i b l e  re l ic t  cumul a te fabric . 

( 1 1 )  Fel dspathic-epi do te amphibo l i te wi th C 0 3 and pyroxene ; inte r l ayered 
wi th pel i te . 

( 1 2 ) Fe ldspathic amphibo l i te gne i s s  w i th c on c entri c al ly zoned pl agio c l a s e . 
I n te r l ayered wi th pe l i ti c  s ch i s t . 

Re f e r en c e s  

Be ar , L . M . , The evo l ution and pe trogene s i s  o f  the Troodos Complex , Cyprus , 
Ge o Z .  Surv e y  D e p t .  A n n . R e p t .  1 96 5 , 2 6 - 3 7 ,  1 9 6 6 . 

B l ak e , M . C . , Jr . ,  W . P .  I rwi n ,  and R . G .  Coleman , Ups ide-down me tamorph i c  
z onation , b l ue s chis t fa c i es , a long a re gion a l  thrus t i n  
Cali forni a  and Ore gon , U . S .  Ge o Z .  Surv e y  Pro f .  Pa p e r  5 ? 5 - C ,  1 - 1 9 , 
1 9 6 7 .  

Brown , C . E . , and T . P . Thaye r ,  Geologic map o f  the Canyon Ci ty Quadrangle , 
northe as tern Ore gon , U . S .  Ge o Z .  S u r v e y Mi n e r a l In v .  Fi e l d S t udi e s  
Map 1 - 4 4 ? , 1 9 6 6 . 

Co leman , R . G . , The Colebrook S ch i s t  o f  southwe s tern Oregon and i ts rel a tion 
to the tec tonic evo l ution o f  the re gion , U . S .  Ge o Z .  S u rv e y  B u Z Z .  
1 3 39 , 6 1  p . , 1 9 7 2 . 

1 05 



Co l eman , R . G . , Low- tempe ra ture reaction z one s and alpine ul trama fic rocks 
of Cal i forni a , Ore gon , and Wa s h ington , U . S .  Ge o l .  S u r v e y B u l l .  
1 2 4 ? ,  4 9  p . ,  1 9 6 7 . 

Co leman , R . G . , and M . A .  Lanphe re , Di s tribution o f  h i gh- grade b l ue s ch i s ts , 
a s s o c i a ted ecl ogi te s , and amphibol i te s  from Ore gon and Cali forni a , 
Ge o l .  So c .  A m e r i c a  B u l l . , 8 2 , 2 3 9 7- 2 4 1 2 , 1 9 7 1 .  

Davi s ,  G . A . , M . J .  Hol daway, P . W .  Li pman , and W . D .  Romey , S tructure ,  me ta
morphism , and pl uton i sm in the s o uth - c entral Klama th Mounta i n s , 
Cali fornia , Ge o l .  S o c . A m e ri c a  B u l l . , ? 6 , 9 3 3 - 9 7 6 , 1 9 6 5 . 

Davi s , G . A . , and P . W .  L i pman , Rev i sed s truc tura l  s equence o f  pre -Cre taceous 
me tamo rphi c rock s in the s ou thern Kl amath Mountains , Cali fo rn ia , 
Ge o l .  So c .  A m e r• i c a  B u l l . ,  ? 3 ,  1 5 4 7 - 1 5 5 2 , 1 9 6 2 . 

Dick , H . J . B . , Note s  fo r fi e ld trip to the Jo s e phine  Pe rido ti te shee t ,  
Chapman Con f erence : Part i a l  me l ting i n  the Earth ' s  upper mantle , 
G u i d e b o o k ,  A m e r . Ge o p h y s .  Un i o n , 3 9 - 5 5 , 1 9 7 6 . 

Dick , H . J . B . , The Jos e phi ne perido ti te , a re fractory r e s i due o f  the gene r
a t i on of  ande s i te , T r a n s . A m e r .  Ge op h y s .  Un i o n ,  5 6 , 4 6 4 , 1 9 7 5 . 

Dick , H . J . B . , K-Ar dating o f  intrus i ve rock s i n  the Jo s eph i ne perido ti te 
and Ro gue Forma t i on we s t  of Cave Junction , southwe s tern Ore gon , i n  
A b s t r a c t s  o f  Co r di l l e r a n  s e c t i on o f  Ge o l . So c .  A m e ri c a  M t g s . ,  5 ,  
3 3 - 3 4 1 1 9 7 3 • 

Erns t ,  W . G . , Y .  Seki , A .  Onuk i , and M . C . Gi lbert , Comparative s tudy o f  low
gr ade me tamorph i s m  in the Cali fo rnia Coas t Range s and the oute r 
me tamorphi c b e l t  o f  Japan , Ge o l .  So c .  A m e ri c a  Me m .  1 2 4 ,  2 7 6  p . , 
1 9 7 0 . 

Ga s s ,  I . G . , and D .  Ma s s on- Smi th , The geol ogy and gravi ty a noma l i e s  o f  the 
Troodos Mas s i f ,  Cyprus , Phi l o s . Tran s . Ro y a l  So c .  L o n d o n ,  S e r i e s  
A ,  2 5 5 ,  p .  4 1 7 - 4 6 7 ,  1 9 6 3 .  

Ho t z , P . E . ,  B l ue schi s t  me tamorphism in the Yreka-Fort Jon e s  are a , Kl ama th 
- Mountains , Ca l i forni a ,  Jo u r . Re s e a r c h ,  U . S .  S u r v e y ,  5 3 - 6 1 , 1 9 7 3 . 

Ho t z , P . E . , Geo l o gy o f  lode go l d  di s tr i c t s  i n  the Kl amath Mountains , Cal i f
o rni a and Oregon , U . S .  Ge o l .  S u r v e y  B u l l .  1 2 9 0 , 9 1  p . , 1 9 7 1 . 

Kay s , M . A . , Me so zoic  me tamorphi s m ,  May Creek S ch i s t  be l t ,  Klamath Mountai n s ,  
Ore gon , Ge o l .  So c .  A m e r i c a  B u l l . , 8 1 , 2 7 4 3 - 2 7 5 8 , 1 9 7 0 . 

Miyas h i ro , A . , Evo l ution o f  metamo rphi c be l ts , Jo u r . Pe t r o l o g y ,  2 ,  2 7 7 - 3 1 1 , 
1 9 6 1 . 

Miyashiro , A . , F .  Shido , and M .  Ewi ng , Cry s ta l l i z ation and d i f f er enti at ion 
i n  abys s al tho l e i i te s  and gabbros from mid- o c ean i c  r i dge s ,  Ear t h  
S c i . a n d  P l a n e t .  L e t t e r s ,  7 ,  3 6 1 - 3 6 5 , 1 9 7 0 . 

Pami c , J . , S .  S c avni car , and S .  Med j imorec , Mine ral  a s s emb l age s o f  amphi 
bo l i te s  a s s o c i ated w i th a l p i ne - type ul trama f i c s  i n  the Dinaride 
oph i o l i te zone ( Yugo s l avia ) ,  Jo u r . Pe t . , 1 4 ,  Part 1 ,  1 3 3 - 1 5 7 ,  1 9 7 3 . 

Men z i e s , M . , and C .  A l le n , Pl agio c l a s e  lher z o l ite-re s idual mantle re l a tion
s hips w i thin  two E a s te rn Med i terrane an ophio l i te s , C o n t r . Mi n e r a l .  
a n d  Pe t r o l . , 4 5 , 1 9 7 - 2 1 3 ,  1 9 7 4 . 

1 06 



Ramp , L . , Ge o l o gy a nd mi neral resourc e s  o f  the Uppe r  Che tco dra i n a ge area , 
Oregon , S t a t e  o f  Or e g o n  De p t .  o f  Ge o l .  a n d  Mi n .  In du s t ri e s  B u l l .  
8 8 , 4 7  p . , 1 9 7 5 . 

Suppe , J . , and R . L .  Arms trong , Potas s i um- argon datin g o f  Franc i s can 
me tamo rphi c  rock s , A m e r i c a n  J o u r . S c i . ,  2 7 2 ,  2 1 7 - 2 3 3 , 1 9 7 2 . 

Thay e r , T . P . , and G . R .  Himme l be r g ,  Ro ck s u c c e s s ion i n  the alpi ne - type ma f i c  
c ompl e x  a t  Canyon Mo untain , Ore gon , XXIII In t e r n a t i o n a l G e o l .  
C o n g . , 1 ,  1 7 5 - 1 8 6 ,  1 9 6 8 . 

Wi l l i ams , H . , Bay o f  I s l ands map- a re a , New foundland , C a n a da Ge o l .  S u r v . 
Pap . 7 2 - 3 4  ( m a p ) , 1 9 7 3 .  

Wi l l i ams , H . , J .  Ma lpa s , and R .  Come a u , Bay o f  I s l ands map- are a ,  New 
Foundl and , C a n a da Ge o l .  S u r v . Pap . 7 2 - 1 , part A ,  1 4 - 1 7 , 1 9 7 2 . 

1 07 



F ORMAT I ON O F  SMA L L  DUN I TE B OD I E S  BY ME TAS OMA T I C T RANSFORMAT I O N  O F  
HARZ BURG I TE I N  T H E  CANYON MOUNTA I N  O PH IO L I TE , NO RTHEAS T O RE G ON 
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Ab s t r a c t  

Canyon Moun tain te c to n i c  pe r i do t i te s  a re c ro s s c u t  b y  l ate - s tage 
tab u l a r  dun i te bodi e s  tha t  p o s tda te the pe r i do ti te f o l i a t io n . The duni te s  
res emb l e  ve i n s  o r  dik e s ( 1 - 5 0  e m  in width )  a n d  typ i c a l l y  o c c ur a s  anas t o 
mo s i ng swarms c utting t h e  f o l i ation a t  a l l  angle s .  De s p i te th i s  d i s 
cordance , the dun i te and har zburgi te share i de nti c al fab r i c s  char a c te r i s ti c  
o f  synte c to n i c  r e c ry s tal l i z ation . S p i ne l  f o l i ation doe s n o t  devi ate upon 
p a s s i n g  f rom the hos t p e r i do tite s through th e duni te . The s e  s truc tur a l  
re l a tions hips indi c a te a n  o r i g in for the duni te s by i n  s i t u trans format ion 
o f  the pe r i do ti te . 

One o c c ur rence o f  duni te i n  h a r zbur gi te h a s  been s tud i e d  pe tro 
graph i c a l l y  and w i th the mic rop robe . Ne ar the marg i n s  o f  the dun i te , 
amphi b o l e  ha s parti a l l y  repl a c e d  o rthopyroxene and c l i nopyroxe ne i n  the 
har zb urgi te a l on g grain boundar i e s  and a s  mi c r ove i n l e t s . Chr omi an s p i ne l s  
wi th in th e dun i te a re rimmed b y  a l te ra t ion as s emb l a ge s  o f  fe r r i a n  chromi te 
+ Cr-chlo ri te o r , l e s s  c ommon ly ,  magne t i te + Fe N i - me t a l . Wi th the except
ion o f  mi nor a l te ration w i th i n  l em of the contact w i th dun i t e , the fe rri an 
chromi te+ch l o r i te a s s e mb l a ge is ab s e n t  from the h ar zburgi te . 

Dun i te - forma ti o n  i s  i n fe rre d to b e  the r e s u l t o f  a me tas oma t i c  
reaction produc e d  b y  aqueous vapor pe rc o l ating a l o n g  a s y s te m  o f  b r i ttle 
frac ture s at s ub s o l i dus temperatures .  The new- forme d o l i vine grew by in
congruen t bre ak down of un s tab l e  pyroxene wh i ch re s u l te d  i n  the s o l ution and 
transpo r t  of Si  and Ca . O l i vi ne increas e d  in s i z e a t  the e xpen s e  of pyrox
ene by s e condary grain growth , thus p re s e rving the o r i g i na l  fabr i c . 

I n t r o duc t i o n  

Dun i te i s  one o f  the rock type s tha t  o c c ur s  i n  mo s t  a l p i ne - type 
pe r i do ti te s  and in  the ul trama f i c  z o ne s of o ph i o l i te comp l e xe s . At le a s t 
f i ve hypothe s e s  have be e n  propo s e d  to expl a i n  the o ri gi n  o f  dun i te : ( l )  
I gneous dun i te s  o c c ur r i n g  i n  the b a s a l  c umul a te s  o f  ophio l i te c omplexe s  may 
form by gravi tational s e t tl i n g  o f  o l ivine from ma f i c  ma gma s  ( Ja c k s o n  a n d  
o t h e r s , 1 9 7 5 ) . ( 2 ) Wi th i n  the te c to n i te peri do ti te po rtion o f  ophi o l i te s , 
dun i te laye r s , o r i en te d  par al le l to the te c ton i c  fo l i a t i on , are gene r a l l y  
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explained as th e result o f  me tamorph i c  or te c tonic  di f fe ren ti at ion 
( Himme l b e r g  a n d  L o n e y , 1 9 7 3 ) . ( 3 ) Tab ular bod i e s  o f  dun i te which trans e c t  
th e coun try rock pe r i do t i te fo l i ation in  the Burro Moun ta in , Vulcan Pe ak 
and New Cal e don i a  peridotites have been inte rpreted as i gne ous i ntrus ions 
( Pa ge , 1 9 6 7 ;  L o n e y ,  Himme l b e rg a n d  Co l e man , 1 9 7 1 ;  Himme l b e r g and L o n e y , 
1 9 7 3 ;  G ui l l o n , 1 9 7 5 ) . ( 4 )  On the bas i s  o f  ph ase equi l ib r i a  cons traints 
O ' Hara ( 1 9 6 8 )  has s ugge s ted that duni te bod i e s  mi ght form a s  c umulate s  from 
primi ti ve basal t i c  me lts fo rmed by i n  s i t u me l ting of ho s t  perido ti tes . 
B o u di e r  ( 1 9 7 2 )  and Di c k  ( 1 9 7 6 )  have ar gue d tha t some dun i te s  i n  perido t i te s  
are re s i due s o f  extreme ( �  6 0 % )  l o c a l i zed part i a l  me l ting . ( 5 )  B o w e n and 
Tu t t l e  ( 1 9 4 9 )  propos ed that dun i te bodi e s  mi gh t form by me ta somati sm : 
spec i fic ally , they s ugge s te d  that an aqueous vapo r pha se perco l a ting 
through frac ture s in per i doti te s  might be c apab l e  of removing Ca and S i , 
the reby trans fo rmi ng an o l ivine and pyroxe ne as semb l age to 1 0 0 % o l i vi ne . 

The re i s  c o n s i derab l e  i n te res t i n  th e h arburgi te -dun i te po rtions 
o f  oph i ol i te and alpine pe ri do ti te complexe s  as repre s e n tative s  of the 
re frac tory re s i due s o f  the part i a l  me l ti n g  e pi s ode that fo rme d the a s s o c 
i a ted plutoni c a n d  vol c an i c  ro ck s ( Ca r s w e l l ,  1 9 6 8 ;  Di ck e y , 1 9 7 0 ; B o u di e r  
an d Ni c o l a s , 1 9 7 2 ; Me n z i e s  a n d  A l l e n , 1 9 7 4 ; Me n z i e s ,  1 9 7 3 ;  Di c k , 1 9 7 7 ) . 
Hypo the s e s  l and 2 produce dun i te that de fine s mine ralogi c a l  l ayers i n  
pe r i do t i te , whe reas dun i te s  formed b y  me chani sms de s c r i be d  i n  3 ,  4 and 5 
could re s u l t  i n  c ros s c utti n g  bodie s . The purpo se o f  the pre sent s tudy i s  
t o  examine a l te rnate hypo the s e s  3 ,  4 and 5 fo r the o r i g i n  o f  tabu l a r  dun i te 
bo d ie s , as they app ly spec i fi ca l ly to occurrenc es i n  the Canyon Mo untain 
ophio l i te ,  Ore gon . A v e  L a l l e m an t ( 1 9 7 6 )  has s tudi e d  numerous o c c urre n c e s  
o f  dun i te bodi e s  i n  the c ourse o f  f i e l d  work i n  the Canyon Mo un tain Complex 
an d we have cho sen one we l l - deve l oped exampl e ( 5 3B )  fo r a de tai l e d  petro 
fabri c ,  mod a l  and s truc tural an a lys i s  by H . G . A . L . in con j unction w i th 
petro l o gi c and microprobe s tudi e s  by M . A . D .  

Re g i on a l  S e t t i n g  and  G e ne r a l  G e o l o gy o f  C anyon Mo un t a in C o mp l e x  

The Canyon Mo un ta in Comp lex i n  e a s t  cen tral Ore gon i s  one o f  the 
few we l l  p re se rve d oph i o l i te s  o f  we s te rn North Ame r i c a  ( Th ay e r , 1 9 5 6 , l 9 6 3 a , 
b ,  1 9 7 4 ; Thay e r  and Himme l b e rg , 1 9 6 8 ;  A v e  L a l l e man t ,  1 9 7 6 ) . The age o f  
fo rmat ion o f  the ophi o l i te i s  i n ferred t o  b e  Pe rmo - Tr i a s s i c . I t  con tains , 
in as cendi ng sequence , a bas al zone o f  te c ton i te perido ti tes overl a i n  by an 
ultrama f i c -ma fic complex con s i s ti ng o f  minor perido ti te , pyroxen i te ,  gabb ro 
and vo l c an i c  rock s . 

The pe rido t i te z one cons i s ts primarily o f  te c toni te harzburgi te 
and mi�or amoun t s  o f  lhe r z ol i te and dun i te . Py roxe n i te ve ins  and dikes are 
abun d ant , whereas gabb ro and gabbro-pe gmati te dikes are rare . We l l  deve l 
ope d te c ton i c  fo l i ations and l i ne ations are pre s ent i n  al l pe ri do t i te s  and 
dun i te s , and in  s ome of the ove rlying pyroxe n i te s ,  gabbros and pe gma t i te s . 
I s o c l inal fo lds de fined by mine r al l aye ring have fo l i a tions paral lel to 
the i r  axi a l  p l ane s and l i ne ations para l l e l  to the i r  fo l d  axe s . Macro
s c opi c a l l y  the fol i a tions and l i ne ations are expre s se d  by fl attene d and 
e lon gate xe nomo rph i c  grains of spin e l  and pyroxene . Rare l ayers and ro ds 
of peridoti te s trongly enri ched in spi ne l and pyroxene o c c ur para l l e l  to 
the fo l i a tion and l ine ation re spe c t i ve l y ( A v e L a l l e m a n t , 1 9 7 6 ) . 

Dun i te has four mode s o f  occur rence . 

1 .  W i t h i n  t h e  t r ans i t i o n  z o n e  b e twe e n  th e p e r i do t i t e z o n e  and 
ul t r ama fi c - ma f i c  c o mp l e x . 
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The dun i te o c c ur s a s  bands in  the basal portions o f  l ayered duni
.
te-perido 

ti te -pyroxeni te - gabbro se quenc e s . Al tho ugh these dun i te s  may have been 
formed by c umul us proce s s e s , some now have te cton i te fabri c s . 

2 .  Th i n  l aye r s  o r i e n t e d  p ar a l l e l  t o  t h e  fo l i a t i on o f  t h e  
t e c t o n i t e  .pe r i do t i t e . 

These are characteri s ti c  o f  the har zburgi te thro ughout the pe rido t i te and 
may have fo rme d by the pro c e s s  de s c ribed in hypo the s i s  2 .  

3 . L a r g e  i r regul a r  ma s s es . 

The s e  en i gma tic bo di e s  are fo und i n  many alpine pe rido ti te s . The as s oci 
ation o f  l ayered chromi te se gregations wi th the s e  un i t s  s ugge s t s  that in 
some ins tan c e s  they may be re lated t·o magmati c proce s s e s  ( Th ay e r ,  1 9 7 0 ; 
Di c k e y ,  1 9 7 5 ; D i c k , 1 9 7 7 )  . 

4 .  Sma l l c r o s s c u t t i n g  t ab ul a r  b o d i e s  w i th in t h e  t e c t on i t e 
h a r zbur g i t e  z o ne . 

Th i s  paper i s  concerne d  wi th th e o ri gin o f  th i s  fourth mo de o f  occurrence . 

S t ruc t ur a l  R e l a t i o n s  o f  t h e  C r o s s c u t t i n g  Dun i t e  B o d i e s  

The te c ton i te pe ridoti te o f the Canyon Mountain Complex i s  c r os s 
c u t  b y  many irregul a r  and branching tabu l a r  dun i te bodi e s  ( Fi g .  1 ) . 
Al tho ugh the se bod i e s  res emble dikes and ve ins , these te rms are not us e d  
here in orde r  to avoid the gene t i c  imp l i cations . The dun i te we athe r s  t o  a 
l i gh t ,  dun - c ol o re d  smoo th s urface in low re l ie f  relative to the darker 
peri doti te , wh ich has an i rregular s urface exp re s s ion due to di f ferenti a l  
we ather ing o f  pyroxene a n d  o l i vi ne . S pine l , whi ch de fine s  the fo l i at ion i n  
outcrop , we athers i n  h i gh re l i e f  re l ative t o  the a s s o c i a te d  s i l i c ate pha s e s  
in both perido t i te an d dun i te . We athe red s ur face s on spine l  in the peri do 
ti te are dul l b l ack whereas tho se in the dun i te exhib i t  a me tal l i c  l us te r .  

Con tacts be tween duni te an d perido ti te are gene r a l l y  sh arp but may 
be grada ti onal ove r  the dis tance o f  a few centime te rs . Gradational 
c ontacts are i rre gul ar i n  deta i l  and characte r i zed by pyroxene -rich l aye rs 
that con ti nue i n to the dun i te . F i g . 2 i s  an example o f  a typi c a l  i rre gul ar 
con tac t  showi ng embaymen ts of dun i te in the perido ti te hos t .  The c ro s s 
cutting dun ite bodi e s  inte rs e c t  the fo l i ation a t  a l l  angle s .  Thus , the 
l inear trai n s  o f  spine l  present in the har zbur gi te c ut the dun i te - pe r i do 
ti te conta c ts a t  vari ous angl es . In gene ral the spine l  fo l i at ion c ro s s e s  
the dun i te bodi e s  wi tho ut devi ating in  orien tat ion . Two s ub gro ups o f  
dun i te a r e  re cogni z e d . The fi rs t typi c a l l y  cons i s ts o f  con j ugate sets  o f  
tabul ar dun i te bodies that inters e c t  the te ctoni te fo l i at i on a t  sma l l  
angles ( e . g . ,  Fi g .  l a ) .  The s econd ( Fi g .  lb ) ge ne r ally o c c urs a s  i rregular 
branchin g c l us te r s  of dun i te bodi e s  or n arrow ( 1 - 5  em) s trai gh t  dun i te 
ve in l e t s . 

The pre fe rred ori entations o f  ol ivine in the pe ri do ti te and i n  an 
ad j acent dun i te body are indi s tingui shab l e  ( Fi g .  3 ) . In both ro cks s tron g 
Z = [ 1 0 0 ]  - o l i vine maxi ma occur para l l e l  to the l i neation ; X = [ 0 1 0 ] - and 
Y = [ 0 0 1 ]  - o l ivine fo rm girdles around the l i ne ation . The se f ab r i c s  have 
ortho rhomb i c  symme try and are homo tac ti c ( A v e L a l l e m an t ,  1 9 7 6 ) . 
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Fi g .  1 .  Photographs of field re l a tions of tabul ar dun i te bodi es . 
Duni te s  are charac te ri zed by smooth-we athering l i ght colored s urface in 
con tras t to harzburgite which has a rough s ur face expre s s ion due to 
di ffere n tial weather ing o f  o l i vine and py roxene . ( lA )  S amp le 5 3B was 
taken from thi s  outc rop . Note tr iangular-shaped remnant of harzburgite 
with in duni te . Fo l i at ion ( roughl y  hori zon tal in thi s  pho to ) in the 
country roc k har zburgi te and the iso lated remnant are i dentical i n  
orienta tion . ( lB )  An example o f  the narrow , anastomos ing morphology o f  
a swarm o f  i n te rconne c ted d un i te bodie s .  Fol ia tion trends from lower 
le ft to uppe r righ t .  

Dunite 

o 1 2 3cm 

N N 

a 

b 

Fi g .  2 .  Sk etch o f  s amp l e  5 3B wh ich shows 
the s l i ghtly i rregular contac t be tween 
harzburgite and dunite . The thi n  sec t ion 
used for mic rop robe analysis was taken 
from the c en ter of thi s  specimen . 
Dis tribution of spine l s  within dun i te i s  
shown . Spine l s  wi th in harzburgi te are not 
portrayed due to the di fficulty of observ
ing them in the di f ferent l i tho logy . 

N 
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Fi g .  3 .  Fab ric rela
tions i n  5 3B .  a -
har zb urgl te , b - dun i  te . 
Data on 1 0 0  o l i vine 
grains we re taken from 
dunite 5 3B and adj acent 
har zburgi te and plo t ted 
on an equal -area ne t ,  
lower hemi sphere ; con t
o urs are a t  i nterva l s  of 
1 percent per 1 percent 
are a ;  1 perc ent contour 
is dashed l i ne ; 2 per
cent con tour is heavy 
l i ne . Whe re con tour 
l i nes could not be 
drawn , the maximum 
percen tage is in dicated . 



S t ru c t u r a l  I n t e rp r e t a t i o n  

The orthorhombi c  symme try o f  the o l ivine fab r i c s  o f  the peridoti te 
and dun i te and the i r  as s o c i ate d  s tructure s was probab ly forme d by fl a tte n 
i ng rathe r than by s i mple s he a r  de forma tion i nasmuch as the l a tte r  ge ne r a l 
ly re sul ts  i n  a mono c l i ni c  fabri c . Labo r a to ry e xp e riments i n  whi ch syn 
te c toni c recry s ta l l i z ation o f  o l ivi ne has o c c urre d  (Ave L a l l e m a n t , 1 9 7 5 ) 
yi e l d  f abri cs  s imi l ar to tho s e  s hown i n  Fi g .  3 .  Thus , i t  i s  probab l e  that 
the me chan i sm tha t  produc e d  the pre ferre d orientation in the C anyon 
Mo untain ul trama fic rocks was also synte c ton i c  recrys tal l i z ation . The 
oli vine fab r i c s  in the dun i te and peridoti te are vi r tual ly i nd i s tingui s h 
able , s e emingly indic ating that the i r  pre ferre d mi neral ori ent ations forme d 
s imul tane o us ly . Howe ve r ,  the dunite bodies show l i ttle evi dence o f  having 
been folde d .  In fact , to the con trary , they are randomly oriente d ,  i r re g 
ul a r  i n morphology , and c l e arly po s t- te c tonic i n  tha t  i ndividua l  tabul ar 
bodie s  i n te r s e c t  the spine l  foli ation a t  var i o us angle s . At several l o c a l 
i t i e s , smal l dun i te bod i e s  c ut l ayering i n  deformed pyroxene - r i ch c umul ate s 
that o c c ur w i th in te c toni te har zburgi te s . The se s tructural re l a tionships 
are i nc ompatible w i th dun ite forma tion prior to syntec ton i c  re c ry s tal l i z 
ation be cause dun i te and peri do ti te have di f fe rent me chani c a l  propertie s ,  
an d the dun i te bodi e s  would b e  t i ghtly fo l d e d  had the y  been in exi s tence 
at the t ime the foli a t ion and pre ferre d mine ral orient ations deve l ope d . We 
s ugge s t ,  there fore , that the dun i te s  forme d i n  s i t u ,  by me tasomat i c  trans 
fo rma tion o f  the pare n t  peri doti te . Perco l at i on o f  the i n fe rre d f l ui d  
phas e  a long a sys tem o f  bri ttle frac tures i s  s u gge s te d  by the i rregular 
branching patte rn o f  the duni te s , thei r  na rrow l ine ar mor pho l o gy , and the i r  
re l a t ive ly s harp boundari e s . The l arger grain s i ze o f  th e o l i vi ne s  i n  the 
dunite c an be e xp la i ne d  as s e condary grain growth dur i n g  the tran s form
ation , pre s e rvi ng the fabr i c  r e l ationships and the ori entation o f  the 
spine l  fo l i atio n . Petro l o g i c  evide nce s upporti ng th i s  hypo the s i s  i s  pres � 

e nte d be l ow . 

P e t r o graphy and M i ne r a l  Chem i s try 

P e t r o g r a p hy o f  the  P r i mary As s emb l a g e s  

The peri do t i te ( 5 3B )  s tudi e d  he re i n  de tai l  i s  a harzburgi te 
accordin g to the c l a s s i f i c ation of Th a y e r  an d Ja c k s o n  ( 1 9 7 2 ) .  The primary 
cons ti tuents are o l i vine ( 7 7 % ) , ens tati te ( 1 5 % ) , c a l c i c  a ugi te ( 8 % ) , and 
C r - s pinel ( <  1 % ) . The rock e xhibits a prono unced fo l i ation and l i ne ation 
in b o th o utcrop and thin s e c tion de fined b y  a gene r a l  para l l e l i sm of the 
longe s t  dimens ion o f  the mine ral grain s . The average grain s i z e o f  o l ivine 
is  2 mm . The pyroxe ne h a s  gene rally s i mi l ar dimens ions but some grains are 
a s  long as 1 em.  Spine l s  a re var i ab l e  in s i ze but are gene r a l l y  l e s s  than 
0 . 5  mm in di ame te r . The dun i te cons i s ts o f  o l i vine plus minor spine l  ( <  1 % )  
and a t race o f  sma l l  grains o f  c l i no pyroxene . The duni te di s p l ays the s ame 
s truc ture s as  the harzburgi te but the o l i vi ne i n  the duni te i s  c on s i derably 
mo re coar s e - graine d ( 5  mm) th an in the har zburgi te . 

Spine l grains within b o th ha r zburgite and dunite are chara c te r i z e d  
b y  s imi l ar morpho l o gi e s . They r ange from ro ughly equant anhe dral grains to 
hi ghly i r re gul ar b ranching s hap e s . Mo s t  grains are s l i gh tly e longate 
paral l e l  to the fo l i ation . Ol ivine i n  the dun i te tends to be xenomorphi c 
granul ar giving r i s e  to s trai gh t  grain boun dari e s  and 1 2 0 °  tri ple po i n t  
i n te rs e c tions . Te xtural re lations amon g s i l i c a te s  in the har zburgi te are 
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contras ting in that the pyroxe ne s  are h i ghly i r re gul ar i n  shape . Grain 
boundari e s  are embaye d or eve n  cuspate . C l i nopy roxene and orthopyroxene 
tend to be spati a l l y  a s s o c i a te d . S p i ne l  i s  ge ne ra l ly in cont act on ly wi th 
o l i vine but s ome grains are partly en c lo s e d  by bo th o r thopyroxene and 
o l i vine . 

Al t e r a t ion o f  Pr ima ry Mine r a l s  

Two s ta ge s  o f  a l teration o f  the primary mine ral a s s emb lage s are 
recogn i zed . The mo re recent i s  po s t-emp l aceme n t  s e rpentini z ation wh ich has 
re s u l te d  i n  l i z ardi te -chrysoti l e  pse udomo rph s a f te r  o l ivi ne and o rtho 
pyroxe ne . The s ample s tudi ed i n  deta i l  i s  approxima te ly 5 0 %  se rpentini ze d ;  
a fea ture wh i ch tends to obscure many detai ls  o f  primary and s e c on dary 
te xtural re lationships . The earlie r s ta ge o f  a l te r ation i s  represe nte d  by 
two hydration re action s wh ich may be re l a te d  to duni te fo rmat i on . These 
reactions are ( 1 )  the a l te ration of  primary chromi an s p ine l wi th i n  the 
dun i te s  and ( 2 ) re p laceme n t  o f  pyroxe ne s in th e ad j acent harzburgi te by 
c a l c i c  amphibole . The se two hydration reactions are di s c us s e d  s e parate ly 
be l ow .  

Al t e r a t i o n  o f  Pr imary Chromi an Sp ine l 

Prima ry di s seminated chromi an s p i ne l  gra i ns i n  the dun i te are i n  
p a r t  rimme d b y  Fe - r i c h , Al -poor fe rrian chromi te ( Fi g . 4 )  or an i ntergrowth 
of Cr-maghet i te and FeNi -me t a l . Iron-n i ck e l  s u l fide i s  a l s o  a s s o c i ate d  
w i th the magneti te -me ta l  a s s emb l age a l tho ugh i t  was n o t  observe d i n  a l l  
cas e s . In the har zburgi te near the conta c t  w i th the duni te , the s e  a l te r 
at ion paragene s e s  are sporadi c al ly pre sent i n  sma l l  amo unts b u t  in ge ne r a l  
the sp ine l s  w i th in the coun t ry rock harzburgi te are n o t  al te re d  ( F i g . 4 a ) . 
Th i s  re l at ionsh ip i s  obvious i n  o utcrop a s  a resul t o f  th e me ta l l i c  l us te r  
imparte d  t o  a l te re d  spine l  gra ins i n  the dunite s .  Whe re a s ub s tanti a l  
portion o f  an i ndividual s p i ne l  g r a i n  has be en repl aced b y  ferri an- chrom
i te ,  a rim o f  chromi an-chl o r i te a l s o  s urrounds the grain ( Fi g . 4 c , d ) . 

Ve inlets o f  serpentine wh ich c ro s s c ut broken s p i ne l  gra i ns also 
cut the alteration ove rgrowths s ugge s ting tha t  the l a tte r  are pre-s e rpent
ini z ation fe ature s .  The a s s o c i ation of fe rrian chromi te w i th the assemb
l age magne ti te + Ni Fe native me tal has not be e n  comp l e te ly re so lved i n  
gene ti c  te rms . Howe ve r , the lowe r oxyge n fugac i ty imp l i e d  b y  the magne ti te 
+ native me t a l  a s semb l a ge may be the re s ult o f  loca l equi l ibrati on w i th 
as s o c i at e d  s ul fi de ( Ec k s tra n d , 1 9 7 5 ) . Al te rnative l y , the s e  phase s may 
repre se n t  the furthe r al te ration o f  fe rrian chromi te during l ate r se rpent
ini z ation . Al tera tion of prima ry spine l gra in s  i n  the dun i te may have 
o c c urre d  mo st re adi l y whe re the y  we re i n  contact w i th pyroxe ne whe reas 
s pi ne l s  which we re i n c l uded in the s tab le ol ivine we re less a f fe c te d .  Thi s  
i s  corrobo rated b y  the work o f  Ev a n s  an d Fro s t ( 1 9 7 5 )  and On y e ago c h a  ( 1 9 7 4 )  
who found that the formation o f  fer r i an chromi te and chl ori te i s  an 
ens tati te - con s umi ng reac tion . 

Al t e r at i on o f  Pyr o x e ne s i n  the H a r z b ur g i t e  

Pale green anhe dral amphibole oc curs a s  sma l l  ( 0 . 1 - 0 . 5  mm) grains 
in  har z burgi te ad j acent to the dunite bodi e s . Amphibole i s  also re l atively 
wel l  deve loped around the ragge d ,  part i a l l y  res orbe d pyroxene s that occur 
at the har zbur g i te -dun i te co ntac ts al though i t  neve r  exc eeds one pe rcen t  
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Fi g .  4 .  Re flected l i gh t  photomi crographs o f  s p i ne l s  from har zburgi te 
and dun i te i n  s ample 5 3B .  ( A )  Typical una l te re d  s p i ne l  of harzburgi te 
l acks ferrian chromi te r i m .  (B ) Altered spine l from duni te showing one 
of two al te ration paragene s e s . The r im o f  h i gh reflec tance ( m )  around 
the una l tered core cons i s ts of an i r regular intergrowth of magne t i te and 
more hi ghly reflectant FeNi -me tal . (C , D )  Spine l s  ( C r )  with rims o f  
fe rrian chromi te ( f ) s ur ro unded b y  chlori te ( c l ) . Note that the wi dth 
of the chlori te halo is approxima te l y  proportional to fe r r i an chromite 
rim.  A l l  chromi te grains in 5 3B are frac tured as the re sul t  o f  l ate 
s e rpenti n i zation . The se rpentine f i l l e d  fractures general ly c ut bo th 
unal tered core s and a l te ration r ims w i thout producing a s ub s tanti al 
a l t� ration zone . 
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in abundance . At a di s tance o f  0 . 5  and 3 . 0 em from the con tac t ,  amphibole 
become s  progre s s i ve l y l e s s  abun dant and it gene r a l l y  is ab sent from har z 
burgi te that i s  not c l o se ly a s s o c i a te d  wi th dunite bodie s .  The amph ibo le 
invariab ly o c c urs as  a rep l a c ement produc t of pyroxe ne s , us ua l ly along 
gr ain b o un daries where it o c c urs a s  n a r row e l ongate patche s . Le s s  commonly 
it is obse rve d in mi c rove i n le ts cros s -c utting py roxene s .  Vol ume chan ge s 
are not indi c a te d  by the textural re l a tionships . 

Mine r a l C h e m i s t r y  

Mi c roprobe ana l y s e s  o f  prima ry and s e c ondary minerals in the 
dun i te and har zburgi te we re made i n  th e John son Space Cen te r  ( JS C )  l abor
a to ry on a three channe l ARL- EMX mi croprobe us ing natural s tandards . The 
data we re tak e n  from one thin s e c ti o n  o f  s ample 5 3B across  the contact 
between dun i te and harzburgi te . Re pre senta ti ve ana lyse s of pha s e s  from 
both l i tho logies are l i s te d  in Tab l e  1 .  Py roxe ne and amphibo le anal y s e s  
repre s ent s ingle po ints , whe reas o l i vi ne a n d  chromi an spine l  d a t a  are 
ave rage s of 5 -1 0  c l o s e l y  spaced spo t  ana l y s e s  i n  the cente r s  o f  grains 
( 1 0 0  �m di ame te r ) . Pyroxe ne analy se s record the compos i tions o f  rims 

which , in  c ontra s t  to the core s , gen erally l ack exs o l ution l ame l lae . 
Howeve r , eve n  the ho s t  analy s e s  demon s trate s ome he te ro gene i ty w i th i n  and 
be tween gra ins , parti cularly w i th respe c t  to Al and C r . No sys temat i c  
va ri a t ion wi th respe c t  to di s tance from amphibole grains was fo un d . 
Analyses  o f  pyroxene s and amphibo l e s  we re made on coexi s t i n g  grain s . 

In gene r a l  the mine r a l  chemi s try o f  the two l i thologi e s  i s  quite 
simi l ar ( particul arly for the o l i vi ne s )  al though s ome sma l l  but important 
compos i t i onal di f fe rences e xi s t ,  espe c i a l ly in  the two s p i ne l population s . 
O l i vine i n  the harzburgi te spans a ve ry n arrow c ompo s i tional r ange 
( Fo 6 9  4 - 8 9 . 6 ) tha t  a l s o  is typ i c a l  of ana lyzed grains in the dun i te . Some 
gralns in  dun i te ,  s uch as  the one l i s te d  i n  Tab l e  1 ,  are s l i gh tly more 
magn e s i a n  ( Fo 9 0 _ 9 o 5 ) .  On ly two sma l l  grains o f  c a l c i c  pyroxene ( 1 5 0  �m) 
are pre s e n t  in duni te in the th in s e c tion s tudied . The c ompos i ti o n  o f  
th ese grains f al l s  wi th i n  the r ange o f  tho s e  analy zed i n  the harzburgi te 
in te rms o f  b o th ma j or and mi nor e l ements . 

The chromi an spine l s e xhib i t a more complex p atte rn o f  compo s i t
ional variation ( Fi g s . 5 and 6 ) .  The spine l s  i n  the ha r z b urgi te a re un zon
e d  and have a ve ry l imi te d compos i tional range as compared w i th s p i ne l s  i n  
the dun i te ; they are charac te ri z e d  b y  s l i ghtly l owe r Cr/ ( C r+Al ) and h i gher 
Mg/ ( Ng+Fe ) . In addi tion to the cons p i c uo us rims o f  fe rri an chromi te l 
( MgO < 1 0 % ,  Al 2 0 3 < 5 % ,  Fe O to ta l  > 5 0 % )  and ma gne ti tite + native me tal , 
sp ine l s  in  the dun i te exhib i t  cry�t i c  c ompo s i tion al zoning whi ch i s  charac 
te ri z e d  by an increase i n  Fe , Fe + /Fe +2 , Ti and Cr from core to rim . Near 
the r ims the chemi c a l  zon i ng b e c ome s ve ry i rregul ar , making a c c ur a te 
ana lys i s  di f f i c ul t .  The compos i tion o f  one spine l rim from a grai n wh ich 
l a cks opt i c a l  zoning is  plo tte d  on Figs . 5 and 6 .  

Te n amphibo le grai n s  from four a re a s  in  s e c t i on 5 3B were analy zed 
by e le c tron mi c roprobe . A repre sentative analy s i s  i s  inc luded in Tab l e  1 .  
The se amphibo l e s  are i n te rme di ate membe rs o f  the s o l i d  s o l ution s e r i e s  
betwe e n  tremo l i te a n d  pa r g as i te . The Fe/ ( Fe +Mg ) o f  the ana l y z e d  grains 
range s from 0 . 0 8 to 0 . 1 1 and (Al+Na ) / 4 ranges f rom 0 . 6 0 to  0 . 6 5 ( s e e  Ern s t ,  
1 9 6 8 ; Fi g .  1 0 ) . The concentrations of  chromi um ( 1 . 1 - 1 . 7  wt . % c r2 o 3 ) ,  

1 Quanti tat ive analy s e s  o f  fe rri an chromi te a re no t  repo rte d due to the i r  
extreme i nhomogene i ty ,  poor po l i s h  a n d  a n  uni denti f i e d  s i l i c a te pha s e  
whi ch wa s sporadi c ally p r es e n t . 
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K 2 o 

To t al 

S i  
T i  
Al 
Cr 
F e + 3 
F e + 2 
Mn 
Mg 
C a  
N i  
Na 
K 

T o t a l  

Wo 

En 

Fs 

Fo 

C r / C r +A l  

Mg/Mg + F e  

H z  

O P X  

5 5 . 3 
0 . 0 5 
2 . 9  
0 . 5 2  
n . d . 
6 . 8  
0 . 1 7 

3 3 . 3  
0 .  7 2 
n . d . 
0 . 0 0 
n . d .  

1 0 0 . 5 0 

1 . 9 2 3  
0 . 0 0 1  
0 . 1 1 7  
0 . 0 1 4  

0 . 1 9 8  
0 . 0 0 5  
1 . 7 2 4  
0 . 0 2 7  

4 . 0 0 2  

1 . 4 

8 8 . 5  

1 0 . 2  

n . d .  

' 
" -: ' 

TAB LE 1 

H z Dun . H z  H z  H z  Dun . Dun . 

C P X  C P X  Amph . O l i v . Sp i n .  O l i v .  Sp i n . 

5 2 . 9  5 3 . 1  4 7 . 8  4 0 . 4  n . d .  4 0 . 9  n . d .  
0 . 2 3  0 .  3 2  0 . 5 7 n . d .  0 . 1 5  n . d .  0 . 3 0 
3 . 3  2 . 1 1 1 . 5  n . d .  3 6 . 1 7  n . d .  3 3 . 6 2 
1 . 0 3  0 . 6 1 1 . 4 n . d . 2 9 . 9 1 n . d .  3 0 . 7 0 
n . d .  n . d .  n . d .  n . d .  3 . 3 9 n . d .  4 . 4 1  
2 .  2 2 . 1 3 . 3  1 0 . 2  1 7 . 1 3  9 .  2 1 8 . 1 3  
0 . 1 2 0 . 0 4 0 . 0 8 0 . 1 5 0 . 2 4 0 . 1 4 0 . 2 5  

1 7 . 3  1 7 . 8  1 9 . 5  4 8 . 5  1 3 . 5 0 4 9 . 3  1 2 . 5 4 
2 3 .  2 2 4 . 4  1 1 . 2  0 . 0 3 n . d .  0 . 0 0 6  n . d .  

n . d .  n . d .  n . d .  0 . 2 7  n . d .  0 . 2 9 n . d .  
0 . 1 9 0 . 1 5  2 . 1 n . d .  n . d .  n . d .  n . d .  
n . d .  n . d .  0 . 1 7  n . d .  n . d .  n . d .  n . d .  

9 9 . 8 0 1 0 0 . 6 0  9 7 . 5 7  9 9 . 6 0  1 0 0 . 4 9 9 SJ . 8 0 9 9 . 9 5  

1 .  9 1 2  1 .  9 2 2  6 . 6 8 8  0 . 9 9 8 1 . 0 0 2  
0 . 0 0 6  0 . 0 0 9  0 . 0 6 0  0 . 0 2 6 0 . 0 5 4  
0 . 1 4 2  0 . 0 8 9  1 . 8 9 6  9 .  9 7 1  9 . 4 8 7  
0 . 0 3 0  0 . 0 1 7  0 . 1 5 5  5 . 5 2 9 5 . 8 0 9  

0 . 5 9 8  0 . 7 9 5  
0 . 0 6 8  0 . 0 6 4  0 . 3 8 6  0 . 2 1 0  3 . 3 4 9  0 . 1 8 8  3 .  6 3 0 

0 . 0 0 1  0 . 0 0 9  0 . 0 0 3  0 . 0 4 7  0 . 0 0 3  0 . 0 5 1  
0 . 9 3 0  0 . 9 6 2  4 . 0 6 7  1 . 7 8 5 4 . 7 0 4  1 . 8 0 3  4 . 4 7 3  
0 . 8 9 8  0 . 9 4 7  1 .  6 7 9  0 . 0 0 1  0 . 0 0 0  

0 . 0 0 6  0 . 0 0 6  
0 . 0 1 3  0 . 0 1 0  0 . 5 7 0 

0 . 0 2 9  

4 . 0 1 0  4 . 0 2 1  1 5 . 5 4 0  3 . 0 0 3  2 4 . 2 2 4  3 . 0 0 2  2 4 . 2 9 8 

4 7 . 4  4 8 . 0  

4 9 . 0  4 8 . 7  

3 . 6  3 . 3  

8 9 . 4  9 0 . 5  

0 . 5 4 4  0 . 5 0 3  

0 . 3 5 7  0 . 3 8 0  

no t  de t e rm i ne d ,  F e + 3 i n  s p ine l c a l cul a t e d on the 
a s s ump t i on o f  c h a r g e  b a l anc e and s to i c h i o me try . 
C a t i o n s  c a l cul at e d  on the b a s i s  o f  6 , 2 3 , 4  and 3 2  
oxyge ns fo r pyroxene , o l iv . , amph . an d s p i ne l . 
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Fig . 5 .  Compo s i t iona l  var iat ion i n  chromian spine l s . F i eld o f  alp ine 
per ido t i te spine l s  a f te r  Ir v i n e  and F i n d l ay ( 1 9 7 2 ) . Note the large r  
range o f  chemica l  var iation i n  the dun i te which trends toward t h e  r im 
compo s i tion . 
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sodium ( 1 . 9 - 2 . 2 wt . % Na 2 0 )  and ti tani um ( 0 . 5 6 - 0 . 8 8 wt . % Ti 0 2 ) are a l l  
marke dly h i gh e r  i n  the amphibo l e  than in  the pyroxene that i t  has rep lace d . 

I n t e rp r e t a t ion o f  t h e  Mine r a l  C h emi s t ry 

The s imi l a r i ty of spinel and c l i nopyroxe ne compos i tions i n  harz 
burgi te and dun i te s ugge s ts tha t  in  the duni te the s e  two pha s e s  are rel i c s  
tha t  have s urvive d  t r ans forma t i on w i tho ut s ubs tanti a l  chemi c a l  change . 
Howe ve r ,  the re l a tionsh i ps are s omewhat o b s c ured a s  the re sul t o f  s l i gh t  
modi f i c a t i on o f  the prima ry spine l chemi s try due po s s ib l y  t o  parti al 
reequi l i b r at ion during me tas oma t i sm o r  l ater s e rpentini z ation . Thi s  view 
i s  cons i s te n t  wi th ob s e rvations o f  s pi ne l  se gre gat io ns and gho s ts o f  
pyroxene concen trations that e x tend i n to the dun i te from the ho s t  p e r i do 
t i te . 

Ev a n s  a n d  Fro s t  ( 1 9 7 5 ) , Ony e ago c h a  ( 1 9 7 4 )  and B l i s s  an d Ma c L e a n  
( 1 9 7 5 )  e x amine d textura l a n d  compo s i tional re l ations be twee n  p rima ry 

ch romi an spinel and a l te rat ion products , ma gne ti te and fe r r i an chromi te 
( or fe rri tchromi te ) .  The s e  authors are in agreeme n t  that magn e t i t i te o r  

Cr-ma gne ti te i s  a typ i c al pr oduc t o f  s pi ne l  a l te ration du ring l i zardi te 
chrysot i l e  s e rpen ti ni z a t i on whe re a s  fe rri an ch romi te + chlo r i te i s  
characte r i s t i c  o f ,  re l a t i ve ly h i gh tempera ture me tamo rph i s m  ( greens ch i s t  to 
uppe r amphibo l i te f a c i es ) . Ev a n s  a n d  Fro s t  ( 1 9 7 5 )  and B l i s s  a n d  Ma c L e an 
( 1 9 7 5 )  e mph as i z e  the comp l e x i ty of th ese a l te r a tion par agene s e s  and the 

dive rs e  contro l s  on the compo s i tion o f  me tamo rphi c  C r - s p i ne l . In ge ne ral , 
howeve r ,  compo s i tional change wi th fal l i ng tempera ture ( i n the pre s e nce o f  
H 2 0 )  tends t o  invo l ve a de cre a s e  i n  the MgA1 2 o 4 c ompone n t  o f  the s pine l 
w i th the accompanying forma t ion o f  chlori te ; th e s p e c i f i c  reaction depe nd
i n g  o n  the coexi s ti n g  s i l i c a te phase s .  E v a n s  a n d  Fro s t ( 1 9 7 5 )  recogni z e  
f i ve reacti ons corre sponding t o  equi l ib r i a  betwee n  s p inel , c h l or i te and 
coexi s ti n g  ma gne s i um s i l i c a te mine ral s .  The h i ghe s t  grade re action appears 
to be di r e c t ly appl i c abl e  to the C anyon Mountain e xample : 

chl ori te � 2 enstati te + o l i vi ne + MgAl 2 0 4 + 4 H2 0 

I t  i s  pos s ib l e  that th e fe rri an chromi te al te ration r i ms and the apparently 
me tas tabl e  tre nd tow a rd h i gher C r/ ( C r+Al ) i n  dun i te s p i ne l s  c an b e  e xpl a i n 
e d  b y  thi s reaction . Trends towa rds h i gher Fe+ 3;pe +2 rati o s  and h i gher 
Ti 0 2 obse rve d i n  the C anyon Ho un tain dun i te s p i ne l s  a re anothe r charac te r 
is ti c fe a ture o f  th e alte ration o f  primary chromi an s p i ne l  ( On y e a g o c h a , 
1 9 7 4 ) . 

. 

Parti al me l ti ng o f  s pine l pe r i do ti te accomp an i e d  by e xtra c t i on o f  
the re s ul ting me l t  produc e s  sys temati c change s  i n  the propo rtions and 
compo s i tions of the re s i dual ph a s e s  ( Ca r te r ,  1 9 7 0 ; Di c k , 1 9 7 7 ) . Compos 
i ti onal t rends e xpected i n  me l t - re s i due s y s tems in c l ude an incre as ing 
Cr/ ( C r+Al ) i n  re s idual s p i ne l  due to e xtreme pre fe ren t i a l  parti tion i n g  of  
chromi um i nto s p i ne l  whi le coexi s ti n g  o l i vine become s  mo re magne s i an .  The 
fina l mine ral chemis try i s  a complex f un c t ion o f  th e degre e o f  part i a l  me l t  
e x tracte d a s  we l l  a s  T ,  P and f 0 2 and reequi l i b ration during coo l i n g  
( Ir v i n e , 1 9 6 7 ;  Hi l l  an d Ro e dde r , 1 9 7 4 ; My s e n , 1 9 7 5 ; D i c k , 1 9 7 7 ) . Petro 
gene t i c  proce s s e s  which c ou l d  p roduce w i de l y  vary i n g  C r/ ( Cr+Al ) i n  harz 
burgi te sp ine l s  i n c l ude s e n s i tivi ty o f  the spine l to degree o f  parti al 
me l t i n g  and reac tions invo l vi n g  var i ab l e  amoun t s  of trapped me l t  s ub s e q ue n t  
t o  th e f us ion e ven t .  The sma l l  comp o s i tiona l  di f fe rence be twe en spine l s  
i n  h a r zburgi te and adj acent dun i te ( cores ) i n  the Canyon Mo unta i n  pe r i do 
ti te i s  tri vi a l  compare d wi th the total range o f  spinel compos i tions foun d  
in indivi dual har zburgi te bod i e s  ( Fi g . 5 ) . In c on tras t t o  th i s  l imi ted 
Cr/ ( C r+Al ) trend there i s  a re l a t i ve ly l a r ge de c re ase i n  Mg/ ( Mg+Fe ) i n  
s p i ne l  wi th l i t tle o r  n o  change i n  o l i vine compo s i tion from har zburgi te to 
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duni te . Thus , a s ide from the evidence that the compo s i t ional d i f ferenc e s  
betwe en har zburgi te and dun i te s pine l s  a r e  the re sul t o f  sub s o l idus a l ter 
ati on , the o l i vine-spinel  compo s i tions i n  the d un i te are not who l l y  con
s i stent with an ori gin by par t i a l  me l ti ng o f  parental har zburg i te . 

The equiva l enc e o f  o l i vine compo s i tions i n  d un i te and har zburgite 
c an be e xp l a i ned only i f  the petrogenetic proce s s  that produced the dun i te 
pre served the bulk Mg/Fe o f  the har zbur g i te . The ne arly ident i c a l  
Mg/ ( Mg+Fe ) o f  t h e  coexi s ti ng o l ivine and o'rthopyroxene i n  the har zbur g i te 
i nd icates tha t th i s  constra int would be sati s fied by a me ta soma t i c  trans 
formation i f  the r e a c t ion wa s e s s e nti a l l y  an incongruent bre akdown o f  
pyroxe ne s ( to form ol ivine ) s uc h  tha t S i  and Ca  ( p lus minor Cr , Al , T i  and 
a l ka l i e s ) we re removed from the o r i g i nal a s sembl age . The more magne s ian 
ol ivine may have formed because iron was pr eferenti a l l y  part i t ioned into 
ferrian chromi te ( or magnetite-meta l ) or because of the bre akdown of c l ino
pyroxene , wh ich has  a h igh Mg/ ( Mg+Fe ) ratio re l a t ive to o l ivine and 
or thopyroxene . 

D i s cu s s i on o f  Amp h i b o l e  C h em i s t r y  i n  Re l at i o n  t o  O t h e r  O c cur r e n c e s  

Amphibo l e s  i n  ul trama f ic rocks suppo s ed l y  der ived from the uppe r 
mant l e  have been d i scus sed in  many paper s . A few ul trama f ic xeno l i ths have 
been interpre ted as fragme nts of undepleted ma ntle in whi ch the amph ibo l e  
i s  a pr imary pha se ( Va r n e , 1 9 6 8 ;  Er l an k  and F i n g e r , 1 9 7 0 ) . Ano ther group 
o f  occurrenc es conta ining kear sut i t i c  to parga s it i c  amph ibo l e  are inter
preted a s  the result o f  crysta l l i z a tion o f  hydrous ba s a l t i c  me l t  a s  me ga
crysts ( Ke s s o n  and Pr i c e , 1 9 7 2 ) , a s  intercumul us pha se s in deep - s e a ted 
magma chambers ( B e s t ,  1 9 7 4 ) ,  and as the re sul t  o f  reac tion betwee n  trapped 
hydrous me l t  and re s i dual ma ntle ( Co nq u e r e , l 9 7 l a , b ;  Wi l s hi r e  and Tr a s k , 
1 9 7 1 ;  B e s t ,  1 9 7 4 ;  Fr e y  and Gre e n , 1 9 7 4 ; Fr a n c i s  a n d  D i c k e y , 1 9 7 4 ) . 

Parga s i t i c  amph ibo l e s  broad l y  s im i l a r  in c ompo s i t ion to tho s e  
ana lyz ed in th i s  s tudy , o c c ur a s  an i nter s t i t i a l  pha se in s everal xen o l i th 
suites ( Whi t e ,  1 9 6 6 ;  B o y d , 1 9 7 1 ; Wi l s h i r e  a nd Tr a s k ,  1 9 7 1 ;  A o k i and Shi b a , 
1 9 7 3 ;  Sm i t h e t  a l . , 1 9 7 3 ;  Gr i ffe n , 1 9 7 3 ;  B e s t ,  1 9 7 4 ; and Fr a n c i s and 
D i c k e y , 1 9 7 6 ) . They d i f f er from the Canyon Mounta in amphibo l e  i n  tha t  they 
are genera l l y  more Cr , Al , T i  and a l ka l i -r ic h . In mo st of the se examp l e s  
the format ion o f  amph ibo l e  can b e  d i rec tly r e l a ted t o  the bre akdown o f  a 
c hromian phase or pha s e s  in the pre s ence o f  H 2 0 -vapor . The h igh alkal i 
c ontents o f  the amphibo l e s ( and a s soc i a ted phlogop i te )  r e l a t ive to the . 
par ent al a s s emblages requir e s  add i tion o f  Na and K by the vapor . 

Rar e ,  magne s ian parga s i t ic tremo l i te s  from the Twin S i s te r s  
duni te , Wa shington are s im i l a r  in general charac ter to tho se d i scus sed 
above ( Ony e a g o c ha , 1 9 7 3 ) . S evera l l ines  of evidenc e indic ate tha t  the 
amphibo l e s  in the Twi n  S i s ters formed by r eac t ion between pr imary pha s e s  
i n  the perido t i te and a lk a l i - r ich vapor . L i ke the Canyon Mountain perido
tite the Twi n  S i s ter s i s a deple ted har z bur gi te -dun i te . I f  one accepts 
that hydrous mineral s are part of the low-me l t i n g  frac tion o f  mantle 
lher z o l i te s ,  and are there for e l o st dur ing partial me l ting , parga s i tic 
amphibo l e  and rare a s soc iated phlogop i te are not pr imary c on s t i tuents . 
The alka l ie s  and H 2 0 bo und i n  the se pha s e s  are be s t  expl a ined a s  having 
been i n trod uc ed subs equent to an e arl i er ep i sod e o f  very exten s ive partial 
me l t ing.  and extrac tion o f  l iquid . O n y e a g o c h a  ( 1 9 7 3 ) ha s e s tabl i shed tha t  
bo th or thopyroxene a nd c l i nopyroxene reacted w i th vapor t o  produce 
amph ibo l e  and o l ivine . 
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D I S C U S S I ON 

Add i t i on a l  Examp l e s  o f  Dun i te F o rme d b y  Me t a s o ma t i s m 

Ir v i n e  ( 1 9 6 7b )  has recogn i z e d  l arge c ro s s c utting dun i t e  bodie s  i n  
pyroxene - r i ch c umul ate s o f  the Duke I s l and l aye red comp le x . He at trib ute s 
the i r  o r i g in to me t as oma t i c  trans forma tion on the b as i s  o f  f i e l d  re l ations 
th at demon s trate that rel i c t  primary l aye ring con t i nue s  in to the dun i t e  
w i thout di s r upti on . In addi tion , the s e  bod i e s  o c c ur w i t h  coar s e - gra ined 
pe gma toids  and coarse recry s t a l l i ze d  z one s th at c ro s s c u t  c umulus l aye ring . 
Thus , this o c c urrence s upports the concept that dun i te s may be forme d  by 
me tasoma t i c  trans forma t ion of pyroxene -bearing p e r i doti te s a t  s ub s o l i dus 
tempe rature s .  

Wi th i n  the Bushve l d  Comp l ex th ere are i rre gul a r  c o l umnar - shaped 
mi ner a l i z e d  bodi e s  ( pi pe s ) c ompose d  princ i pa l l y  of o l ivi ne . The local i z 
a t i on o f  minera l i z a tion , the way i n  wh ich chromi te s e ams p a s s  thro ugh the 
pi pe s ( albe i t  s omewhat d i s turbe d ) , and the di re c t  replaceme n t  o f  o rtho 
pyroxene by o l i vine p l u s  a s s o c i ated i ron-ri ch dun i te ve in l e t s  a n d  a s s o c i at
e d  hornble nde - di a l l a ge -o l i vi ne pegma to i d ,  all s ugge s t a re p l a c eme nt ori gin 
( He c k ro o d t , 1 9 5 9 ) . 

Ano the r  examp l e  o f  duni te bodi e s  cros s c utting l aye red c umul a te s  
ha s been de s c ribed i n  detai l  b y  He s s  ( 1 9 6 0 )  from the l ower Ul trama f i c  Zone 
of the S ti l lwate r  Comp le x .  The s e  bodi e s  o c c ur as both l a r ge i r r e gul a r  
mas s e s  a nd as sma l l  ve ins and dike - l i k e  tabu l a r  bodi e s  tha t  c u t  prima ry 
c umul us l aye r i ng i n  the country- rock har zburgi te s and b ron z i ti te s  a t  
var i o us angle s . A s  i n  the Canyon Moun tain dun i te bodi e s , o l ivine i s  coars 
e r than i n  the a d j acent c umul ate s , chromi a n  s p i ne l  i s  r i mme d  by ma gne ti te 
and py roxenes w i th i n  har z b urgi te a t  the margin o f  duni tes are parti a l l y  
rep l a c e d  b y  c o l or l e s s  c a l c i c  amphib o l e . O l i vine dire c tly repl ac e s  bron z i te 
at d un i te marg ins . S harp-bo rde re d remnants o f  harzburgi te w i th i n  the 
dun i tes a re unro tate d , i nd i c a ting in s i t u  formation o f  the duni t e . 

Temp e r ature  o f  F o rma t i on and Nature  o f  t h e  Vap o r  Ph a s e 

On the b as i s  o f  the mi ne ral o gy o f  the ho s t  pe r i do ti te and the 
mine ral a s s emb l a ge of the duni te bodi e s , two po s s ib l e  tempera ture r e g ime s  
invo l vi n g  s e pa r a te pha s e  equi l ibri a are s ugge s te d . On the b a s i s  o f  equi l 
i b r i a  de r i ve d  f rom the s tudy o f  progre s s i ve ly me tamo rpho s e d  and dehydrated 
s e rpent i n i te s , the upper tempera ture l imi t for d unite f o rma t i on may be 
de f i ne d by the lowe r s tabi l i ty l imi t of the as s emb l a ge fors te ri te + 
ens tati te + H 2 0 wh ich i s  appro ximate l y  7 0 0 ° C  a t  2 kb ( Gr e e nw o o d , 1 9 6 3 ) . 
I n s tabi l i ty o f  diops i de + for s te r i te + H 2 o o c c ur s  a t  s ti l l  lowe r tempera 
tur e s  r e s ul t i n g  i n  the forma tion o f  c a l c 1 c  amph ibole + ol ivine ( Tr o mm s do rff 
a n d  E v an s , 1 9 7 2 ) . The presence o f  c o 2 i n  the vapor pha s e  wi l l  s l i ghtly 
e xp and the o l i vi ne -ens ta ti te s tab i l i ty f i e l d  to lowe r temperature s ( Ev a n s  
a n d  Tr o mm s do r ff ,  1 9 7 4 ) .  Temperature s o f  l e s s  than 7 0 0 ° C  a r e  compatible 
w i th th e chromi te a l te ration a s s emb l a ge , fe rri an chromi te + chlori te ( Ev an s  
a n d  Fr o s t ,  1 9 75 ;  Fro s t ,  1 9 7 5 ) . 

Exp e rime n ta l  s tudi e s  by N a k a m u r a  a n d  Kus h i ro ( 1 9 7 4 )  i n  the s y s tem 
Mg2 S i 0 4 - S i 0 2 -H 2 0  i ndi c a te tha t  e ns tati te be come s  un s tab l e  i n  the pre s ence 
o f  vapor a t  s ubs o l i dus tempe r ature s much highe r tha n  7 0 0 ° C . The va por 
coexi s ti n g  wi th fo rs te ri te and ens tati te con tai ns 1 8 we i gh t  percent S i 0 2 a t  
l 2 8 0 ° C .  Thi s  h i gh s i l i c a- s o l ub i l i ty provi de s a n  e f fi c acious me chani sm 
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fo r removal o f  S i  f rom a h a r zburgi te i n  a n  open s y s tem i n  wh ich vapo r  i s  
mig rato ry . N a k amura a n d  Ku s h i ro ( 1 9 7 4 )  i n f er tha t  the s o l ub i l i ty o f  s i l i c a  
i n  H 2 0 -vapor wi l l  decre a s e  wi th decre as i ng pre s s ure . The presence o f  C 0 2 
i n  th e vapor e xp ands the Fo + En s tab i l i ty f i e l d  by l owe r i n g  S i - s o l ub i l i ty 
( Eg g l e r , 1 9 7 5 ) . The l a te - s tage timing o f  the Canyon Mo unta i n  dun i te s  
indi c ate s tha t  they forme d a t  lower pres s u re s . Howeve r ,  i f  the 1 5  Kba r  
ph a s e  re l ations  e xten d  t o  l owe r pres s ur e s  ( and perhaps a l s o  l owe r temp e r 
a ture s )  thi s wo rk pr e s e n ts a mo re attrac t i ve a l ternative th an the lowe r 
tempera ture mod e l  d i s c us s ed above . 

Wh i l e  c a l c i c  amphi bo le i s  probably s table i n  bo th temperature 
regime s  d i s c us s e d , it is un l i k e l y  tha t  the s p i ne l  a l teration as semb l ag e s  
a r e  a s s o c i a te d  wi th the h i gh temperature regime unl e s s  they r e pr e s e n t  a 
me ta s tab le retrograde e f fe c t . The con tras ting s p ine l - a l te ration i n  the 
har zburgi te and dun i te may , there fore , be a f unc ti on o f  s e rpentini z a ti on i n  
di f fe re n t  bulk sys tems n o t  gene t i c a l ly r e l ate d t o  the formation o f  the 
duni te . 

H i gh a l k a l i -conten t s  i n  s e c ondary amphibo l e  re l a ti ve to pyroxene 
in the Canyon Moun tai n p e r i do ti te are typi c a l  of s e con dary amph ibole in 
mant l e  pe r i do ti tes and appear to indic a te i n i ti a l ly h i gh a l k a l i -conc en
trat ion s in the metasoma t i c  f l uid . The pre s ence o f  S i n  the me tasoma t i c  
f l ui d  i s  i nd i c ated b y  the mi nor s ul f i de i nte r grown w i th the ma gne ti te 
me tal as semb l age i f  indeed t h i s  a l te r ation occ urre d dur i ng d un i te - formation 
rathe r than dur i ng s e rpen ti n i z ation . The removal o f  Ca  in  s o l u ti on f rom 
ul tr ama fic ro cks dur i ng s e rpen ti ni z ation is a ve ry e f f i c ient p roc e s s  eve n 
though i t  oc curs a t  l ow temp era ture s ( B ar n e s a n d  O ' Ne i l ,  1 9 6 9 ) . Thus the re 
i s  no re ason to a s s ume tha t Ca could no t be remove d i n  s o l ution dur i n g  
h ighe r temp e r ature me ta soma t i s m  i n  t h e  Canyon Moun tain e xamp l e . 

S o u r c e  o f  t h e  P o s t u l a t e d  Vapo r Pha s e 

I f  dun i te - forma tion occurre d i n  the h i gh - temperature re g ime ( a s  
oppo s e d  t o  7 0 0 - 8 0 0 ° C ) , then they may re f le c t  r e ac t i on s  betwee n  r e s i dual 
pe rido ti te and vapor a s s o c iated wi th sma l l  amo unts of trappe d parti al me l t  
wh ich we re not e f fe ctive ly s e gr e gate d . Kay ( 1 9 7 5 )  h a s  propo s e d  th at one 
pos s ib l e  conseque n c e  of c oo l i ng of the o c e an i c  l i tho s phere is that vo l at i l e  
spe c i e s  s uch as aque ous vapor and alkal i e s  c o u l d  be trapped i n  the mantle 
be low a progre s s i ve l y  th i ck e n i ng s l ab of pe r i do ti te tha t is coo l e d  to 
tempe r a tures be low i ts s o l i dus . De forma tion o f  th i s  uppe rmo s t  man t l e  could 
the n  cre ate frac ture s y s tems along whi c h  the vapor mi ght mi grate upwards , 
in wh i c h  c a s e  i t  could re s u l t  i n  the produc tion o f hydro us me l t  by l o c a l  

, reme l ting o f  p a rt i a l l y  d e p l e te d  per i do ti te s . At l owe r temperature s ,  s ub 
s o l i dus me tasoma t i c  reactions s uch as tho s e  pos tul ate d i n  th i s  pape r  m i gh t  
o c c ur . Po s t- te cton i c  i nt rusive bodi e s  o c c ur i n  the Canyon Mountain 
c omp le x ,  but a s pati al re lationship b e twe en the i ntrus ions a nd the dun i t e  
bod i e s  i s  not ob s e rve d . The r e f o re , the re i s  no di rect eviden c e  l i nk i n g  
dun i te formation t o  late - s ta ge ma gma ti sm .  De r i v a tion o f  the i n ferred vapor 
phase from the man tle i s  favored due to the demon s trate d  e f fi c acy o f  
man tle -me ta soma t i sm recorded i n  s e ve r a l  xe no l i th s ui te s  and the ne ed for a 
s i l i c a-un de r s aturate d flui d . 

An a l te rnative me chan i sm i s  that o f  s e a  wa te r  c i r c ul a ti ng down
ward i nto the ocean i c  crus t a l on g frac ture s .  S e rpentini z at ion o f  ultra
ma fic rocks and a l te r a t i on and me t amorph i s m  of  vo l canic an d p l uton i c  ro cks 
o f  the s e a floor i s  a w i de l y  ac cepte d  me tamo rph i c  p roce s s  ( s e e  Mi y a s h i ro , 
1 9 7 3 ) . Howe ve r , det a i l e d  s tudie s o f  me tamorp h i c  zona tion i n  oph i o l i te 
comple xe s  i nd i c ate that s e awa te r  penetra tion apparen tly doe s not e x te nd to 
de pth s b e low the to p o f  layer 3 ( Ch r i s t e n s e n  and Sa l i s b ur y , 1 9 7 5 ; De Wi t 
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an d S t e rn , 1 9 7 5 )  e xcept along ma j or frac ture zones whe re ul trama f i c  ro cks 
are e xpo sed and s e rpen tini z e d . 

) 
Po s t-emplacemen t  me tasoma t i s m  o f  hot perido ti te s  by i nva s ion o f  

coun try-rock wate r  h a s  been s ugge s te d  b y  Mc Ta gg a r t ( 1 9 7 1 )  a s  a me chan i s m  
f o r  produc i ng cros s - c utting dunite an d pyroxeni te bodie s .  Th i s  mo de o f  
ori g in i s  gro s s ly comp a tible wi th s truc tural re l at i on s  i n  the C anyon 
Mo untain complex but i t  i s  c on s i de re d  un l ik e ly on pe tro l o gi c  grounds due 
to the di f fi c ul ty of der i vi n g  a s il i c a -undersaturate d  f l u i d  from a crus tal 
source . 

Summary and  C o n c l us i on s  

Two i ndependent l i ne s  o f  e vidence h ave been comb ined i n  order to 
de ve lop an i n te gr ate d hypo the s i s  for the o r i g i n  of dunite bodi e s  i n  the 
C anyon Moun ta i n  oph i o l i te ; a hypo the s i s  f i r s t s ugge s te d  for dun i te - fo rm
ation by B o w e n an d Tu t t l e  ( 1 9 4 9 ) . Cri t i c a l  s truc tural re l a tions indicating 
tha t  the dun i te bodi e s  trans e c t  fol i at i on i n  combin ation w i th fab r i c  data 
demon strating the pre fe rred orienta tions i n  dun i te an d coun try rock harz 
bur gi te forme d  s imul taneous ly are only recon c i l ab l e  wi th po s t- te c ton i c , 
i n  s i t u trans fo rmation o f  parental h a rzburgi te . Con s i deration o f  a l te rn 
at i ve pe troge ne t i c  me chani sms that might form sma l l  tabu l a r  c ro s s c utting 
dun i te bodies s ugge sts that thi s  type o f m o rp ho l o g y  coul d re s ul t  from i nt
rus io n o f  magma t i c  dun i te o r  ve ry loca li z e d  pos t - te c tonic anate x i s .  As i de 
f rom the proh i b i t i ve the rmal con s traints  a s soci ated wi th the se two hypo
thet i c a l  magma tic proc e s s e s , s truc tural r e l a tions o f  the Canyon Mounta i n  
dun i te s  a re incompatible w i th the se mod e s  o f  origin . In orde r f o r  a ma g-
ma tic ori g in to be cons i s te n t  w i th the s tr uc tur a l  and f ab r i c  r e l a t i on s  
pre sente d  i n  this paper , the dun i t e s  mus t  have been re cry s ta l l i zed i n  the 
s ame s tre s s  f i e l d  as the coun try rock har zburgi te s s u b s e q u e n t  to the i r  
fo rmat ion . Inasmuch as the Canyon Mo un tain duni te bodi e s  a re i n  gene ral 
unde fo rme d ,  thes e  requi rements a re not re asonab l y  appl i e d  to the examp l e s  
de sc ribe d above . Sma l l  dun i te bodi e s  that re place de forme d  cumul a te s  are 
a furthe r in di c ation tha t  the fo rmation of the dun i t e s  o c c urred in the s ub 
s o l i dus . Howe ve r ,  rete ntion o f  the o ri ginal fab r i c  i s  con s i s te n t  wi th 
seconda ry gr ain growth by preexi s t i n g  ol ivine grai n s  during trans fo rmat ion . 

Di re ct e vi de nce in suppo r t  o f  the mode l  o f  i n  s i t u trans formation 
is fo un d  i n  the rep l a cement of pyro xene s i n  the har zburgi te a d j acent to the 
dun i te bodie s by c a l c i c  amphibo l e . Th i s  amphibole provi de s eviden c e  that 
a vapo r pha se was pre s e n t  and is cons i s te n t  wi th a wi de range of s ub so l idus 
tempe r ature s .  Hi gh c oncen trations o f  Ti 0 2 , Al 2 0 3 , C r 2 0 3 an d alkal i e s  i n  
the amph ibole s re l ative t o  the py roxene s they re pl ac e a r e  compatible w i th 
the i r  addi tion to the anhydrous a s semb l age by the vapor ph ase . The h i gh 
alk a l i -contents are pre s ume d to re f l e c t  i n i t i a l  h i gh concentration s  i n  the 
vapo r whi l e  Cr and Al an d pe rhaps Ti may be de rived l oc a l l y  from the b reak 
down o f  pyroxene s .  

The rep l aceme nt o f  py roxene by amph ibo le in the Canyon Mo untai n 
ophi o l i te i s  i n fe rred to take place in re spon s e  to a s ub s o l i dus re action 
be twe e n  the py roxe ne s  and H 2 0 - vapo r . S e conda ry mi cro fract ure s and di s rupt
e d  grain boun dari e s  a long the margi n s  of  the dun i te s  pe rmi tte d  mi nor 
amoun ts of vapor to e s c ape the mai n fracture s y s tem a nd pe ne trate the 
coun t ry rock . I f  the a l t e r ation of chromi an spine l to fe rrian chromi te 
w i thin th e dun i te s  i s  re l ated to the i r  formation and no t to a later e pi sode 
o f  se rpentin i zation , they also are indi cative of the pre sence o f  a f l ui d  
phase . Howe ve r ,  they are mo re like ly to b e  compatible wi th the lowe r 
tempe r ature re g ime ( %  6 0 0 - 7 0 0 ° C )  and , the re fore , are no t nece s s ar i l y  a 
de fini t i ve cri te ri a . 
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The source and chemis try o f  the vapor phase are poorly known but 
some i n ferrences have been made . The cons tancy of o l i vine compos i tions in 
harzburgi te and dun i te and the l ack of evi de nce for vo lume change during 
dun i te- formation imply an i s ovol ume tri c  trans fo rma tion at nearly cons tan t 
Mg/ ( Mg+Fe ) . On the bas i s  o f  these re lationships i t  i s  s ugge s te d  that 
pyroxene unde rwe nt incongruent breakdown wi th the re sul t  that S i , Al , Ti , 
Ca and alkalies we re transported away in sol ution and some Mg was adde d . 
The hi gh alkali-contents o f  the aforemen tioned secondary amphibo le 
( re lative to the pyroxene s they replace ) i s  be lieve d  to re fle ct alkal i 

enriched vapor . 

The i rregul ar branch ing patte rns de fined by anas tomo s ing swarms 
of small duni te bodie s ,  thei r  generally tabular shape , and the i r  sharp 
contacts are a l l  s ugges tive of con trol of vapor mi gration by sys tems o f  
bri ttle fracture s . In the case o f  e arly forme d dunite , the se  bodies  may 
have been s li ghtly re crystal l i zed ( e . g . , de fo rmat ion l ame l lae are pre sent 
in olivines ) .  Narrow , line ar , randomly oriente d  late - s tage dun i te ve ins 
are clearly unde forme d . Th i s  s tudy doe s  no t provi de evidence with re gard 
to the ori gin o f  the vapo r  but the h i gh temperature s involve d  are more 
compatible wi th an upward trans fer than wi th ci rculation o f  sea water o r  
penetration o f  country rock water during empl acement . The me tasomatic 
e f fects of mantle-de rive d  alkali -ri ch vapors are recorde d  in nume ro us 
xeno l i th sui te s and a mantl e ori gin for the vapor i s  favored he re . 
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3 .  TRAC E E L E ME N T  AN D I S O T O P I C  S TU D I E S O F  PART I A L  ME LT I N G 

RE S I DUAL ALP INE  LHE R Z O L I T E S  AND HAR Z BURG I TE S  -
G E OCHEM I CAL AND I SOTOP I C  CONS TRA I NTS ON THE I R  OR I G I N 

Hartin Hen z i e s *  
Department o f  Geology 

Un ive r s i ty o f  Cal i forn ia 
Davi s , Cal i forni a 9 5 6 1 6  

Ab s t r a c t 

( 
Alpine lhe r z c l ite s and harzburgites ( Appe ndix A) occur as i s o l ated 

ma s s e s  in the world ' s  orogen ic bel ts or as me tamorph i c  ba sement compl exe s 
to ma j or ophio l i te s .  In many cases  the predominanc e o f  har zburgite , minor 
lhe r zol i te with as soc iated gabbro ic segre gation s is be st expl ained by a 
partial  me l ting mode l . Such a model i s  compatible wi th : the wide spread 
occurrence o f  har zburgite on a local and worldwide scale , the re s tricted 
chemi s try o f  the ol ivine s  and orthopyroxene s ,  the Cr-Al variat ion in the 
spine l s  re sulting from partial mel t i ng proc e s se s  or con tamination wi th the 
me l t ,  the tota lly re fractory nature o f  the har zburgite s  and dunite s , the 
exi s tence of se gregation s who se compo s i tion is s imi lar to cotectic  l iquids , 
and the exi s tence o f  lhe r z o l ite s with a ma j o r  and minor element and REE 
chemi s try compatible wi th tha t o f  " pyro l i te " .  The har zburgite s contai n  7 0 -
9 0 % ol ivine and 1 0 - 3 0 %  ortho pyroxene wh ich contribute s to a low to tal REE 
content ( <  0 . 5 x chondri te )  and a l i ght REE depleted pro f i l e . Such perido
tites also have highl y radi ogenic i sotop i c  compo s i tion s ( 8 7 s rj 8 6 s r  = 0 . 7 0 6 -
0 . 7 2 7 ) , a fact be st explained by the radiogenic miner a l s  and/or serpent
ini zation . The lhe r zol ite s have a more con fus ing h i s tory , in  that the 
ma j o r ,  mi nor and REE chemi stry is s imi lar to that of " pyrol ite " but the se 
lher z o l i tes are depleted in Rb ,  Sr , Ba , K ,  Na , etc . All the ana lyzed 
alpine lhe r z o l ite s have chondri tic or l i ght REE depleted pro f i l e s  ( 0 . 5 -
3 . 0x cho ndri te ) . Partial  me lts  computed from such sources  have REE char
ac teristics  simi lar to ocean i c  thol e i i te s . Publ i shed 8 7 sr; 8 6 s r  data has to 
date negated any hypo the s i s  which re late s alpine pe ridotite s  and ba salts 
unle s s  one envoke s di sequil ibrium me l ting proce s se s . Recent s tud ies o f  the 
con sti tuent minerals in alpine l her zol i te s  ( Me n z i e s and Mur thy , 1 9 7 6 )  
ind icate that in four alpine lher zol ites , the c l i nopyroxenes have 8 7 sr; 8 6 s r 
= 0 . 7 0 2 2 8 - 0 . 7 0 3 7 0 . The i sotopi c compo s i t ion o f  ol ivine s and orthopyrox
ene s is 0 . 7 0 2 9 0  - 0 . 7 0 8 3 1  and 0 . 7 0 2 6 5  - 0 . 7 0 4 2 9 ,  re spective ly .  The h i ghly 
radiogenic nature o f  o l i vine may , however , be the re sul t of  secondary 
proces ses . Al pi ne lher zol ites and har zburg i te s  repre sent the res idua le ft 
after one or mo re me l ting epi sode ( s ) . An initial  smal l degree o f  me l ting 
depleted a " fertile " lher zol ite of an alkali and l i ght REE enri ched 
fract ion , po s s ibly a nephe l ini tic or alkal i c  l i qui d . Subsequent me l ting 
epi sode s  further depleted the lherzol i te s  of a bas altic  fraction , and 
ul timate l y  produced a to ta l l y  re fractory har zburgite . ' 

I n t r o duc t i on 

"-:7 

.. 

Per idotite s  o f  pre sumed mantle ori gin occur throughout the world ' s  
mounta in bel ts ( B e n s o n , 1 9 2 6 ; He s s , 1 9 5 5 )  ( alpine perido t i te s )  and as  

* Present addre s s : Departme nt o f  Ge ology and Geophy s i c s , 1 0 8 P i l l s bury 
Hal l , Univers ity of Hinne sota ,  Hinneapo l i s , Hi nne sota 5 5 4 5 5  
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ba sement compl exe s to the ma j or ophio l ite s ( Da v i e s , 1 9 6 9 ;  B e z z i and 
Pi c c ardo , 1 9 7 1 ) . S inc e the pioneer ing work o f  S t e i nmann ( 1 9 0 5 , 1 9 2 7 ) and 
Be n s o n  ( 1 9 2 6 )  the origins of a l p ine peridotite s  have been the sub j ect o f  
controver sy . Pr ior to the ir metamorphic h i s tory such peridotites o r i g in 
ated v i a  accumulat ion from a ba saltic l i quid or via par tial fus ion pro
c e s s e s . The f i r st hypothe s i s  o f  frac t ional c rystal l i z a t ion o f  a ma f ic 
l i qu id i s  advocated by T h a y e r  ( 1 9 6 3 , 1 9 6 4 , 1 9 6 7 , 1 9 6 9 , 1 9 7 0 ) and i s  based 
pr imar ily on the pre s enc e of r e l ict ' i gneous ' textur e s  in chromitite s . The 
sec ond hypothe s i s  requires  that the harz burgite repr e sents a re fractory 
re s idue left a f ter the p ar t i a l  fusion o f  a l her z o l i te and subsequent com
pl ete or incomplete r emova l of basaltic me l t . Thi s proc e s s  wa s sugges ted 
for the or i g in of ba saltic me l t s  ( R i ngwo o d , 1 9 6 2 ; Gre e n  and R i n gwo o d , 1 9 6 7 ) 
where the source mater ial i s  be l ieved to have a compos ition s imi l ar to that 
of "pyro l ite " ( R i ngwo od , 1 9 6 6 )  . 

The purpo s e  o f  th i s shor t paper i s  to summar i z e  f ie l d  evidenc e ,  
ma j or ,  trac e and rare earth e l ement.  data , and i sotopic ana l y s e s  ( Me n z i e s  
and Mur t h y , 1 9 7 6a , b , c )  wh ich strong l y  ind icate that the par t i a l  fus ion 
hypothe s i s  b e s t  expl a in s  the co-ex i s tenc e of lher z o l ite - har z burgite -
gabbro etc . Dunite bod i e s , however ,  have a var iety of or igins , and may 
represent infold ed c umulates , in s i tu cumulates shed from upwe l l i ng 
ba saltic pockets , subs id ed cumul ates from a r idge magma chamber ,  re fractory 
dunites left a f ter par t i a l  melt ing epi sode s ,  intrus ive du n i t ic me l t s , or 
may be me tasomat ic in origin . 

Al p i n e  Te c t o n i t e  P e r id o t i t e s  

Per ido t i tes o f  pr e s umed mantl e origin and exhibit ing partial  me l t  
textur e s  ex i s t  under garnet ( 6 5 -1 0 0  kms ) , spinel ( 3 5 -7 0 kms ) , or p l ag i o 
c l a se ( 1 5 - 3 5  kms )  per ido tite fac i e s  ( Gr e e n , 1 9 6 4 ; Car s w e l l ,  1 9 6 8 ; 
Kornpro b s t , 1 9 6 9 ;  D i c k e y , 1 9 7 0 ;  B o u d i er , 1 9 7 2 ;  Me n z i e s , 1 9 7 3 ;  Me n z i e s  and 
A l l e n ,  1 9 7 4 ; D i c k , 1 9 7 5 ;  Me dari s ,  1 9 7 2 ;  Up a d h y a y  e t  a l . , 1 9 7 1 ;  L o n e y  e t  
a l . , 1 9 7 1 ;  Himm e l b e rg and L o n e y , 1 9 7 3 ;  Ma l p a s  and S tro n g , 1 9 7 5 ;  see 
Append ix A for other example s ) . Suc h a wealth o f  in formation e x i s t s  on 
mantl e per ido t i te s  from ophio l ites and al pine ma s s i f s  that some at tempt 
wi l l  be mad e to summa r i z e  the r e l evant f i eld and chemic al data . 

F i e l d  Ob s ervat i o ns 

The ma j or i ty o f  alpine and ophiol i t ic tec ton ite* per idotite 
ma s s i fs are dominated by har z burg ite and dun i te ( Car s w e l l , 1 9 6 8 , Norwa y ;  
Ni c o l a s  a n d  Ja c k s o n , 1 9 7 2 ,  Med iterranea n ;  Ga s s , 1 9 6 7 , Cypru s ;  Me n z i e s , 
1 9 7 3 ,  1 9 7 4 , Greec e ;  D i c k ,  1 9 7 5 ,  Oregon ; L o n e y e t  a l . , 1 9 7 1 , C a l i fornia ; 
Himme l b e r g  and L o n e y , 1 9 7 3 ,  Or egon ; Up a d h y a y  e t  a l . , 1 9 7 1 , Newfoundland ) . 
Lher z o l ite bear ing ma s s i f s  are restricted in d i s tr i bution ( Ni c o l a s  and 
Ja c k s o n ,  1 9 7 2 )  and predominantl y occur in the Med iterranean ( C o n q u e r e ,  
1 9 7 1 ;  D i c k e y , 1 9 7 0 ) . Sma l l  but s ign i f icant amounts o f  l he r z o l i te occur in 
what were previou s l y  bel ieved to be har z burg i te -dunite ma s s i f s  ( Me n z i e s  and 
A l l e n , 1 9 7 4 ) . Ma s s i f s  in the United State s ar e pr edominantly har zburgite 
and dunite a l though mi nor amounts o f  lher z o l ite have been reported 

* The subs equent sections ( a )  to ( g )  wi l l  outline the f i eld and chemical 
charac t er i s tic s of  non -c umulus perido t i t e s . The s e  per idotites have 
metamorphic struc tur e s  and tec tonite fabr i c s .  Thi s inc l ude s minor 
amo unt s of tec tonites w i th gabbro ic mine ralogy ( Ni c o l a s  and J a c k s o n , 
1 9 7  2 ) . 
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( Me dari s , 1 9 7 2 ; Himme l b e r g  and Co l eman , 1 9 6 8 ;  Jame s ,  1 9 7 1 ; Me da ri s and  
Do t t ,  1 9 7 0 ;  Mo o r e s , · l 9 7 0 ; Ra l e i g h , 1 9 6 5 ; L i n ds l e y  Gri ffi n e t  a Z . , 1 9 7 4 ; 
Sp rin ge r ,  1 9 7 4 ; S o u thwi c k , 1 9 7 4 ; Eh r e nb e r g , 1 9 7 5 ) . Many of the above 
de s cribed mas s i fs are vari ably se rpentini zed and or de formed . 

Har zb ur g i t e - dun i t e - The complexities o f  alpine harzburgi te -duni te 
mas s i fs are ade quatel y described by L o n e y  e t  a Z . ( 1 9 7 1 )  and Ge o rg e  ( 1 9 7 5 ) . 
The harzburgi te te rrain contains duni te in a variety o f  di fferent forms , 
( 1 )  interlayere d pyroxeni tic and dun i tic  patche s , ( 2 )  interfingered 
dunitic mas ses wi th s trun g out chromi ti te depo s i ts , ( 3 ) cros s -cutting ana
s tomosing veins , tabular bodi es and dikes of dunite , ( 4 )  ti ghtly inte r 
fo lded dunitic l ayers , ( 5 )  i so l ated pods o f  dun i te wi thin the harzburgi te 
forme d via cumul ate processes , e . g . , in folded cumul ate s  from a magma 
chambe r ( Di c ke y , 1 9 7 5 ; Ge orge , 1 9 7 5 ) . The important observation in al l of  
the se complexes i s  that the enc l osing har zburgi te is  pe trographi cally 
mono tono us on a local and worl d-wide scale . Wi th in these compl exes there 
is a form of laye ring or , in some cases , tight i soclinal fol ding ( L o n e y  
e t a l . , 1 9 7 1 ) . This  l ayering , howe ve r , does no t exhibi t the c ryptic and 
mo dal variations charac teri s ti c  o f  ma j or s trati form bodies . The rather 
cons tant ratio of olivine : or thopyroxene = 8 0 : 2 0  in the har zburgi te implies  
un i form controls on the partial me l ting proc es s .  

The ori gin o f  the as soc iated dunites , however , i s  no t clear : 
( l )  The presence o f  tiny e uhedra o f  spine l which c l us te r  parallel to 
contacts wi th enclosing har zburgite led Me n z i e s  and A l l en ( 1 9 7 4 ) to propose 
a c umulate ori gin for the duni te s . S uch a hypothe s i s  has been proposed by 
Tha y e r  ( 1 9 7 0 )  for some time .  ( 2 ) B o udi e r  ( 1 9 7 2 )  interpre ted dunitic 
margins to gabbroic dike lets as a re fractory re s idue generate d by high 
temperatures o f  fus ion . ( 3 ) L o n e y  e t  a Z . ( 1 9 7 1 )  proposed a magmatic origin 
for the cros s -cutting dun i te s  in the Burro mountain complex . ( 4 )  Dungan 
and A v e  L a l l em an t  ( 1 9 7 7 ,  th i s  vo lume ) propose a me tasomatic origin for the 
duniti c  dikes in the Canyon mountain . ( 5 )  Sin ton  ( 1 9 7 6 )  bel ieves that 
addi t ional physical di fferenti ation proce s ses may have been assoc iate d wi th 
parti al me lting proce sses  in the fo rmation o f  har zburgi te-duni te mas s i fs . 

Lh e r z o l i te - Lhe r zo l i te occurs as e i ther i s l ands ( Troodos and 
Othris - Me n z � e s  a n d  A l l e n ,  1 9 7 4 ) with in the harzburgi te or con s ti tute s a 
s i gn i f i c ant portion o f  the mas s i f  (Lan zo - B o u di e r , 1 9 7 2 ) . The lhe rzo
l i te s are commonly five phase assemblage s ( o l ivine + orthopyroxene + c l i no 
pyroxene + spine l  + plagioc lase ) whe reas the har zburgi te s  are primari ly an 
olivine - orthopyroxene mi x ,  with variable spinel and accessory diopside 
and plagioclase . The con tac t wi th the harzburgite i s  normally gradational 
and the lher zo l i te and har zburgi te contain abundant se gre ga tions and dike s 
o f  gabbro ic  material . The veins contain feldspar + c l inopyroxene + ortho 
pyroxene + olivine and the se gregations a re dominate d  by fe ldspar . The 
magmatic l aye rs wi th in many o f  the complexes va ry in type : magne s ian 
spine l pyroxeni te , garne t  pyroxeni te , amphibo le pyroxeni te ,  lherzol i te , and 
gabbro ( Di c k e y , 1 9 7 0 ) . 

Lhe rzolite occurs as two or perhaps more types . In many o f  the 
compl exe s a lhe rzol ite i s  ob se rved where the diopside i s  an in ters ti ti al 
phase but in other bodies diops ide and pl agioclase seem to occur in ' seg
re gations ' .  Pe rhaps the se can be re ferred to as un se gregated and se gre g
ated lhe r zol ite s  respec tively .  Bec aus e o f  the highe r modal amoun ts o f  
diops ide and plagioclase w i thin the se lherzolite s , they may b e  conside red 
as more fertile ul tramafic ro cks . The intimate assoc i ation of gabbroic  
dike s  and se gre gations is  o f  particul a r  intere s t  s ince the mine ralogy of  
s uch dike s mimics the low me l ting frac tion o f  the lhe r zol i te s .  Clearly a 
parti al fus ion hypothe s i s  be s t  explains s uch a s s oc i ations . 
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Mine r a l  Chemi s t ry 

O l i v i ne - Many s tudi e s  o f  alpine harzburgi te s  and dunite s have 
demons trated the l imi ted range i n  ch emical compos i tion o f  the i r  
cons ti tuent mi ne ra l s  ( e . g . , L o n e y e t  a l . , 1 9 7 1 ; Himme l b e r g  a n d  Lon e y , 1 9 7 3 ) .  
Ol ivine s  are typi cally rich i n  Mg and h ave a re s tr i c te d  range i n  fors te r i te 
con tent ( Fo 8 7 _ 9 5 ) .  Olivines from s trati form i ntrus i ons may be j us t  a s  r i ch 
in Mg , but commonly have a greater compo s i tion range , whe n a l l  the l i tho
logi e s  are con s i dered . Olivi ne s  from alpine lhe r z o l it e s  ( Me n z i e s , 1 9 7 3 ;  
Bo udi e r ,  1 9 7 2 ) and from pyroxen i te vei nl e t s  and s e gregations are more Fe 
ri ch ( Ch a l l i s , 1 9 7 5 ;  Himme l b e r g  and Co l eman , 1 9 6 8 ) , than tho s e  in a s s o c 
i a ted harzburgi te s . 

Ens t a t i t e  - Ens tati te i s  a dominant mi neral i n  the har zburgi te s 
( approx . 2 0 % )  and tends to be re s tr i c ted i n  compos i tional range a round 

En 9 0  ( e . g .  Di c k ,  1 9 7 6 ) . The ens tati te s from the lhe r z o l i te s  are simi lar i n  
chemi s try b u t  te nd t o  b e  r i cher i n  ferros i l i te . The alumi num con tent o f  
the ens ta tite s  c an vary s i gn i f i c an tly ( Gre e n , 1 9 6 4 ; Ch a l l i s , 1 9 6 5 ; Me dar i s , 
1 9 7 2 ; Himme l b e rg and Co l e man , 1 9 6 8 ;  L o n e y e t  a l . , 1 9 7 1 ; Ja c k s o n  and Th aye r ,  
1 9 7 2 ; Di c k , 1 9 7 6 )  and the range di f fe r s  be twe en the harzburgi te ( 1 . 0 - 3 . 0 % )  
and lhe r z o l i te ( 1 . 5 - 8 . 0 % )  sub- types ( Ja c k s o n  and Thay e r ,  1 9 7 2 ) .  

D i ops i de - C l i nopyro xene occurs as an acces sory mi neral i n  alpine 
harzburgi te s and orthopyroxeni te ve ins . Occasi onal ly i t  occurs i n  dun i t i c  
bodi e s  and cons ti tute s u p  t o  2 5 %  o f  some alpine lhe r z o l i t e s  ( L o n e y  e t  a l . , 
1 9 7 1 ) . C l i no pyroxe ne s  are primarily chromi an diop s i de s  e xhibi ting a 
con s i derable r ange i n  ti tani um and chromi a n  con te n t  ( Me n z i e s , 1 9 7 3 ) , but a 
sma l l  r an ge i n  a l umi num ( 1 . 3- 2 . 6 % ) ( Ro s s  e t  a l . , 1 9 5 4 ; Gre en , 1 9 6 4 ; 
Ch a l l i s , 1 9 6 5 ) . 

Sp i n e l  - Spine l s  from alpine and ophio l i t i c  peri do ti te s  vary 
s i gn i fi c an tly i n  Cr and Al ( Thay e r , 1 9 4 6 ;  Irv i n e , 1 9 6 5 , 1 9 6 7 ;  Ro ge rs , 1 9 7 3 ; 
Me n z i e s ,  1 9 7 5 ; Ma l p a s  and S trong , 1 9 7 5 ; Sin ton , 1 9 7 6 ; D i c k , 1 9 7 6 ) . Te rn
ary plots o f  Fe 3 + - cr 3 +  - Al 3+ reve al a s i gn i f i c ant range in cr 3 + - Al 3 + 
but very l i ttl e range i n  Fe 3+ . Alpi ne ha r z burgi te s  tend to contain h i ghly 
chromi ferous s pine l s  a s  a groundma s s  phase and h i ghly a l uminous s p i ne l s  as 
exsolution l ame l l ae in de forme d pyroxenes ( Irvi n e , 1 9 6 7 ;  Ma lpas  and S tron g , 
1 9 7 5 ) . The h ighly chromi fe rous spine l s  are charac te r i zed by l ow Mg/ ( Mg+Fe ) 
ratios . Amoebo i d  or e uhedral s pine l s  s e parate d from alp i ne lhe r z o l i te s 
tend to b e  mo re a l uminous than the groundma s s  spine l s  from the har zburgites 
( Me n z i e s , 1 9 7 5 ; Ma l p a s  and S trong , 1 9 7 5 ) . 

Di c k e y and Yoder ( 1 9 7 2 )  proposed that the Cr-Al vari at ion may be 
the re s ul t  of i nter ac tion w i th mi grating bas a l t i c  me l t . Me n z i e s  ( 1 9 7 5 )  
repo rted Cr-Al var i ations in a suite o f  s p i ne l s  from a lhe r z o l i te -har zburg
ite comple x .  H e  noted a corre l a ti on be twe en the pre s e nce o f  s e gre gations 
and gabbroic s ch l i e ren and the compo s i tion of the spine l . Men z i e s  inte r 
prete d the s e  s e gre ga tions as i n  s i tu bas a l t i c  me l t  and bel ieved that the 
spine l compo s i tional vari ati on resulte d  from ( parti a l )  equi l ibration wi th 
mi grati n g  b a s a l t i c  me l t  i n  an e nvironme n t  o f  depl e te d  harzburgi te . Ir v i n e  
an d Fin d l e y  ( 1 9 7 2 )  and Ma lp as  and S trong ( 1 9 7 5 )  e xp l aine d  spine l compos 
i tional vari ations in a harzburgite - dun ite al pine body i n  a s imi l ar fashion . 
S ince many a l p i ne pe ridoti te complexe s  may c on tain mantle te c toni te ul tra 
ma f i c s  ( Da v i e s ,  1 9 6 9 ; Me n z i e s  a n d  A l l e n , 1 9 7 4 ) sub s i ded c umulate s  ( Di c k e y , 
1 9 7 4 ; Mo o r e s ,  1 9 6 9 )  and re fracto ry ul trama fi c s  ( B e z z i and Pi c c ardo , 1 9 7 1 ;  
Dav i e s ,  1 9 6 9 )  the Cr-Al var i a t ion may a r i s e  from fractional crys ta l l i zation 
e f fe c t s  ( He n de rs o n , 1 9 7 4 ) and/or fractional fus ion e f fe c ts . 

P l a g i o c l a s e - Plagioclase i s  commonly h i ghly a l te red in a lpine 
perido ti tes and o c c urs a s  a " rodingi te " a s s embl age ( hydro garne t + zo i s i te + 
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epido te , e tc . ) . Whe re fre sh i n  p l a g ioc l a s e  lhe r z o l ite s o r  har zburgi te s 
( Me n z i e s  and A l l e n , 1 9 7 4 )  i t  i s  h i ghly c al c i c  i n  compo s i tion : An 9 3  i n  

a l pine harzburgi te s  from Greece and An 9 0  in the Lan z o  lhe r zo l i te ( Me n z i e s ,  
1 9 7 4 ; B o u di e r , 1 9 7 2 ) .  Gabbro i c  dik e l e ts and se gre gations con t a in pl a gio 
c l as e  ( An6 2 - 8 5 l wh ich i s  much mo re a l b i t i c . 

Pe t r o chem i s t ry ( Tab l e  1 )  

Ha r z b ur g i t e  - Chemi c a l l y  th is  group i s  ve ry homo ge nous ,  based on 
the cons i s te nt mine ralogy out l i ne d  in the l a s t  s e c t i on . The three domi nan t 
mineral phas e s  produce a h i ghly re frac tory a s s emb l age wi th bulk ratios o f  
Mg/ ( Mg+Fe ) typ i c a l ly i n  the r ange 0 . 8 9 - 0 . 9 1 ( Me nz i e s  and A l l e n , 1 9 7 4 )  for 
the har zburgi te s and h i gher in the case o f  duni tic ma te ri a l  ( Mg/ ( Mg+Fe +Mn ) 
= 0 . 9 2 , L o n e y  e t  a l . , 1 9 7 1 ) . The tota l alk a l i  content i s  l e s s  th an 1 0 0 0  
ppm and the individual c a l c i um and a l uminum con tents are both l e s s  than one 
percent . Thi s  h i gh l y  re frac to ry chemi s try and the con s tant ratio of 
o l i vine to orthopyroxene = 8 0 : 2 0 imply uni fo rm con tro l s  in the pa rti a l  
me l ting pro ce s s  a n d  c a s t  doub t  o n  the pl aus ibi l i ty that such perido ti te s  
are c umul ate i n  o r i gi n . 

Lhe r z o l i t e  - Re lative to the harz burgi te s , a lp i ne lher z o l i t e s  . 
contain s i gn i fi c antly more diop s i de and plagioclase ( o r  spine l )  and as s uch 
are ri che r in  a l uminum ,  c a l c i um and ti tani um .  The s l i ghtly more i ron ri ch 
n ature o f  the o l ivine s and pyroxene s ( re l at i ve to ha r zburgi te ) i s  re flected 
by l ower Ni O and a lowe r Mg/Mg+Fe ( Table 1 ) . On f i rs t  inspe c t i on the bulk 
ro ck compo s i t i on of mo s t  a lpine lhe rz o l i t e s  bears some s imi l ari ty to e s t i 
ma te s o f  the compo s i tion o f  primary mantle ( Ri n gw o o d ,  1 9 6 6 ) . Howe ve r ,  
e l eme nts s uch a s  sodi um ,  po ta s s i um ,  ti tani um and pho spho rous are no rma l ly 
l owe r than pyro l i te e s timate s . Such compari sons o f  alpine l he r z o l i t e s  and 
pyro l i te may be que s ti oned on the grounds tha t  " pyrol ite " i s  a hypo the tical 
c a l cu l ation and that the s e  lhe r z o l i t e s  may re pre sent de fo rme d c umul a te 
pe r i do t i te s . Howeve r , Me n z i e s  a n d  A l l e n  ( 1 9 7 4 )  po i n te d  o ut s e ve ra l  di f fe r
ences between alpine lhe r zo l i te s  and cumul a te f i ve - pha s e  a s s e mb l age s from 
qua s i - s trati form ma s s i fs . Apart from con s i de rable modal vari at i o ns o ve r  
short d i s tances the cumul ate s  have l owe r Ni , Cr , S and RO/S i 0 2 , h i gher Na , 
K ,  Ti , and P ;  Mg/ ( Mg+Fe ) l e s s  than 0 . 8 7 and ti ny e uhe dra l i ron ri ch s p i ne l s  
( Me n z i e s a n d  A l l e n , 1 9 74 ) . 

ab sence 
wi th an 
dun i te s  
and S .  

Dun i t e  - The h i gh modal amo un t o f  fo rsteritic o l i vine and re lat i ve 
o f  d1op s i de and p l agio clase  characte ri ze a h i ghly magne s i an dun i te 
Mg/ ( Mg+Fe ) ratio in exc e s s  o f  0 . 9 0 ( Me n z i e s  and A l l e n ,  1 9 7 4 ) . S uch 
have h igh Cr an d  Ni contents and ve ry l ow contents of Ti , Fe , Mn ,  
Di f fe rences i n  the Mg/ ( Mg+Fe ) ratio may be re late d to chan ges in 

o l i vine compo s i ti on . 

Ra r e  Ear th E l e me n t  Chemi s t ry 

Rare e arth e lement s tudi e s  o f  alpine perido ti te s  ( Fre y ,  1 9 6 9 , 
1 9 7 0 ;  Fr ey e t  a l . , 1 9 7 1 ;  Garmann e t  a l . , 1 9 7 5 ;  Me n z i e s , 1 9 7 4 ; Lo ub e t  e t  a l . ,  
1 9 7 5 ; Ka y and Se n e c h e l ,  1 9 7 5 ; Me n z i e s , 1 9 7 6 ; Me n z i e s  e t  a l . , 1 9 7 5 )  
indi c ate s  tha t al l the analy z e d  lhe r zo l i te s , and lherzol i t e s reca l c ul ated 
from mi ne r a l  REE data ( Me n z i e s e t  a l . , 1 9 7 7 a ,  1 9 7 7b) ,  have e i ther 
chondri ti c or l i gh t  REE de plete d abundance pro f i l e s  re l a t i ve to chondri te s . 
The leve l  o f  enrichme n t  ( i . e . � REE ) varie s  depende n t  on the mo dal amoun t o f  
diops i de and the REE content o f  the diops i de , s ince the o l i vi ne and ortho
py roxene contrib ute ve rv l i ttle to the REE conte n t  of the s e  pe r i do t i te s . 
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Al 2 o 3 

c r 2 o 3  

F e 2 o 3 

F e O 

Mn O 

N i O  

Mg O 

C a O  

Na 2 o 

K2
0 

s 

To ta l 

1 

4 3 . 6 3 

0 . 1 1 

1 .  8 5  

0 . 4 2 

2 . 4 8 

6 . 1 8  

0 . 1 6 

0 . 2 8 

4 2 . 5 8 

2 . 1 5 

0 . 1 4 

0 . 0 2 

0 . 0 1 

1 0 0 . 0 1 .  

* To t a l  F e  a s  F e O .  

TAB L E  1 .  Che mi s t ry o f  Alp ine  L he r z o l i t e s  and H a r z b ur g i t e s  

2 

4 4 . 6 9 

0 . 2 5 

3 . 0 3 

0 . 2 6 

8 . 4 2 *  

0 . 1 2  

0 . 1 0  

3 7 . 8 4 

2 .  2 0 

0 . 1 8  

9 7 . 0 9 

3 

4 2 . 7 5 

0 . 0 2 

3 . 6 3 

0 . 6 5 

3 . 1 0 

5 . 4 9  

0 . 1 8  

0 . 2 5  

4 0 . 3 4 

3 . 4 6 

0 . 0 6 

0 . 0 0  

0 . 0 3 

9 9 . 9 6 

LHE R ZO L I TE S  

4 

4 4 . 2 8 

0 . 1 8  

4 . 9 0  

0 . 3 3 

8 . 6 6 *  

0 . 1 3  

0 . 2 3 

3 6 . 6 5 

4 . 2 9 

0 . 3 5 

0 . 0 1 

1 0 0 . 0 1 

5 

4 4 . 7 7 

0 . 1 9 

4 . 1 6 

0 . 4 0  

8 . 2 1 *  

0 . 1 1 

0 . 2 4 

3 9 . 2 2 

2 . 4 2 

0 . 2 2 

0 . 5 5 

9 9 . 9 9 

6 

4 4 . 9 3 

0 . 0 8 

3 . 2 1 

0 . 4 5  

7 . 5 8 * 

0 . 1 4 

0 . 2 6 

4 0 . 0 3 

2 . 9 9  

0 . 1 8  

0 . 0 2 

9 9 . 8 7  

7 

4 4 . 7  

4 . 2 

0 . 4  

8 . 7 * 

3 9 . 3  

2 . 7 

1 0 0 . 0 0 

8 

4 2 . 4 1 

0 .  0 6  

0 . 4 8  

0 . 4 8  

0 . 8 3 

7 . 5 3 

0 . 1 6 

0 . 3 0 

4 6 . 9 5 

0 . 7 4 

0 .  O S  

0 . 0 1 

0 . 0 0 

1 0 0 . 0 0 

HARZBURG I TE S  

9 

4 3 .  8 7 

0 . 0 4 

2 . 3 8 

0 . 0 1 

2 . 1 8  

6 . 5 4 

0 . 1 4 

0 . 0 8 

4 1 . 1 1 

0 . 8 7 

0 . 0 4 

t r  

9 7 . 2 6 

1 0  

4 3 . 4 7  

0 . 0 1 

0 . 4 7 . 

0 . 3 9 

5 . 4 4 

3 . 2 4 

0 . 1 5 

0 . 2 7 

4 5 . 7 2  

0 . 7 7 

0 . 0 0 6  

0 . 0 0 2  

0 . 0 1 9  

9 9 . 9 5  

1 .  O thr i s  (Me n z i e s  and A l l e n , 1 9 7 4 ) ; 2 .  L an z o  (B o u die r ,  1 9 7 2 ) ; 3 .  Tr o o d o s  ( Me n z i e s  and A l l e n , 1 9 7 4 ) ; 
4 .  Ro n d a  ( D i c k e y ,  1 9 7 0 ) ; 5 .  L i z a r d  ( Gr e e n ,  1 9 6 4 ) ; 6 .  T i naqui l l o  (Ma c Ke n z i e , 1 9 6 0 ) ; O r e g on ( Me dar i s , 
1 9 7 2 ) ; 8 .  O th r i s  ( Me n z i e s and A l l e n, 1 9 7 4 ) ; 9 .  L a n z o  ( B o u di e r ,  1 9 7 2 ) . 8 �  T r o o do s  (Me n z i e s  and A l l e n, 
1 9 7 4 ) . 



Lhe r zo l i te s  c an vary from 3 . 0 x chondri te to 0 . 5 x chondri te ( Table 2 ) .  
The har zburgites and dunites are e i th e r  mi l dly or he avi ly depleted i n  l i ght 
REE wi th a l ow to tal REE con ten t  ( Tab le 2 ) .  

The chondri t i c  nature o f  c e r tain lhe r zo l i t e s  and the l i gh t  REE 
depleted nature o f the harzburgi te s  are compatible wi th the s tudi e s  o f  
S c h i l l i n g  ( 1 9 7 5 )  who computed the source ma te rial o f  ocean i c  tho le i i te s  
from s tudie s o f  b a s a l t  REE chemi s try , and con c l uded that the ran ge o f  
potential source pe rido ti te s  an d re fracto ry mate r i a l  i s  compatible wi th the 
REE data repo rted by various a uthors for alpine lhe r z ol i te s . Me n z i e s  e t  
a l . ( 1 9 7 7b ) , Me n z i e s ( 1 9 7 6 ) , and L o ub e t e t  a l . ( 1 9 7 5 )  re po rte d th at partial 
me lting of a l pine lhe r z o l ites would p ro duce l iquids wi th the REE characte r 
i s ti c s  o f  a n  o c e an i c  tho l e i i te . S tudi e s  o f  lhe r z o l i te s  from the Klamath 
Mo untains and southe rn Ore gon ( H e l m k e , unpub l i shed data ; Me n z i e s  e t  a l . ,  
1 9 7 7 a )  re ve a l  that the s e  lhe r z o l i te s  a re s imi lar in REE characte ri s ti c s  to 
lhe rzo l i te s  from the Me di te rranean are a . The diops ides and conseque n tly 
the lhe r z o l i t e s  are more markedly de ple te d  in l i gh t  REE , s omewh at s imi lar 
to an oceanic lher z o l i te de s cribed by Shimi z u  and Har t ( 1 9 7 4 ) . 

K ,
' 

Rb , B a  and S r  Re l a t ive Ab undan c e s 

S tudi e s  o f  diops i de s , s e parated from alpine lhe r z o l i te s , re veal 
low concentrations of  K,  Rb, B a  and S r  ( Me n z i e s  and Mur thy , 1 9 7 7 c ,  in  
pre s s ) tha t we re s i gni f i can tly l owe r than tho s e  reporte d  for s imi l ar alpine 
c li nopyroxenes by Gr i ffin a n d  Mur thy ( 1 9 6 9 ) .  Shimi z u  ( 1 9 7 3 )  reporte d 
s imi l arly low concentrations in diops i de s  separa te d  from kimbe r l i te nodule s. 

Ca l c ul ati on o f  po s s ible co-exi s tin g l i qui ds ( Me n z i e s and Mu r t h y , 
1 9 7 6 a )  by the appl i c a tion o f  parti t ion c oe f fi c i e n t  data , i ndic ate s that the 
lhe r zo l i te s  may have equi l ibrated with a h i ghly a lk a l i c  l i qui d , e i ther as 
a part i al me l t  or as in te rcumul us l i q uid . As s uch the lhe r z o l i te s  a re 
cons ide red to be re s i dual a fte r the lo s s  o f  a s ma l l  pe rcent partial me l t .  
Me n z i e s  and A l l e n  ( 1 9 7 4 ) comme n te d  o n  the " s l i ghtly more re s i dua l na ture " 
o f the lher zo l i te s  because o f  the low r e l a ti ve abundances  o f  Na , K ,  Ti and 
P r e l at i ve to " pyro l i te " .  They propo s e d  removal o f  a nephe line norma tive 
l i qui d ( <  5 %  par ti al me l t )  to e xplain the se di s c repancie s .  S uch an idea i s  
comp atible with the K ,  Rb ,  B a  an d S r  data . 

U Re l a t i ve Ab un d an c e  

Alpine and ophi o l i ti c  ultrama f i c s  from the Me di te r r ane an ( Do s t a l  
e t  a l . , 1 9 7 5 ) contain vari ab l e  amount s o f  U ( 1 1 - 7 4  ppb ) s imi l a r  to tha t  o f  
oceanic ul trama f i c s  ( Se i t z a n d  Ha r t ,  1 9 7 3 ;  Ko maro v e t  a l . , 1 9 7 3 ;  A um e n to 
and Hy ndeman , 1 9 7 1 ) . Much o f  th i s  U may have be en added via al te ration 
p roce s s e s  s ince minera l analyse s indicate an e s timated ori ginal con ten t  o f  
1 - 1 0  ppb . Mo s t  o f  the U i s concentrated i n  the c l inopyroxe ne and a s  s uch 
lhe r zo l i te s  contain more U than har zburgi te s . Urani um l iquid-so l i d  part
i tion s tud i e s  reveal the pas t pre s e nce of a thol e i i tic l i q ui d  i n  the harz 
b ur gi te s . Clea rly the s e  ultrama fi c s  are a re fra c to ry re s i due afte r the 
removal o f  a parti al me l t . 

S t ron t ium I s o t op e G e o chemi s try 

Any i n te rpre tations of the ori gin of alpine pe r i do ti te s , whi c h  
we re base d on th e pre vi ous l y  doc umented fie ld a n d  geochemical  data , invo l ve 
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TAB LE 2 .  Chemi s t ry o f  A l p ine Lhe r z o l i t e s  and H a r z b ur g i te s  

LHE R Z O L I T E S  HARZ B URG I TE S  

1 2 3 4 5 6 7 8 

L a  - - - - - 0 . 0 2 

C e  0 . 8 0  0 .  7 2  0 . 6 1 0  0 . 5 4 0  0 . 0 5 2  0 .  0 4  - 0 . 5 3 

Nd 0 . 5 5 0 . 5 4 0 . 5 9 0 0 . 6 6 0  0 . 1 3 3 0 .  0 3. 0 . 0 4 \ ' 

Sm 0 . 1 7  0 . 2 2 0 .  2 3 6  0 . 2 6 5  0 . 1 0 1  0 . 0 1 0 . 0 1 0 . 0 4 

E u  0 . 0 9 0 . 1 0 0 . 0 9 9 0 . 1 1 0  0 . 0 5 0  0 . 0 1 '  

G d  0 . 3 5 0 .  3 1  0 . 3 8 6  0 . 4 8 0  0 .  2 3 6 0 . 0 1 - 0 . 0 6 

Tb 0 . 0 5  - - - - - - 0 .  0 2  

Ho 0 . 0 8 - - - - - 0 . 0 2 0 . 0 4 

Yb 0 . 2 8 0 . 3 2 ' 0 .  3 3  7 0 .  3 4 0  0 . 2 6 9  0 . 0 2 - 0 . 1 6 

Lu 0 . 0 3 0 . 0 6 - - - - - 0 . 0 3 

1 .  O th r i s  ( Me n z i e s , 1 9 7 6 ) ; 2 .  L an z o  (Me nz i e s ,  1 9 7 6 ) ; 3 .  B e n i  Bouche r a  ( L o ub e t  e t  a l . ,  
1 9 7 6 ) ; 4 .  Lhe r z  ( L o ub e t  e t  a l . ,  1 9 7 6 ) ; 5 .  T i na qu i l l o  ( L o u b e t e t  a l . , 1 9 7 6 ) ; 
6 . Tro o do s ( Kay and Se n e c h e l ,  1 9 7 6 ) ; 7 .  O thr i s  ( Me nz i e s ,  1 9 7 6 ) ; 8 .  O th r i s  (Me n z i e s ,  
1 9 7 6 ) . 
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b a s a l t i c  magma e i ther through c umul us proce s s e s  ( Th ay e r , 1 9 4 6 )  o r  vi a 
fus i o n  proce s s e s  ( B o u di e r ,  1 9 7 2 ; Me n z i e s , 1 9 7 4 ;  Di c k , 1 9 7 6 ) . Conve n tional 
re asoning wo ul d the re fore requi r e  that the i s o topi c compos i tion o f  the 
per i doti te s  be s imi l ar to that o f  ba s a l t s  ( 8 J sr;B 6 s r  = 0 . 7 0 2 - 0 . 7 0 3 5 ) , 
un l e s s  one i nvokes di s equi l ibri um fus ion ( Graham a n d  Ri n gw o o d , 1 9 7 1 ) . Much 
of the publ i s he d  data on alpine pe ridoti te s  ( H ur l e y  e t  a l . , 1 9 6 4 ; Ro e , 
1 9 6 4 ; Ro e e t  a l . , 1 9 6 5 ; S te ub e r , 1 9 6 5 ; S te ub e r  a n d  Mur thy , 1 9 6 6 ; S t e ub e r , 
1 9 6 9 )  appear to inva l i da te any s imple gene t i c  co rre l ation o f  a l p i ne ul tra ·  
ma fics  and b a s a l t s . Consequently many authors ( B o n a t ti e t  a l . , 1 9 7 0 ; 
B o n a t ti , 1 9 7 1 ;  L u s s i a - B e rdo u and A l l e gre , 1 9 7 3 )  devi s e d  complex mode l s  to 
accoun t  for the di f fe re nce s in  i s o topi c  compos i tion ( al pi ne pe r i do ti te s  
8 7 s rj 8 6 s r  = 0 . 7 0 6 - 0 . 7 0 2 9 ) .  Much o f  th i s  e a rly work conc l u de d  that alp ine 
pe ridot i t e s  we re not re l ated to bas a l ts in any way - e i the r vi a parti al  
fus ion or pre c i p i ta tion . Recen tly Gra ham a n d  Ri n gwo o d  ( 1 9 7 1 )  and Ringwoo d 
( 1 9 7 5 )  proposed that al pine perido tite s  are re s i dua le ft a fte r extrac tion 

o f  ma gma produced by d i s equi l ib r i um me l ti n g , a s s umin g  that s tronti um i s o 
topi c di ffe rences e xi s t  between mine ral pha s e s  in the pe ridoti te . 

The data outlined i n  s ections ( a )  to ( f ) argue s ve ry s tron gly fo r 
a gene tic re l a t i onship be twee n  a l pine pe rido ti te s and b a s a l ts , as doe s the 
paragene t i c  as soci at ion of a lpine pe rido ti te s  and ophiol i te s  ( Da v i e s ,  1 9 6 9 ;  
Ga s s ,  1 9 6 8 ) . S tron ti um i s otopi c ana lys e s  o f  ophi o l i te s  an d c umul a te alpine 
bodi es  ( L anp h e re , 1 9 6 8 ; Jo n e s  e t  a l . , 1 9 7 3 ;  Chapman e t  a l . , 1 9 7 5 ; D a v i e s  
an d La s s , 1 9 7 5 )  fur the r s trengthens the arguments for a s tron g  gene ti c 
re l a tionship . 

Re cent s tudi es  o f  a l p i ne lhe r z o l i te s  by the autho r ( Me n z i e s and 
Mu r thy , 1 9 7 6 a , b , c ,  1 9 7 7 ,  i n  pre s s )  have re ve a l e d  that much o f  the pub l i shed 
data mus t be tre a te d  wi th c aution . Ma j o r  problems exi s t  i n  the i n te rpre t 
a t i o n  o f  much o f  the da ta f rom a l pine mas s i fs : ( 1 )  Many o f  the ul tra
ma fic rocks are h i ghly se rpentin i ze d  b ut the ori g in of the s e rpen tine i s  
unknown ; ( 2 ) The ana l y z e d  ul trama f i c s  are a l l  harzburgi te s and dun i te s . 

I s otopi c  analys e s  o f  c l i nopyroxene , o rthopyroxene and o l i vine 
atte s t  to a mantle ori gin for the Lanzo , Ronda and Beni Bouche ra lhe r z o 
l i te s  s i nce the lhe r z o l i te s have an i s otop i c  compos i tion s i mi l a r  to 
b a s a l t . Th i s  obvi a te s  the requi rement fo r the h i ghly comp l e x  mode l s  o ut
l ine d to date . The l ow me l ti n g  fra ction i n  a l l  of the an a l y z e d  lhe r zo l i te s  
wo ul d have a 8 7 s rj 8 6 s r  ratio in the r ange o f  oce an i c  tho le i i te s . Thus 
me l ting of the s e  lhe r z o l i t e s  would produce a l iquid wi th the i s o topic 
compo s i tion of a thole i i te . 

s r 8 7/ 8 6  ratios  for who l e - rock lhe r z o l i te s  c a l c ul a te d  f rom analyse s 
o f  mineral data ra nge from 0 . 7 0 2 5 - 0 . 7 0 2 3 ( Me n z i e s  and Mur t h y, 1 9 7 7  in  pr e s s) . 
The h i ghly radi o genic va l ue in one o l i vine may re sul t from in troduct ion o f  
radiogen i c  S r ,  s ince the o l i vi ne from th i s  parti cula r  lherzol i te was h i ghly 
se rpentin i zed . Further inve s tigations wi l l  a ttempt to a s c e rtain whe the r  or 
no t apparent i so chron re l ation s h ip s , re fle c ting pas t mantle e vents , exi s t  
in al pine l h e r z o l i t e s .  

Summar y  

A p a r t i a l  fus ion hypothe s i s  adequately e xp lains  the fo l l owing 
fe ature s w ithin the con s i de re d  alpine pe r i doti te mas s i fs : 

1 .  The mono tonous un i formi ty o f  a lpine - type har zburgite on a local  and 
wo rl d-wide s c ale . 
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2 . The p re s e nce o f  s e gregati ons wh ich i n  a mo dal ( Di c k , 1 9 7 6 ) and norm
a ti ve ( B o u d i e r ,  1 9 7 2 )  fashion res emble c o te c t i c  me l ts .  

3 .  The co-exi s tence o f  har zburgi te gradational i n to lhe r zo l ite , bo th 
contai ning in s i tu dike l e t s  o r  s e gre gation s . 

4 .  The l i mi te d  compos i tional ran ge o f  o l i vine , ens tati te and diop s i de . 

5 .  The Cr-Al variation i n  the spine l pha s e  which may re sul t from inte r 
action wi th b a s a l  t i c  me l t .  

6 .  The re frac to ry ma j or and trace e l emen t  chemi s t ry o f  the h a r z b urgite 
Mg/Mg+Fe > 0 . 9 0 and the pas t pre s e nce o f  a tho le i i ti c  type l iquid as 
indic a te d  by U l i quid- s o l i d  parti tion coe f fi c i en t  s t udie s . 

7 .  Th e s imi l ari ty o f  lher z o l i te to e s tima te s o f  prima ry mantle compos 
i tion - Mg/Mg+Fe = 0 . 8 8 .  

8 .  The REE s imi lari tie s o f  a l pine lhe r z o l i te s  and compute d  so urce 
ma te ri al for o c e an i c  tho l e i i te s . C a l c ul a te d  REE contents of l i quids 
de r i ve d  from al pine lherzo l i te s  are s imi l ar to tho se of b a s a l t .  

9 .  The l i gh t  REE de pleted n a ture o f  the har zburgi te s resemb l e s  comp uted 
re s i due s , a s s uming a chondritic  pare n t . Howeve r , fine de tai l s  of the 
REE chemis try are i ncompatible wi th s uch a s impl e  mo de l . 

1 0 . The s trontium i s o topi c  chemi s try o f  c ertain a l p ine lhe r z o l i t e s .  Al l 
recent c l inopyroxe ne ana lys e s  indic a te that the low me l ti ng fraction 
has an 8 7s rj B6 s r  ratio s imi lar t o  that o f  o c e an i c  tho l e i i te .  In some 
c a s e s  lhe r zo l i te data ( re c a l c ulated from mine r a l  i s otopi c  compo s i tion� 
a t te s ts to a s imple man tl e ori gin for alpi ne l he r z o li te s ,  wi tho ut the 
complex mode l s  i nvo ke d  to date . 

Alpine har zburgi te s  and lhe r zo l i te s  are i nte rpre te d  a s  re s i dua 
le f t  a fte r va riable de gre e s  o f  me lting . Lhe r zo l i te i s  be l ieve d  to be the 
re s i due l e f t  a f te r  removal of a nephe l i n i t i c  or a lk a l i c  me l t  ( sma l l  p e rcent 
me l t ) , whi le har zburgi te s  r e semble th e re s idue le f t  a fte r loss of a b a s a l t  
frac tion ( l arge percent me l t ) . 
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AP PEND I X  A 

Lis ting o f  alpine pe ridotite l o c al i ti e s  thro ughout the wor l d . 

As i a  - Hu t c h i n s o n * ( 1 9 7 1 , 1 9 7 2 , 1 9 7 5 ) ; H u t c h i n s o n  and D o n a u  ( 1 9 6 9 ) 
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Cal i fo rni a , U . S . A . - Himme l b e rg and Co l e man ( 1 9 6 8 ) ; Mo o r e s  ( 1 9 7 0 ) ; 
L o n e y  e t  a l .  ( 1 9 7 1 ) ; Jame s ( 1 9 7 1 ) ; Sp r i n g e r  
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Ni c o l a s  and Jac k s o n ( 1 9 7 2 )  

I ta ly - Bo udi e r  ( 1 9 7 2 ) ;  B o u di e r  a n d  Ni co l a s  ( 1 9 7 2 ) ;  Be z z i and 
Pi c c ardo *  ( 1 9 7 1 )  

Morocco - Ko rnp ro b s t ( 1 9 6 9 ) ; Di c k e y  ( 1 9 7 0 )  

New Caledon i a  - Rodge rs ( 1 9 7 3 ) ; Gui l l on ( 1 9 7 5 )  

New Guinea - Dav i e s *  ( 1 9 6 8 ,  1 9 6 9 ) 

New Zeal and - Cha l l i s  ( 1 9 6 3 ) ; B l a k e  and Landi s ( 1 9 7 3 ) ; Mo s s man 
( 1 9 7 3 ) ; Coombs  e t  a l .  ( 1 9 7 6 ) ; Sin ton ( l 9 7 6 a , b )  
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Turkey - Ju t e a u  ( 1 9 7 1 , 1 9 7 5 * ) ; Th a y e r ( 1 9 6 4 ) 

* In timate ly as s o c i a ted w i th ophi o l i ti c  rock s a s  the me tamo rphi c  
peridoti te b aseme nt t o  the pl uton ic and vo l c an i c  sui te . 

t Ca ledonian type pe rido ti te s . 
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COMPAR I SON OF Rb / Sr ,  U/ Pb , AND RARE EARTH CHARAC TE R I S T I C S  
OF  SUB - CONT I NE NTAL AND SUB - O C EAN I C  MANTL E RE G I ONS 

�Vi l l i am P .  Le ema n *  
Geo l o gy Depar tment 

Oregon State Univer s i ty 
Corval l i s , Or egon 9 7 3 3 1  

Ab s tr a c t  

Rad ioge n i c  i so tope ra tio s and abundance s o f  certain trac e e lements 
d i s pl ay systema t i c  var i a t i ons b e twe en ocean - f l oor and continental thol 
e i i t i c  f l ood b a s a l t s . Mi d-ocean r idge ( MOR ) thole i i te s  general l y  contain 
l e s s  r ad i oge n i c  Pb a nd Sr , mor e radiogen i c  Nd , and d i spl ay cons i s tent 
depl e t io n  i n  l i ght rare earth elements ( REE ) compared to contine ntal tho l 
e i ites . I n  add i tion , s i gni f ic ant var iations i n  the s e  parame te r s  have bee n 
dete c ted wi th i n  each of  the s e  c l a s s e s  of  tho l e i itic ba s a l t s .  Because these 
basal t s  are probably formed by relatively l ar g e  degrees o f  me l t i ng ,  i t  i s  
l i ke l y  th at they r ecord s i gni f icant i sotop ic and trace e lement d i f feren c e s  
be tween ( and withi n )  s ub-ocean i c  and s ub-conti nental mantle re gion s . O n  a 
gro s s  s c a l e  i t  would appear tha t the d i f f erenc e s  noted above are cons i s tent 
wi th r e l a t ive d ep l e t ions o f  U/Pb , Rb/Sr , and l i ght REE in the sub-oceanic 
man tle tha t have per s i s ted for t imes o n  the order o f  1 0 9 years . The iso
top ic data i n  par t i cular sugg e s t  profound impl i c ations r egard ing mantle 
dynami c s  - - name ly , l arge vo l ume s of sub-conti nental upper mantle ma te r i a l  
apparently have f a i l ed t o  "mix " b y  convective or o ther mean s wi th the more 
vo l umi nous s ub-oceanic mantle . 

Suf f i c i ent data are not ye t ava i l able to s how conc l u s i ve l y  that 
s uch d i f ferenc e s  are gene r a l l y  inherent to the r e spec tive sour c e  re gion s , 
and o ther proce s s e s , s uch a s  c r u s tal contami nation , may account i n  part 
for some o f  the obs erved d i fferenc e s  be twe e n  oc eanic and contine ntal tho l 
e i i te s . However ,  i n  favorab l e  c a s e s  wher e  data a r e  ava i l ab l e  for two o r  
more i s o topi c  systems ( e . g . , Rb- S r  and U-Pb ) , i t  c an be shown tha t c rustal 
contami nation is probably no t a s i g n i f i c an t  factor . Thi s  review empha s i z e s  
the need for s y s tema t i c  s tudy o f  several i so top ic systems i n  add i tional 
s u i te s  o f  contine nta l  and MOR basal ts from r e s tr i c ted geographic areas . 

I n t r o duc t i on 

Geochemic a l  and petro logical s t ud ie s  of ba s a l t i c  l avas have been 
widely empl oyed to unders tand the na ture of  uppe r mantle source reg ion s o f  
the i r  parenta l magmas . De s p i te the s trong pos s ib i l i ty that dur ing a s c en t  
t o  the surface ma ny b a s a l t ic magmas have undergone polybar ic crysta l l i z a 
tion and pe rhaps wal l -rock reac tion , which have mod i f i ed the i r  chemic al 
compos i t ion s ( O ' Hara , 1 9 7 7 ) , c ertain e lemental  and i so topic ratio s may be 
cons ider ed repr e s e n tat ive of pr imary ma gma s and can thus y i e l d  con straints 
on the compo s i t ion o f  the upper mantle . Th i s  paper s ummar i z e s  inve s t i ga
tions o f  l e ad and s trontium i sotopic compo s i tions and rare earth e lement 

* Present addres s :  Geology Departme n t ,  Rice Univer s i ty ,  Hou s to n ,  Tex a s  
7 7 0 0 1  
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( REE ) re l at ive abundances i n  b a s al ts from oce an i c  bas i n s  and from the 
continen tal shie lds and con tras ts  s ome geo chemi c a l  fe a ture s i n fe rre d for 
s ub-o c e an i c  and s ub - c on tinen ta l  man tle re gions . 

Emphas i s  i s  p l ace d  on di s cus s ion o f  mi d-oce an ri dge ( MOR)  tho l 
e i i te s  a n d  continen tal fl ood b a s a l ts because the se l avas typ i c a l ly disp lay 
only l imi ted dive r s i ty i n  bulk c ompos i tion ( on a local s c a le ) whi le be ing 
erupted i n  gre at vo l ume and ( o r )  ove r  long pe riods o f  time . For the se 
re ason s  s uch b a s a l ts a re c on s i de re d  to have unde rgone mi nima l di fferen tia
tion and the y may approximate p rima ry magma s . Ge ochemi c al s tudi e s  o f  
continenta l b a s a l t s  s t i l l  l ag behind those o f  ocean i c  b a s a l ts because o f  
the common pre j udi ce that the forme r  l avas h ave been modi f i e d  by i n te r 
acti ons wi th s i al i c  ma te ri a l  a s  the y ascended through the con tinental 
c r us t .  Crus t a l  contami nation mu s t  be re garde d  a s  a vi able proce s s , but in 
favorable c ase s , it c an b e  s hown to h ave had l i ttle or no s i gn i fi c ance . 
De t ai l ed s tudi e s  o f  b a s a l ts from the Snake Ri ve r  P l a i n  an d Co l umb i a  Ri ve r  
Pl ateau , i n  the nor thwe s tern Un i te d  S ta te s , for example , provi de s tron g  
evidence t h a t  many o f  the s e  l avas have n o t  been con tami na te d by crus ta l 
ma te ri a l . Perhaps th i s  i s  true for many , i f  not mos t ,  continental bas alts  
e l s ewhere i n  the wor l d . I f  the i s o top i c  and trace e lement characte ri s ti c s  
o f  b a s a l t s  di s c us s e d  he re i n  a r e  repre sentative o f  the source re gion s  for 
these l avas , it can be s hown tha t  s ub -o ce ani c an d s ub - con tinen tal mantle 
mate ri a l s  are di s ti n c t  in compos i tion and that th ese di f fe rence s  have 
exi s ted for at l e a s t  1 0 9 ye ars . 

S r  and Pb I s o top i c  Comp o s i t i o n s  

I t  i s  conventiona l l y  re garded that S r  and P b  i s o topi c compo s i tions 
o f  prima ry ma gmas are re pre sentative of the i r  man tle s ource re gion s  ( i . e . , 
i s o topi c homo gene i ty i s  attaine d  be twee n  me l t  and re s i due )  because the 
sma l l  di f fe rence s  in ma s s  be tween nucl i de s  of these e lements pre c l ude any 
s i gni f i c ant i s o topi c fra ctionation dur i ng forma tion of me l t  or i ts s ub
sequent chemi c a l  di f fe renti ation . In any e ven t ,  S r  i s o topi c ratios are 
ro utinely norma l i zed to corre c t  fo r ma s s  frac tionation that o c curs during 
mas s spec trome tr i c  ana lys i s . Vari ations i n  i s o topic compo s i ti on of man tle
de rived vo lcanic rocks a re we l l  do cumente d  ( s ee di s c us s ion be l ow )  and can 
be attributed to con tami nation by crusta l  materi al s , mixing of magmas 
having di f fe rent i s o top i c  compo s i tions , i s o topic di sequi l ibrium during 
parti a l  me l ting , and he terogene i ty in the man tle source region s . Of  the se 
po s s ib i l i t ie s , the l a s t  s eems mo s t  vi ab le . 

Con tami nation mo de l s  are d i s c u s s e d  separate ly for oce an i c  and 
con tinental b a s a l ts in the ne xt sec tion s , and it is con c l uded that they 
are inadequate to exp la i n  i s o topi c  vari ations in o ceani c and many con tinen
tal bas a l ts . Ma gma mi xing i s  s trongly indic ated for some local i t i e s  ( e . g . , 
Ice l and- Reyk j anes Ridge ; H a r t  e t  a l . , 1 9 7 3 ;  Sun e t  a l . , 1 9 7 5 ) , b ut the 
ques tion s t i l l  remains o f  how i s o top i c  di f ference s are ge ne rated in the 
respe c t i ve magma s . Disequi libri um me lting o f man tle mate r i a l  th at i s  
i s otop i c al ly i nhomo ge neous o n  a mi ne r a lo g i c a l  s ca l e  has been s ugge s te d  
( O ' Ni o n s  a n d  Pan k h ur s t ,  1 9 7 3 , 1 9 74 ; F l o w e r e t  a l . , 1 9 7 5 )  a s  a way i n  whi ch 

magma s havi ng di f feren t i s o top i c  compo s i tion s can be gene rated from man tle 
tha t is homo geneous on a re giona l s c a le . The se authors s ugge s t  tha t  phase s 
having l ow me lting tempe rature s ( e . g . , mi cas , amphibole s ,  ap atite , e tc . ) 
coul d impart the i r  i s o top i c  compos i t i on s  to e arly fo rme d me lts , and th at as 
me l ting proceeds the i s otop i c  compos i t ion o f  the l i quid appro ache s that o f  
the bulk s o urce materi a l . I s o topi c  i nhomogene i ti e s  b e twee n  con s ti tuent 
minerals in ultrama f i c  xeno l i ths have been demon s trated for both S r  and Pb 
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( Pe te rman e t  a Z . , 1 9 7 0 ; S t e ub e r  a n d  Ik ramuddi n ,  1 9 7 4 ; D a s c h  a n d  Gre e n , 
1 9 7 5 ;  Z a r tm a n  and T e r a , 1 9 7 3 ;  Mo r i o k i  a n d  Ki g o s hi , 1 9 7 5 )  but i t  remains to 
be seen whe ther o r  not such hete ro gene i t i e s  c an be pre s e rve d at the h i gh 
tempe rature s requi re d to p roduce bas al ti c  me l ts . H o fmann and Har t ( 1 9 7 5 )  
and Ne l s o n  and Da s c h ( 1 9 7 6 )  s ugge s t  th at i so topi c di sequi l ibri um betwee n  
mi ner a l s  i s  favored a t  s ub s o l i dus tempe rature s b y  the l ow s o l i d  di f fus ion 
rate s e xpe cted fo r S r  ( and po s s ibly Pb ) , but th at highe r tempe rature s o f  
me lting w i l l  favor greatly incre a s e d  di f fus i on rate s  and th i s  fa c tor plus 
the presence o f  a me l t  pha s e , which wo uld a c t  a s  a di f fus ion bri dge , would 
re sult i n  rathe r e ffective i so topi c homo geni z ation ove r  re asonab l y  short 
pe riods of time . Furthermore , i t  i s  di f fi cul t to reconc i le wi th the di s 
equi l ib r i um me l ting mo de l the fact th at o n  some oce ani c i s lands tho l e i i t i c , 
al kali c , and ne phe l i n i t i c  ba s al ts , whi c h  form by di f fe rent de gre e s  o f  
partial me l ting ( Ga s t ,  1 9 6 8 ) ,  have e s s e n ti a l l y  the s ame 8 7 s rj 8 6 s r ratio . 
Con s ide rations s uch a s the se s ugge s t  that equi l ibrium me lting i s  more 
l ike ly i nvol ved i n  the produc tion of  ba s al ti c  magmas ( though thi s  que s tion 
i s no t ful l y  re s o l ve d )  and th i s  a s s umpt ion is adopte d i n  the fo l lowi ng 
di s c us s ion . 

Numerous autho rs have adop te d the view tha t  the mantle i s  he te ro
geneous with regard to S r  and Pb i s otopi c compo s i t ion . S uch he tero
gene i ties  re flect di f fe re nc e s  i n  Rb/S r , U/Pb , and Th/Pb ra tios that have 
e xi s ted i n  the man tle for s u f f i c i ent time that di f fe rent amounts o f  radi o 
gen i c  S r  and P b  c o u l d  accumulate from p l a ce t o  p l ace . The Pb and Sr i s o 
top i c  sys temati c s  di s c u s s e d  be low i ndic ate th at s uch he te rogene i tie s have 
exi s te d  for time s on the orde r  o f  1 0 9 ye ars , and may re f l e c t  a time o f  
ma j o r  chemi cal di f feren tiation o f  the man tle . I t  i s  a l s o  pos s i b l e  that 
vari ations in Rb/Sr , U/Pb , and Th/Pb we re e s tab l i shed by con tinuo us or 
mul t i - epi sodic proce s se s  that ope ra te d  e ar ly i n  the Earth ' s  hi s tory ; i f  so , 
age i n forma tion obtained from the Pb and S r  da ta corre s ponds to an 
" ave rage " time s ince the mantle hete rogene i ti e s  we re e s tabl i shed . I t  might 
be e xpe cted that vol c an i c  rock s from di f fe rent oce an i c  and con ti nenta l  
re gions might " s ample " mantle re gion s o f  di f fering a g e  a n d  i s o topic compo s 
i t ion . The fo l l owing s e c tions di s cus s the i s otopi c data from the se 
re gions . 

A .  O c e an i c Re g i o n s  

Faure a n d  Hur l e y  ( 1 9 6 3 ) , He dge an d Wa l t h a Z l  ( 1 9 6 3 )  and Ga s t ,  
Ti l t o n ,  a n d  He dge ( 1 9 6 4 )  f i r s t  c l e arly showed that the re are s y s tema t i c  
di f ferenc e s  i n  S r  an d P b  i s otop i c  compo s i tion in  vol c an i c  rocks from i nd i 
vi dua l o c e an i c  i s l ands . Con s i derab l e  s ubsequent work h a s  confirme d th i s  
observati on and recen t h i gh pre c i s ion i s o topi c analyse s ( e . g . , O ' Ni o n s  a n d  
Pa n k h ur s t ,  1 9 7 3 ,  1 9 7 4 ; Har t e t  a l . , 1 9 7 3 ;  Sun , 1 9 7 3 ;  S u n  and Jahn , 1 9 7 5 ;  
Gra n t  e t  a Z . ,  1 9 7 6 ; Dun c a n  a n d  Co mp s to n , 1 9 7 6 ) have revealed previ ous ly 
undis covered de tai l in the se vari ations . The re po rte d  ran ge in 8 7s rj 8 6 s r 
ob se rve d fo r ocean i c  i s land b a s a l ts i s  0 . 7 0 2 8 to 0 . 7 0 8 2 . He dge and 
Pe t e rm a n  ( 1 9 7 0 )  . and H ar t  ( 1 9 7 1 )  showed that MOR- type basal ts ( i nc l uding 
oce an f l oor b a s a l ts s amp l e d  by de ep sea dri l l i n g )  h ave sys temati c a l l y  l owe r 
8 7 srj 8 6 s r  ratio s ranging from 0 . 7 0 2 3 to 0 . 7 0 35 ,  wi th mo s t  l e s s  than 0 . 7 0 3 0 . 
Rb/S r  ratios me a s ured i n  MOR b a s a l ts are too l ow to have produce d the i r  
pre sent- day 8 7 s rj 8 6 s r  ratios with in 4 . 6 b . y . , the accepte d  age of  the 
Earth . Because Rb/S r  ratios are l ik ely to i n cre a s e  i n  the liquid during 
parti a l  me lting , it seems probable th at the re s i due from s o urce re gion s  for 
MOR basal t h ave been de plete d  in Rb ( Ga s t ,  1 9 6 8 ) . No te that re s i dual 
phlo gop i te i n  th e source re gion could re sul t in a de cre a s e  i n  Rb/S r  i n  the 
me l t ,  but for th e de gre e o f  me l ting ( about 3 0 % )  s ugge s te d  for MOR b a s a l ts 
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( Ga s t ,  1 9 6 8 ) i t  i s  improbable tha t  phlogopi te would rema i n . The pe r s i s t• 
ence o f  r e s i dual phlogopi te has been s ugge s te d  ( e . g . , B e s w i c k ,  1 9 7 6 ) . 
Ho fm a nn a n d  HaP t ( 1 9 7 5 )  have s ummari z e d  the S r  i so topi c data c o l l e c te d  
s i nce 1 9 7 0  f o r  o c e an i c  ba s a l ts , and they s ug ge s t  tha t  the mantle i s  compo 
s i t ion ally i nhomo ge ne ous no t only l ateral ly but a l so ve r t i c a l l y  be cause 
" vol c ano e s  s i tuate d ne ar a mi d-o c e an r i dge usual ly e r upt l avas tha t  di f fe r  
i n  i so topic compo s i tion from the mid-o ce an ri dge rna te ri al i tse l f . "  

The Pb i so top i c  data for oc eani c  b a s al ts ( s ummari z e d  by Sun a n d  
Hans o n , 1 9 7 5 )  s uppo r t  th i s  hypo the s i s . As w i th the S r  data , MOR bas a l ts 
di s p l ay a much smal ler r ange in Pb i s o topi c  compos i tion than do ocean i c  
i s land bas a l t s  and MOR b a s a l ts have gene ral ly le s s  radiogen i c  2 0 6 pbj 2 0 4 pb 
and 2 0 8 pbj2 0 4 pb ratios . Thus , i t  seems tha t s ource regions for MOR b a s a l t s  
h ave l owe r U/Pb a n d  Th/Pb ( a l so lower Th/U ) ratio s  than s o u r c e  regions for 
mos t o c e an ic i s land b a s a l t s . Thi s c on c l us i on is s upported by l owe r U/Pb 
and Th/U obse rved i n  MOR bas a l ts ( e . g . , Ta t s um o to e t  a l . , 1 9 6 5 ; ChuP c h  and 
Ta t s um o to , 1 9 7 5 )  compare d to o c e an i c  i s land basal ts ( e . g . , Ta t s um o to , 
1 9 6 6 a ,  1 9 6 6 b ;  G a s t ,  1 9 6 9 ; O v e P s b y  a n d  G a s t ,  1 9 7 0 ; Ov e P s b y  e t  a l . , 1 9 7 1 ) . 

I t  i s  notewo r thy tha t bas a l ts ( and d i f fere n t i a te d  l avas i n  some 
case s ) from s e veral o c e an i c  i s l ands h ave 8 7 s r; 8 6 s r  ratios i n  exce s s  o f  
0 . 7 0 5  and a s  h i gh as 0 . 7 0 8 2 ( H e dge e t  a l . , 1 9 7 2 , 1 9 7 3 ;  O ' Ni o ns a n d  Pa n k 
h u P s t ,  1 9 7 4 ; Whi t e  e t  a l . , 1 9 7 5 ; Dun c a n  a n d  Mc D o u ga l l , 1 9 7 6 ) . The s e  value s  
are h i ghe r than 8 7 sr; 8 6 s r  rati o s  obs erved i n  many continental b a s a l ts ( s ee 
next s e c tion ) , and i nd i c a te that the source re gions for the s e  l ava s have 
h ighe r t ime - averaged Rb/Sr ratios than source regions for many o ther 
o c e an ic i s l and and MOR b a s a l ts . S uch e l e va te d  8 7 sr; 0 6 s r  ratios could per 
haps a l s o  be attr ibuted t o  s ome form o f  contami nation i nvolving crus ta l 
ma te ri a l s . Howeve r ,  thi s  pos s ib i l i ty s e ems unl ik e l y  i n  mo s t  c a s e s  because 
( 1 )  s i al i c  crust is  gener al ly ab sent in oc e an i c  b a s i n s , ( 2 ) o the r po ten t i a l  
con tami nants s uch as oceanic s e dimen ts , a l tered rock s i n  t h e  oceanic c rus t 
or i n  vo l c an i c  pi l e s , and s e awa ter have compo s i t ion s that are i nadequate to 
cause the obs erve d var i a t i ons i n  i s otop i c  compo s i tion o f  o c e an i c vol c an i c  
rocks w ithout obvi ous ly a f fe c t i ng o ther c ompo s i tional characte ri s ti c s  o f  
the s e  l avas ( e . g . , Ba a nd a lk a l i  e l emen t  conten ts , oxygen i s o to p i c  compos i 
tion , e tc . ) , ( 3 ) for some i ndividual i s l ands S r  i so top i c  c ompo s i t ions are 
cons i s te n t  d e s p i te wide var i ati on i n  bulk compo s i tion of the lavas ( e . g . , 
a l k a l i  b a s a l t  to phono l i te ) . In addi tion , the S r  and Pb i s o topi c comp o s i 
tions are remarkably uni form for fre sh MOR- der i ve d  bas a l ts from a l l ocean s  
and d i s p l ay n o  s ub s tantive change with age or ge ograph i c  loc ation , except 
po s s ib ly near s uch ho t s po t s  a s  Ice l and ( HaP t e t  a l . , 1 9 7 3 ;  Sun e t  a l . , 
1 9 7 5 )  and the A z o re s ( Wh i t e  e t  a l . , 1 9 7 5 ) , whe r e  mi xin g o f  di f ferent magma s 
or s o urce .  mate r i a l s  has been pos tulate d . 

I f  i t  i s  accep te d  tha t the s ub -o c e an i c  mantle i s  he te ro geneous i n  
i so topic and chemi cal  compo s i t ion , the que s tion a r i s e s  o f  how long s uch 
he te ro gene i t i e s  h ave exis ted . S ome i n di c ation o f  th i s  time c an be der i ve d  

. from P b  i so topi c s tudi e s . 2 0 7 pbj 2 0 4 pb an d 2 0 6 pbj 2 0 4 pb ratios i n  ocean i c  
i s l and and MOR b a s a l ts a r e  s tron gly c orre lated and de f i ne a l i ne ar trend 
tha t  c an be interpreted as a s e condary i s ochron ( Ga l e  and Mu s s e t ,  1 9 7 3 ) . 
In phy s i c a l  terms , such a r e l ation s h i p  i s  read i l y  attributed to de r i va t i on 
o f  the s e  ma gma s  from s ource regions havi ng a conti nuum o f  di f ferent U/Pb 
ratios but uni fo rm i s o top i c  c ompos i tion that were e s tab l i she d at a common 
time , pe rhaps dur ing some ma j o r chemi cal di f fe r e nti ation o f  the s ub-ocean i c  
mantle . I t  i s  unl ike ly tha t  thi s trend re f l e c t s  mixing o f  mantle -de rive d  
P b  with a c rus tal P b  c omponent because oce an i c  s e dime n ts ( and s e awa te r )  
have P b  i s o to p i c  compo s i t i on s  that fal l we l l  o f f  the tre nd for the vo l c an i c  
ro cks , having h igher 2 0 7pbj2 0 4 pb ratios f o r  any given 2 0 6 pbj 2 0 4 pb ratio 
( Ch o w  a n d  Pa t t e ps o n , 1 9 6 2 ; Ch u P c h  a n d  Ta t s umo to , 1 9 7 5 ; Me i j e p ,  1 9 7 6 ) , and 
s e awate r has Pb contents at l e a s t  four orders o f  magni tude lowe r tha n  tho s e  
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o f MOR and o the r b a s a l t s . Secondary i s ochron i nte rpreta tions o f  2 0 7 Pb/ 
2 0 4 pb- 2 0 6 pbj2 0 4 pb p lots for i nd i vi dual oce an i c  i s lands or MOR s e gments 
yi e l d  age s r anging be tween 0 . 9 5 and 2 . 5  b . y .  for the time s ince U/Pb 
vari ations we re e s tab li shed i n  the i r  respec tive so urce region s ( Sun , 1 9 7 3 ; 
Sun e t  a l . , 1 9 7 5 ; Sun and Jahn , 1 9 7 5 ; C h u r c h  a n d  Ta ts umo to , 1 9 7 5 ;  Ta t s um o to, 
1 9 7 7 ) . B r o o k s  e t  a Z . ( 1 9 7 6 )  po s tulate d  th at averaged 8 7 srj 8 6 sr and Rb/S r  
ratios f o r  MOR and oce an i c  i s l and thole i i ti c  bas a l ts define a "mantle 
i s ochron " c orre spondi ng to an age of about 1 . 6  b . y .  for the time s ince Rb/ 
Sr  he te rogene i t i e s  we re e s tab l i shed i n  the s ub -ocean i c  mantle . A s imi l a r  
Rb- S r  mantle i sochron for b a s a l t s  from Fr�nch Po lyne s i a  s ugge s ts a minimum 
age o f  about 1 . 2 b . y . for the i r  source re gion ( Du n c an and Comp s ton , 1 9 7 6 ) . 
The s imi larity between the Rb- S r  and U- Pb sys temat i c s  s ugge s ts that the 
i sochron trends ob tai ne d  have real a ge s i gn i fi cance and do not represent , 
for exampl e , s ome random mixing pro ce s s . 

In s ummary , the S r  and Pb i s o topi c data for oc e an i c  vo l c an i c  rocks 
s trongly s ugge s t  that the s ub - o cean i c  mantle is hete rogene ous i n  s uch 
ra tios as Rb/S r ,  U/Pb and Th/U and that a l l  of the s e  ratios are l owe r i n  
the source region s  f o r  MOR bas a l ts . These da ta a r e  compatible with mode l s  
i nvo lving a ve r t i c a l l y  s trati fied mantle wi th a n  upper " deple te d "  l aye r 
from wh ich MOR ba s a l ts are generated and deeper , more ferti le mate rial  from 
wh ich o c e an i c  i s l and ( e spec i a l l y  alkal i c )  ba s al ts are de rive d ( e . g . , Sun 
and H a ns o n , 1 9 7 5 ; H o fmann a n d  Har t ,  1 9 7 5 ) . Other mode l s  are pos s ible , of 
co urse , but the important c onc lus ions are that o c e an i c  bas al ts are de rive d  
from hete rogeneous source region s and that such heterogene i ti e s  probably 
h ave e xi s te d  for at  l e a s t  1 0 9 ye ars . 

B .  C o n t i n e n t a l Tho l e i i t e s  

I t  has lon g been recogni z ed ( Fa u r e  a n d  Hur l e y , 1 9 6 3 ;  He dge a n d  
Wa l t h a l l ,  1 9 6 3 )  that contine ntal bas a l ts di ffer from ocean i c  b a s a l ts i n  
having general ly hi gher 8 7sr; 8 6 s r  ratios . The r e  are comparative l y  few P b  
i s o topi c ana lys e s  o f  the s e  rocks , b u t  D o e  ( 1 9 6 7 ,  1 9 6 8 ) noted that bas a l ts 
from cratoni c regions o f  we s te rn North Ame r i c a  apparently we re derive d  
from s ource regions h aving hi ghe r 2 3 8uj 2 0 4 pb rati o s  th an source regions 
for oc e an i c  basal ts . 

L e eman and Ma n t o n  ( 1 9 7 1 ,  F i g . 4 )  s ummari z ed mo s t  o f  the S r  i s o
topic data and s ugge s te d  th at i n i ti a l  8 7srj 8 6 s r  ratios o f  con tinenta l 
tho le i i te s  erup te d over the l a s t  3 b . y .  cons i s tently have been hi gher than 
thos e  e xpe c ted for MOR tho l e i i te source regions , as s umi ng that the la tter 
i ncre ased l inearly ( due to 8 7 Rb decay )  from the primordi al value of 0 . 6 9 8 9 8 
( Pap anas t a s s i o u  a n d  Wa s s e rb ur g , 1 9 6 9 )  to the presen t-day values o f  about 
0 . 7 0 3 .  S uch a l i ne a r  extrapol ation requires that the time - inte grated 
Rb/Sr ratio for the s ub-oceani c  mantle was about 0 . 0 2 5 ,  whereas that i n fe r 
red f o r  continenta l tho le i i te source s i s  at  l e a s t  0 . 0 4 . B e c au s e  Rb/Sr 
ratios i n  the man tle may have varied throughout time in a more comp l i c ated 
mann e r  ( Ha r t  and Bro o k s , 1 9 7 0 ; Fa u r e  and Powe l l ,  1 9 7 2 ) ,  the fo l l owing di s 
cus s ion w i l l  b e  res tri c ted t o  Me s o z o i c  o r  younge r b a s a l t s  f rom which we 
c an draw a compari s o n  be tween "mode rn " s ub-oce an i c  and s ub - continental 
mantle re gion s . I n i t i a l  8 7sr;8 6 sr ratios in some representa ti ve continent
al thol e i i te s uite s are s ummari zed i n  Table l .  Of the s e , Pb i s o topic data 
are avai lable for only the Snake River P l a i n-Ye l l ows tone ( L e eman e t  a l . , 
1 9 7 8 ) and Columb i a  River P l a te au ( Ch u r c h , 1 9 7 7 )  ba s a l ts . Based on the 
decay cons tants and growth cur ve parame te rs adopte d by Ta t s um o to e t  a l .  
( 1 9 7 3 ) , the Pb i n  the se bas a l ts was de rive d  from a s ource havi ng a present

day 2 3 8 u; 2 0 4 pb va lue ne ar 8 . 1 ;  the c orre s pondi ng value for ocean i c  b a s a l t  
s ource regions i s  about 7 . 8 , whi ch i s  s i gn i f i cantly di s ti nc t .  



The dif fe rences i n  Sr and Pb i s o topi c  compos i tion s  be tween ocean i c  
and contine n ta l tho le i i te s  c an be a ttribute d  t o  ( 1 )  primary di f fere nces i n  
compos i tion be tween the respe c tive source re gion s , or ( 2 ) contamination o f  
the l atte r basal ts b y  s i a l i c  crusta l mate r i a l . The s e  a l te rnative s  wi l l  be 
exami ned be l ow for the Snake Rive r Pl ain -Ye l l ows tone bas al ts wh i ch have 
been s tudied i n  the gre a te s t  detai l . 

At prese n t ,  i s o topi c  evi dence agains t c r us ta l  contami nation o f  
con tinental tho l ei i te s  i s  r are ly conc lus ive , a n d  s ome rock s of  probab le 
hybri d  o r i g i n  have been de s cr ibed ( e . g . , Pan k h urs t ,  1 9 6 9 ;  L e eman and 
Ma n t on , 1 9 7 1 ;  Faur e et  a l . , 1 9 7 4 )  . In the Snake River Plain-Ye l l ows tone 
p rovince , howe ve r , s uch e vi dence is seemi ngly incompatible with s i gn i ficant 
amoun ts o f  crustal con tami nation o f  the vo l uminous olivine tho lei ite s 
there . Br i e f ly , the e vi dence i s  s umma r i z e d  as fo l l ows : 

1 .  8 7 sr; B 6 sr  r a tios vary only from 0 . 7 0 5 5  to 0 . 7 0 7 5  i n  the 
thol e i i te s , but over 8 0 percent of the an a l y z e d  s amp le s  
are within 0 . 0 0 0 5  o f  the me an value o f  0 . 7 0 6 5 .  Th i s  
range i s  only about twice the two - s i gma unce rtainty i n  
the i ndivi dual ana lys e s . In con tras t ,  2 0 6 pbj 2 0 4 pb ratio s 
vary from 1 6 . 1 0 to 1 8 . 8 4 ( ne arly 2 0 percent var i a tion ) 
and w i th 2 0 7 pbj 2 0 4 pb ra tio s de fine a pre c i s e  l i ne ar 
array ( al l  s amp l e s l i e  within two s i gma analyti c a l  e rror 
of the be s t - f i t  l i ne )  which is i n te rpre ted as a s e condary 
i sochron ( L e e m a n  e t  a l . , 1 9 7 8 ) .  The s l ope of thi s  i s o
chron indi cate s that he terogene i ti e s  i n  U/Pb ratio have 
exi s te d  i n  the man tle s ource re gion for about 2 . 5  b . y .  
Th is age i s  remark ab ly s i mi lar to age s  o f  cry s t a l l i ne 
bas ement rock s e xposed i n  the region . The sma l l  range i n  
8 7 s r; B 6 s r  ratios observed i n  the s e  tho l e i i te s  i s  con s i st
ent wi th the e xi s te nce o f  smal l he terogene i ti e s i n  Rbi Sr 
i n  a 2 . 5  b . y .  old source region . Al though the 8 7sr; B 6 sr 
ratios are comparative ly high , they lie within the r an ge 
o f  val ue s  ob serve d  i n  bas a l ts from oc e an i c  i s l ands . 

2 . The re i s  no corre l ation be tween Pb and S r  i s o topic compos i 
tions i n  the o l i vine tho le i i te s . Howeve r , hyb r i d  l avas 
from the King H i l l  are a and a t  Crate r s  of the Moon lava 
fie l d  ( L e e man an d Man t o n , 1 9 7 1 ;  L e e ma n , in preparation ) 
e xhib i t  we l l -de f i ne d  corre l a t i ons be tween 87 s rj 8 6 s r  and 
2 0 6 pbj 2 0 4 pb wh ich are cons i s ten t wi th contami nation by 
crustal S r  and Pb . The o l ivine tho l ei i te s  di sp lay no s uch 
trends . 

3 .  Corre lations are l a cking be twee n  the i s o topic comp o s i tions 
and conten t s  ( or i nve r s e  conte n ts ) o f  S r  and Pb ( e . g . , see 
Ew ar t a n d  S ti p p , 1 9 6 8 ; Pus h k a r , 1 9 6 8 ; Fa ure e t  a l . , 1 9 7 4 ) 
in  the o l ivine tho le i i te s . The ab sence o f  s uch corre l a ti on s 
s ugge s ts tha t  th ese ma gma s have not been con taminate d  by 
S r  or Pb o f  di s tinct i s otopic compos i tion , nor we re they 
de rive d  from a " mixe d "  mantle source s uch as has been 
pos tul ate d  for I ta l i an vol c ano e s  ( Vo l lm e r ,  1 9 7 6 ) .  Hyb r i d  
lavas from the Snake Ri ve r  P l ai n  do di s p l ay s uch corre l ations 
that are i nte rpre ted as re fle cting crus tal con tami na tion . 

4 .  Crustal xen o l i th s  o f  granul i te fac i e s  gne i s s , gran i t i c  rock s , 
and me ta- i gneous rocks whi ch oc cur i n  some o f  the Snake 
Ri ve r P l ain hybrid l avas d i s p l ay wi de range s i n  8 7 s r; B 6 s r  
( 0 . 7 0 2 t o  0 . 8 3 0 )  a n d  P b  i s o top i c  r a t i o s  ( 2 0 6 pbj 2 0 4 pb range s 
from 1 3 . 4 to 2 4 . 7 ) ( L e e m a n , in p reparation ) wh i ch are 
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characte ri s ti c  o f  anc ient crus tal rocks ( Do e , 1 9 7 0 ; 
Faure a n d  Powe l l ,  1 9 7 2 ) .  I n  view o f  the d i ver s i ty o f  
the s e  ratio s , i t  s e ems un like ly that random con tami na� 
tion by s uch rocks wou l d  be cons i s ten t wi th the nar row 
range i n  8 7s r/ � b s r  and pre c i s e  l i near array i n  2 0 7 Pb/ 
2 0 4 pb- 2 0 6 pbj 2 0 4 pb space obse rved in the o l i vi ne 
tho l e i i te s . O f  cours e , l i ttle i s  known o f  the i s o topic 
compos i t ion of  lowe r crustal rock s and no f i rm conc lus 
ions c an be drawn regarding the i r  ro le i n  contamina t ion 
or ma gma gene s i s . 

5 .  Rhyol i t e s  from the Snake Ri ve r Pl ain-Ye l l ows tone province 
di s p l ay e s s e ntially the s ame ran ges in Pb i s o topi c  
ratios ( 2 0 6 pbj 2 0 4 pb ranges from 1 6 . 5 8 to 1 8 . 9 4 ) as  the 
o l i vine tho l e i i te s , a l though the i r  Pb contents ( about 
3 0 ppm for mo s t  s amp le s )  are abo ut ten time s h i gher 
than tho se of the bas a l t s  ( L e e m a n , unpub l i she d data ) . 
Because th e tho le i i te s  con ta i n  appre c i ab ly le s s  Pb , the y  
shoul d b e  more sus ceptible t o  c rus t a l  con taminati on than 
the rhyo l i t i c  magmas ; thus , the ove r l ap in Pb i so top i c  
compos i tions wo ul d s ugge s t  that con tami n ation o f  the 
b a s a l t s  h a s  not been s i gn i fi c an t .  Furthe rmo re , P b  i so top i c  
ratios in the rhyo l i t e s  di s p l ay a con s i s te n t  re l a tion s h i p  
with geographic s e tting . The r a t i o s  become l e s s  radiogen i c  
from we s t  to e a s t  and f a l l  i nto three main groupings corre s 
pondin g  to we s te rn S n ake Rive r P l a i n , e a s t-central S n ake 
Rive r P l ai n ,  and Ye l lows tone - I s land P a rk s ubprovince s .  The 
o l i vine thole i i te s  exh ib i t  no s uch clear- cut trend , 
s ugge s ting tha t  the s ource regions for the s e  two magma 
type s are di s tinc t .  8 7 s r; 8 6 s r  ratios i n  the rhyo l i te s  
( 0 . 7 0 9 to 0 . 7 1 2 ) are s i gn i f i c an t ly h i gh e r  th an tho s e  o f  
the thol e i i te s  and pre c lude a cogene ti c origin wi th th e 
bas a l t s  ( L e e m a n , unpub l i she d  data ) . 

On the b as i s  o f  the se ob se rvation s ,  and especi a l l y  the con tras ting 
trends foun d  in the o l i vi ne thole i i te s  and the hybri d l avas o f  the Snake 
Rive r P l a i n , i t  seems mo s t  reasonab l e  to attrib ute the i so top i c  compos i 
tions o f  the tho l e i i t e s  to der ivation o f  the s e  magma s from an old mant l e  
re g ion tha t i s  characte r i z e d  by hi gher Rb/ S r  a n d  U/Pb tha n  a r e  typ i c a l  o f  
mo s t  s ub-oce an i c  mantle re g ions . 

More l i mited data from the Co l umbi a  Rive r P l a teau i ndi cate tha t  
tho le i i te s  the re have S r  ( Mc D o u ga l l ,  1 9 7 6 ; Ne l s o n , person a l  commun i c a tion ) 
and Pb ( Ch ur c h , 1 9 7 7 )  i s o topic compos i t ion s that are con s i s tent wi th s uch 
a mode l .  A s i gn i f i c ant fea ture o f  the se da ta i s  the uni formity of 8 7sr/ 
8 6 s r  wi th in di f fe rent magma type s ( e . g . , P i c ture Gorge , Grande Ronde and 
Imn ah a , lowe r  and mi ddle Yakima ) , but pe rs i s tence of s i gn i fi c an t  di f fe r 
ence s in  th i s  r a t i o  be tween magma types  ( see Tab l e  l )  . The P b  i s o top i c  
d a t a  di s p l ay s imi lar group i ngs within magma type s , as  we l l  as s ome ove r l ap 
be tween type s . The to ta l r an ge in 2 0 6 pbj 2 0 4 pb for the s e  magma types i s  
comparati ve ly smal l ( 1 8 . 6 6  to 1 9 . 0 4 ) and the Pb compo s i tions are con s i s te n t  
wi th de riva tion o f  the s e  b a s a l t s  from a so urce w i t h  h i gher U/Pb than i s  
typ i c a l  o f  oce an i c  b a s a l ts . There i s  n o  corre l a tion betwe e n  S r  and P b  i so 
top i c  compos it ion s for the se rock s ,  n o r  i s  the re any cor re lation between 
8 7s r; 8 6 s r  and S r  content (or 1 /S r )  wi thin indivi dual magma type s . The 
appare n t  un i formi ty in 8 7 s rj 8 6 s r  within the vo luminous l owe r an d middle 
Yakima b a s a l t  type s , de s p i te a ve ry wide di s tri bution o f  ven t s , sugge s ts 
that c rus tal  con tami nation i s  n o t  s i gni f i c an t .  Uppe r Yakima b a s a l t s  
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TAB LE 1 .  I n i t i a l 8 7 s r; 8 6 s r  Ra t i o s  i n  Re p r e s e n t at ive 
C o n t inen t a l  Tho l e i i t i c  B as a l t s  

Name 

Sn ak e  Rive r P l a i n - Ye l l ows t o ne 

o l i v i ne tho l e i i t e s  
C r a t e r s  o f  the Mo o n  l avas 
King H i l l  l avas 

C o l umb i a  Rive r P l a t e au 

P i c ture  G o r ge 
G r ande Ron d e  
Imnaha 
L o we r Yakima 
Mi ddl e Y ak ima 
Upp e r  Yak ima 

D e c c a n , I nd i a 

t h o l e i i t i c  b a s a l t s  

S e r r a  G e r a l , B r a z i l  

do l e r i te s , b a s al t s  

An t a r c t i c a 

Que en Maude L an d  b a s a l t s  
K i r k p a t r i ck B a s a l t  
F e r r a r  Do l e r i t e s 

Ka rr o o , S .  Afr i c a  

do l e r i t e s , b a s a l t s  

E a s t e rn N .  Ame r i c a  

P a l i s ade s d i ab as e  
B r o o kv i l l e  d i ab a s e  
N .  and S .  C aro l i n a  d i ab a s e  

d i k e s 

Age (my )  

0 - 1 2 
0 
3 

<u l 5  
" 
" 
" 
" 

8 - 1 4 

<u 6 0 

1 2 0 - 1 5 0 

<u l 5 0  
" 
" 

1 5 0 - 1 9 0  

<u 2 0 0  
" 
" 

8 7 s r; 8 6 s r o.:::_ 

0 . 7 0 6 5 + 5 b 

o . 7 0 7 5 -=-o .  7 1 2 0  
0 .  7 1 0 4 - 0 . 7 1 7 6 

0 . 7 0 3 7 + 1 
0 . 7 0 4 7 +1 
0 . 7 0 4 5 +2 
0 . 7 0 5 2 "+3 
0 . 7 0 5 3"+1 
0 . 7 0 6 9 +0 . 7 0 9 2  

0 . 7 0 5 9 + 3  

0 . 7 0 5 6 + 3 

0 . 7 0 5 3 + 2 0  
0 . 7 0 9 3-=-0 . 7 1 4 3  
0 . 7 0 8 9 - 0 . 7 1 4 2  

0 . 7 0 5 6 + 9 

0 . 7 0 5 1 + 1 0  
0 . 7 0 5 8  
0 . 7 0 4 8  n . d .  

N 

6 5  
2 1  
1 5  

1 0  
9 
9 

1 1  
5 
8 

3 

6 

1 2  
2 2  
2 2  

6 

3 
1 

11 

a I n i t i a l r a t i o  adj us te d t o  8 7 s r; 8 6 s r  = 0 . 7 0 8 0  i n  E & A S t an d a r d  

b E r r o r  i s  o n e  s i gma unc e r t a i nty i n  l a s t  s i gn i f i cant  d i g i t ( s ) ; 
n . d .  = n o t d e t e rmin e d  

Re fe r enc e s  

1 .  L e e m a n  a n d  Man to n ( 1 9 7 1 ) and 
L e eman (unp ub l i s h e d  d a t a )  

2 .  Mc.D o u g a l l  ( 1 9 7 6 ) 
3 .  Faure a n d  Hur l e y  ( 1 9 6 3 ) 
4 .  Comp s to n  e t  a l .  ( 1 9 6 8 ) 

5 .  F a u r e  e t  a l . ( 1 9 7 1 ) 
6 .  Faure e t  a l .  ( 1 9 7 4 ) 
7 .  B ar k e r  a n d  L o n g  ( 1 9 6 9 ) 
8 .  R a g l an d  e t a l .  ( p e r s o n a l  

c o mmun i c a t i on , 1 9 7 2 ) 
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1 
1 
1 

2 
2 
2 
2 
2 
2 

3 

4 

5 
6 
4 

4 ' 

3 
7 
8 



di s p l ay a wider range i n  ma j o r  e leme n t  ( Wr i g h t e t  a l . , 1 9 7 3 )  and i s o topic 
compo s i tion . 8 7 sr; 8 6 s r  rat 1os r an ge f rom 0 . 7 0 7 t o  greater than 0 . 7 1 4 
( Ne l s on ,  personal commun i c a t i on , 1 9 7 6 ) ,  but d i s p l ay no c l e arcut correl ation 

with S r  conten t . 2 0 6 pbj 2 0 4 pb ratios al so d i s p l ay a wider ran ge ( 1 8 . 1 4 to 
1 9 . 1 1 )  than for the oth e r  Columb i a  Rive r b as a l t s  and de f i ne a crude l i ne a r  
arr ay w i t h  2 0 7pbj 2 0 4 pb ratios th at corre sponds t o  a s e condary i s ochron a ge 
of about 2 . 5  b . y .  At pre sent , comp l e te S r  and Pb i s o topic data are not 
ava i l able for all ana ly zed s amp le s ,  nor h ave Pb con tents be en mea s ured . 
Thus i t  i s  not pos s ib l e  to s how tha t th e Upper Yak ima s amp l e s  d e f i ne a 
"mantl e " i sochron a t  thi s  t ime . 

Data o f  comparab l e  quanti ty and/or qua l i ty are n o t  yet avai lable 
from mo s t  o the r continen tal tho l e i i te s u i te s . Howe ve r ,  B r o o k s  e t  a l . 
( 1 9 7 6 ) h ave pointed out the e xi s tence o f  corre l ations be twee n  obse rve d Rb/ 
Sr  and i n i t i a l  8 7s r; 8 6 s r  r a t i o s  for some s uch s u i te s . They interpret 
the s e  trends as mantle i sochrons tha t  r e f le c t  the antiquity of  the so urce 
re g ions for continental bas a l t s . One important fe a ture of some o f  the se 
man tl e  i soch ron s is the i r  comparative ly h i gh 8 7 srj 8 6 s r  i nte rcepts , wh i ch 
are incompati b l e  with c rus tal contami nati on o f  man tle de r i ve d  magmas tha t  
i n i ti a l ly had 8 7 s r; 8 6 s r  ratios  e q uival ent to tho s e  o f  mo s t  ocean i c  b a s a l ts . 
Thi s  conc l us i on s upports th e i n fe rence th a t  s ub - continental man tle regions 
may be enr i ched i n  Rb/S r  compare d to s ub -o c e an i c  mant l e  regi ons . 

In c on c lus ion , analogy w i th the S n ake River-Ye l lows tone thol e i i te s  
sugge s t s  that i so topi c data for many con tinental tho l e i i te s  doe s n o t  r e 
qui re th at s uch magmas are nece s s ar i l y  contami nated by crus tal  S r  or  Pb . 
Further work on s uch i s otop i c  s tudie s c an p o te n ti a l ly provi de re l i ab l e  
c r i te r i a  for as s e s s i n g  the e f f e c t s  o f  c rus t a l  con tami na t io n , ma gma mixin g ,  
e t c . Th e ava i l ab l e  data rai s e  the po s s ib i l i ty th at contine n ta l  tho l e i i te s  
appe ar to be derive d  from anc ien t ( aeons o l d )  mantle source s th at have 
remai ned i n tact wi th in the con tinen ta l  l i tho s phere , and th at the s e  source 
regions are characte r i z e d  by h ighe r Rb/ S r  and U/Pb r a t io s  tha n  are typ i c al 
for mo st s ub - o c e an i c  mantle regions ( L e e m a n , 1 9 7 5 ;  B ro o k s  e t  a l . , 1 9 7 6 ) .  

I n  certain con tinental are as  that are charac te r i z e d  by exte n s i on a l  
te cton i c s  and up l i f t  ( e . g . , B a s i n  a nd Range Provinc e , we s te rn Un i t e d  
S tate s ) the re are n otable occurrenc e s  o f  pre dominantly a lkal i c  ba s a l ts that 
have S r  and Pb i s o topic compo s i tions typ i c a l  o f  many ocean i c  i s l and b a s a l t s  
( L e e m a n , 1 9 7 0 , 1 9 7 4 a ;  Z ar tm a n  an d Te r a , 1 9 7 3 ) . The s e  magmas may h ave been 

derive d  l ar ge ly from upwe l l i n g  oc e ani c - type mantle ( as theno spher e ? ) ( L e e m a n , 
1 9 7 0 ) ,  rath er than f rom anc i en t  s ub-continental l i thosphe r i c  mantl e . 

Ra r e  E a r t h  E l eme n t  ( REE ) C o mp o s i t i o n s  

REE contents i n  vo l c an i c  rocks have been us ed w i de l y  t o  e va luate 
s uch pro c e s s e s  as p ar t i a l  me l ti n g  and cry s ta l  f r ac t i on a tion and to in fer 
compo s i tional fe ature s o f  man tle so urce regions  ( e . g . , Ga s t ,  1 9 6 8 ; 
S c h i l l i n g , l 9 7 5 a ;  L e e ma n  e t a l . , 1 9 7 7 ) .  To a f i r s t  approximation ,  the 
con te n t  o f  a given tr ace e lemen t in a magma i s  gove rned theor e t i c a l l y  by 
the n a ture of s o l i d  pha s e s  ( e i th e r  me l t  r e s i due or pre c i p i tating crys tal s )  
with wh i ch i t  i s  equi l ib r a te d ,  and the va lue s o f  mi ne ra l / l iquid di s tr i b 
ution coe f fi ci e n t s  ( herein denoted as D value s )  for the r e l e vant c ry s ta l 
l i ne phas e s . D va lue s for mo s t  mine ral s are dependent to s ome degree upon 
s uch var i ab l e  f a c tor s as temp e r a ture , p re s s ur e , compo s i tion of the pha s e s  
and , for s ome e le ments ( e . g . ,  E u ) , o xygen f ugac i ty ( Sh aw , 1 9 7 7 ) . Va lue s o f  
REE D ' s for impo r t an t  mi ne r a l s  tha t  o c c ur i n  the man tle o r  as  phenoc rys t s  
i n  bas a l t i c  magmas h ave been e s timate d empi r i c a l l y  from ana l y s e s  o f  
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phenoc ry s ts and matrix separated from vol c an i c  rock s or by e xperimental 
s tudie s .  L e e m a n  e t  a l . ( 1 9 7 7 )  presen t a set o f  repr e s e n tative D value s  for 
seve ral important mi ne r a l s  and d i s cus s  the i r  re l i ab i l i ty .  

In the case o f  p arti a l  me lting ,
· 

c a l c u l a te d  REE con ten ts o f  l i quids 
are somewhat mode l dependen t .  The s e  mode l s  f a l l  i n to three mai n  c l a s s e s  
( Sc h i l l i n g  a n d  Wi n c h e s te r ,  1 9 6 7 ;  G a s t ,  1 9 6 8 ; Sh aw , 1 9 7 0 ; Harr i s , 1 9 5 7 )  a s  
follows : 

1 .  Batch e q ui l i br i um me l ting- - l i q ui d  remains  i n  equi librium 
with bulk re s i dual s o l i d  unt i l  i t s  e xtrac tion . 

2 . Frac t i onal e qui l i b r i um me lting- - liquid i s  se parated 
continuo us ly from r e s i dual s o l i d  with or wi thout 
c o l l e c t ion of l iqui d i n  a common magma chambe r .  

3 .  Zone me l ting- - liquid re ac ts  contin uou s l y  w i th wa l l  rock s 
during i t s  a s cen t .  

Var i an t s  o f  the s e  mode l s  are d i s c us s e d  by S h aw ( 1 9 7 0 , 1 9 7 7 )  and 
i t  c an be shown that each pro c e s s  w i l l  re sul t in di f fe rent p at te rn s  of REE 
enri chmen t  i n  the res ul ting parti al me l t s  re l ative to REE contents i n  a 
given s o urce rock , wi th the di f fe rence s i nc re a s i ng as the de gree o f  me l ting 
increase s .  Mo s t  di s c us s ion s  o f  p ar t i al me l tin g s tre s s  b a tch me l tin g mode l s  
( e . g . , Sc h i l l i n g , 1 9 7 5 ; L e e m a n  e t  a l . , 1 9 7 7 )  because i t  se ems unl ike ly tha t  
infinites imal amounts o f  l i qui d c o u l d  be conti nuous l y  co l l e c te d  or extract
e d  from the man tle ; b atch me l t i n g  s e ems mo s t  re a l i s tic for forma tion of 
l a rge vo l ume s of ma gma o f  uni form compo s i tion . 

Al though mos t aspects  o f  par t i a l  me l ting are only impe rfectly 
unders tood , the oreti c al co n s i de rations of  parti al me lting p roce s s e s  c an 
e s tab l i sh some fi r s t  o r de r  con s train ts on the n ature o f  source ma te r i al s  
that c ould b e  me l te d  t o  p roduce REE patte rn s and o ther trace e l ement d i s 
tributions obse rve d i n  b a s a l t i c  rocks . In orde r to de rive in formati on 
about the mantle so urce s o f  s uch rocks , i t  i s  ne ce s s ary to e val uate the 
e xten t  to whi ch trace e lemen t  conte n ts in the magmas have been modi f i e d  
b y  pre-e ruptive proce s se s . One o f  the mos t impor tan t proces s e s , and cer
tai nly th e be s t  unde r s tood , is  c ry s tal frac tiona tion . The e f fe c ti vene s s  
o f  th i s  p roce s s  i n  modi fy i n g  trace e l emen t  con tents i n  a re s i dual liquid 
depends upon the n a ture and amo un ts o f  p re c i pi tating phas e s , the re levant 
D va l ue s ,  and the type of e q ui l ibrium ( or lack thereo f )  maintained b e tween 
crys tals and l iq ui d  ( i . e . , k i ne ti c s  of cry s ta l  growth , di ffus i on r a te s  of 
trace e l eme nts in c rys ta l s  and l iqui d ;  see A l b are de and Bo t t i n ga , 1 9 7 2 ) .  
Two end-membe r c as e s  o f  c rys tal - l iqui d equi l i b r i um have been d i s c us s e d  by 
Gas t ( 1 9 6 8 ) :  

1 .  Bulk o r  Ne rn s t  equi l i br i um- - l i q ui d  rema ins in e q ui libri um 
wi th bulk c umul ate crystal s , which a re homo gene o us . 

2 . S ur face o f  Ray l e i gh equi l ibr i um- - l iquid remain s i n  
equi l ib r i um on ly with s ur face s o f  c umu l a te cry s t al s , 
wh ich d i s p l ay compo s i tional zoning . 

Enr ichme n t  facto rs  for e l ements i n  re s i dual liquids re lative to the i r  
contents i n  a paren tal ma gma di f f e r  be tween the s e  end-membe r c a s e s  f o r  
" e xc l ude d "  e lements ( tho s e  that are pre fe renti ally inco rporated i n  the me l t  
phas e ) . Under condi tions o f  mode rate to l ow p re s s ure c ry s tal l i z ation , the 
REE are no t s i gn i f i can tly i ncorpor ate d  i n to near- l i qui dus phas e s  tha t  
typ i c a l ly precipi ta te from b a s a l t i c  magmas . A notable e xception i s  E u  
which may b e  conc e n tr ated i n to p l agioc l ase re la tive to b a s a l t i c  l iquid 
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( Sc hn e t z l er a n d  P h i l p o t ts , 1 9 7 0 ) . Thus , under the s e  c ondi tions re l a t i ve 
abundance s o f  the REE , w i th pos s ib le e xc e ption o f  Eu , are not s tron gly 
modi fied by c ry s tal frac tionation ( e . g . , S c h i l l i n g , 1 9 7 5 a ) , al though ab s o 
l ute conte n t s  o f  the REE wi l l  b e  i n c re a s e d  b y  th i s  p ro c e s s .  The re fore , 
REE r e l a ti ve abundance s i n  b a s a l ti c  l avas may be con s i de re d  re presentative 
o f  tho s e  i n  the paren t a l  magmas whe re i t  c an be demons trated that c rys t a l 
l i z a ti on h a s  no t b e e n  e x ten s i ve or e l s e  the b u l k  c umul ate pha s e s  do not 
s i gn i f i c antly fract ion a te the REE . Thi s  appears to be the c a s e  for mo s t  
MOR tho l e i i te s  ( Kay e t  a l . , 1 9 7 0 ; S c h i l l i ng ,  1 9 7 5 a )  and for some continen
tal tho le i i te s  ( L e e ma n , 1 9 7 6 ) . 

I n  the f o l lowi n g  s e c tion s i t  i s  s hown that the re are s y s temati c  
di f fe re n c e s  i n  REE abundance p a tterns be tween MOR and con tinen tal thol e i 
i te s ,  and i t  i s  s ug ge s ted that the s e  di f fe rence s  ari s e  primari l y  from 
par t i a l  me l ti n g  of di s tinctly di f ferent source mate r i a l s . The fo rme r mus t 
be dep le te d  i n  l i gh t  REE ( LREE ) , whe re as the l a tte r may be characte r i z e d  
by chondr i ti c  ( or pos s ibly LREE-enr i che d )  re lative REE abundance s . Th i s  
d i s tin c t i on i s  s upporte d by N d  i s o topi c  r a t i o s  whi c h  i ndi c a te that di ffer
e n c e s  i n  REE abundance p a ttern s  for s ub -o c e an i c  and s ub -con tinental man tle 
region s  may have pers i s te d  for more than 1 0 9 years ( se e  b e l ow ) . 

A .  O c e an i c  Re g i on s 

I t  h a s  long been re cogn i zed ( Fr e y  e t  a l . , 1 9 6 8 ; Kay e t  a l . , 1 9 7 0 ; 
S c h i l l i n g , 1 9 7 1 )  th at MOR tho l e i i te s  are characte ri z e d  by LREE-de p le te d  
abundance patte rn s  ( chondri te -norma l i z e d ) . Furthe rmo re , S c h i l l i n g  ( 1 9 7 5 a )  
h a s  s hown that MOR tho le i i te s  from normal ri dge s e gments d i s p l ay a remark
ab l e  s imi l ari ty i n  ( La/Sm) E . F .  ( the chondr i te -normal i ze d  La/Sm r a tio i s  
used a s  an i nd i c a to r  o f  LREE-dep l e t i on )  re gardle s s  o f  s p a t i a l  o r  temporal 
( during a t  l e a s t the pas t 7 0 m . y . ) vari ation s . Ne arly a l l  are LREE
depleted and ave rage REE contents are s imi l ar for all e xten s i ve ly s tudi ed 
are a s . S ome vari abi l i ty i n  ab s o lute REE contents e xi s ts w i th i n  e a ch 
loca l i ty , but th i s  can be a c c oun ted for e i the r by l ow p re s s ure fractionat
i on o f  o l ivine and plagioc l a s e , or by sma l l  di f ferences i n  the degree of 
partial me lting . Al though unique part i a l  me l ti n g  model s c anno t ye t be 
formu l a te d ,  it is app aren t th at the s o urce regions for the se b as a l ts mus t  
a l s o  b e  depleted i n  LREE at  l e a s t to the e x ten t o f  the bas a l ts thems e l ve s . 
In addi t ion , the re i s  l i ttle re ason to b e l i eve tha t  the source re gions 
conta in appre c i ab l e  garne t .  Th i s  mi neral s tron gly i ncorpor ates the he avy 
REE rel a t ive to the LREE , and i ts pre sence i n  the re s i dual s o l i d  woul d 
favor enri chme n t  o f  the LRE E  i n  part i a l  me l ts d e r i ve d  from s uch a s ource 
rock . More l i ke ly the REE p ro fi le s  i n  the s e  magmas re s u l te d  from fusion o f  
lhe r z o l i t i c  s o urce rocks , pos s ibly containing some p l a gio c l as e . The REE 
data are con s i s te n t  w i th l arge ( 1 0 to 3 0  pe r ce n t )  de gre e s  of me l ting o f  
s uch rock s a t  moder a te pre s s ure s , i n  a greeme n t  w i th o the r petro l o g i c  mode l s  
for the ori gin o f  MOR tho l e i i t e s  ( e . g . , Cas t ,  1 9 6 8 ; Gre e n , 1 9 7 1 ) . An 
imp ortant conc l u s i on from the se s tudi e s  i s  that the ocean i c  l i tho s phere i s  
apparently un de r l a i n  b y  an upper mantle zone that i s  e s sen t i a l l y  uni fo rmly 
de pl e te d  i n  LREE . 

Alpine ul tramafi c rocks th at are be l i eved to be remnants o f  ' 
oceanic uppe r mantle are a l s o  char ac te ri z e d  by mode r a te to s tron g dep l e tion 
i n  LREE and o the r l arge l i thophi l e  e lements ( Fr e y  e t  a l . , 1 9 6 8 ; Fr e y , 1 9 6 9 ; 
L o u b e t e t  a l . , 1 9 7 5 ; Me n z i e s ,  1 9 7 6 ) . The s e  rocks h ave REE contents that 
are compatible wi th the i r  be i n g  e i ther source mate r i a l  for MOR tho le i i te s  
o r  re s i dual mate r i a l  remaining a f te r  extraction o f  s uch bas a l ti c  ma gma . 
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Bas a l ts from oceanic i s l ands ( and ri dge s e gments ne ar s uch 
i s l and s )  are typi c a l ly enri ched in LREE re l a tive to MOR tho le i i te s , 
al though MOR- l ike thol e i i te s  occur on some i s l ands ( O ' Ni o n s  e t  a l . , 1 9 7 6 ; 
L i n d s trom , 1 9 7 6 ) .  S c h i l l i n g ( 1 9 7 3 , 1 9 7 5 b )  has s ug ge s ted tha t  oce an i c  
i s l and bas a l ts havi n g  ( La/Sm) E . F . > l a r e  derive d  from di f ferent source 
mater i a l s from tha t  of the MOR tho le i i te s , wh ich are charac te r i z e d  by 
d i s tinct REE and i s o top i c  compo s i tion s . In par t i c ul ar , he po s tu l a te s  the i r  
deri vati on f rom a deep mantle p l ume ( or b lo b )  that i s  re l a tive ly e nr i ched 
in LREE , Rb/S r ,  e tc . Th is mode l i s  op en to ques tion , e s pe c i a l ly in the 
l i gh t  o f  Nd i s o topi c s tudi e s . D e Pa o l o  a n d  Wa s s e rb u r g  ( 1 9 7 6 a , b ) , Ri c h ar d  
e t  a l .  ( 1 9 7 6 ) ,  and O ' Ni o n s  e t  a l .  ( 1 9 7 7 )  s how that n e a r l y  a l l  ocean i c  b a s 
a l t s , whe the r from r i dge s  or i s l ands , h ave 1 4 3Ndj l 4 4 Nd r a t i o s  tha t  deve lop
e d  i n  a s o urce r e g io n  with h i gher than chondri t i c  1 4 7 sm; l 4 4 Nd ratio ( i . e . , 
LREE depl e ted ) . Ri c h a rd e t  a l .  ( 1 9 7 6 ) s ugge s t  that the minimum time th at 
s uch condi tions have e x i s te d  is on the order o f  1 . 1  b . y .  The Nd i so topic 
cons tr aints are critical i n  tha t ,  i f  the avai l able ana l y s e s  are typ i c a l  and 
mo s t  oce ani c b a s a l t s  are derive d  from LREE-dep l e te d  man tle , the e x tr eme 
enri chments of LREE i n  many a l k a l i c  bas a l ts f rom ocean i c  i s l ands ( e . g . , Ka y 
and Gas t ,  1 9 7 3 )  r equire s e gr e ga ti on o f  extreme ly sma l l  ( < < 1  percen t )  batch 
me l t  fracti ons from the man tl e . Al te rnatively , o ther me l ting or enri chment 
proces s e s  mus t be con s i dered . 

B .  C o n t i n e n t a l  Re g i ons  

Continental thole i i t e s  a r e  typi c a l ly char a c te ri z e d  b y  REE patterns 
tha t  are enri che d i n  the LREE r e l a t ive to chondr i te s . D a ta for many s uch 
s u i te s  are s ummari z e d  in Table 2 ; mo s t  of the s e  bas a l ts have ( La/Sm) E . F .  
val ue s  greater than about 1 . 4 ,  a l though two exceptions ( ch i l l e d  margin 
rock s from the Bushve l d  and S ti l lwa te r i n trus ions ) are known . Vari ations 
i n  this ratio and i n  ( Yb ) E . F . • e s pe c i a l ly wi th i n  i nd i vi dual magmatic 
s ui te s ,  may re f l e c t  di f ference s i n  the de gree of  parti a l  me l ti n g  o f  s imi l ar 
s ource rocks having chondri ti c REE r e l ative abundance s . The se vari a tions 
c anno t gene r a l l y  be r e l a ted to l ow pre s s ure c ry s ta l  frac tion ation o f  par
ental ma gmas . Among the Snake River P l a i n  tho le i i te s , for examp l e , s amp l e s  
w i th the minimum ( 7 2 - 2 4 )  a n d  maximum ( Dl 6 5 1 )  REE contents di s p l ay ne arly a 
fac tor o f  two r ange i n  ( Yb ) E . F . · Th i s  range would corres pond to abo ut 5 0  
percent crys tall i z at i on o f  o l i vi ne and p l ag i o c l a s e  ( the phenoc ry s t  mine r a l s  
i n  th ese rock s ) from the mo re primi tive magma ( 7 2 - 2 4 ) , y e t  ma j or and trace 
e l ement contents o f  these ro ck s prec l ude th i s  pos s ib i l i ty ( L e em a n , 1 9 7 4 b  
and i n  preparation ) . The wide range i n  REE conte n ts and sma l l  range i n  
( La/Sm) E . F . o f  the Snake Ri ve r  tho le i i te s  a l s o  s eems i ncompatible wi th 
the i r  contami nation by typi cal  c r us t a l  rock s , wh ich are cha rac te r i z e d  by 
much di f ferent REE re l ative abundanc e s . The s imi l ar i ty i n  ( La/Sm) E . F . 
be twe en many contine n ta l  thol e i i t e s  i s  con s i s ten t w i th the i r  de rivati on 
from s imi lar s o ur ce mate ri a l s . In th i s  regard , D e Pa o l o  an d Wa s s e rb u r g  
( 1 9 7 7 )  fi nd t h a t  mos t  o f  the few ana lyz e d  con t i nen tal thole i i te s  have Nd 
i s otopi c  compos i t i on s tha t are con s i s te n t  with chondri ti c re l at i ve REE 
abundanc es  in th e i r  source r e g ions . As in the case wi th Sr and Pb i s o topi c  
data , many mo re Nd i s o topi c analys e s  a r e  needed t o  te s t  thi s  conc lus i on . 
The two exceptional tho l e i i ti c  rocks wi th ( La/Sm) E . F . < l , noted above , may 
h ave been de rive d  from LREE - deple te d  so urce rock s ; o therwi se they are 
i ndeed eni gmati c .  S y s tema t i c  s t udi e s  o f  REE con tents i n  typi cal continen
ta l tho le i i te s  from many areas are needed to convi n c i ngly demon s tr ate th at 
these rock s are der i ve d  from s o urce ma te r i a l s  that are di s t inct from tho s e  
o f  the s ub-ocean i c  mantl e . 

1 60 



TAB LE 2 .  Rare E ar th E l eme n t  P ro f i l e  Ch a r a c t e r i s t i c s  
F o r  Cont inent a l  B as a l t s 

L o c a l i t y  

Snake R i ve r  P l a i n  

Mc K i nn e y  B as a l t  p i l l ow g l a s s  
l ow RE E tho l e i i te ( 7 2 - 2 4 )  
h i gh RE E tho l e i i t e ( D - 1 6 5 1 )  

C o l umb i a  Rive r P l a t e au 
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C o n c l u s i o n s  

S r  and P b  i s o top i c  data and REE patterns f o r  ocean i c  and con tinen
ta l tho l e i i te s  s ugge s t  th at the se type s of bas a l ts are de r i ve d  from chemi 
c a l l y  di s tinct mantle region s . The se d i f fe rences are c on s i s tent w i th the 
o c e an i c  mantle having l owe r Rb/Sr and U/Pb r a tios  and LREE-deple ted REE 
abundanc es  re lative to mantle s ource re gion s for con t i nen tal bas al ts . The 
i so topi c data are con s i s tent i n  i ndi cating th at s uch di f fe r en c e s  have per
s i s te d  for a t  l e a s t  1 0 9 ye ars . I f  th i s  i n te rpretation i s  c orrec t ,  then a 
s i gn i f i c an t  conc l us i on i s  that s ource re gion s for continental tho le i i te s  
have no t been i nvo lved to any s i gn i fi c an t  exten t i n  c on ve c tive s ti r r i ng or 
o ther mixi n g  proc e s s e s  that wou l d  homogeni z e  the upper man tle . Rathe r , 
they have remai ned an i n tegral part o f  the con tinental l i tho s phere for a t  
l e as t  1 0 9 years . The depths t o  which s uch compos i tion a l  di fferences b e 
tween s ub-ocean i c  and s ub - c on t i nental man tle re gion s e xtend a r e  not known ; 
i t  s e ems r e a s onable , howeve r , that s uch di f fe rence s may e xten d  a t  leas t to 
the de pth s of o r i g i n  of con t i ne ntal tho l e i i te s .  A more f undame n tal que s 
tion i s  how d i d  s uch compos i t i onal d i f ferences ari s e  i n  the f i r s t  place ? 
Gas t ( 1 9 6 8 )  sugge s ted that s ub-ocean i c  mantle , a t  l e a s t the source re gion s  
f o r  MOR tho le i i te s , w a s  dep le te d  i n  l a r ge - i on l i thophi l e  e leme n t s  o n  a 
wor l d-wi de s c a l e  by s ome previous me l ting eve n t ( s )  th at mus t have occ urred 
pr ior to 1 0 9 years a go . ( I f  s o , whe re and what are the parti al  me l t  
products o f  thi s e ve n t ? ) Al te rnative ly ,  the earth ' s  upper man tle may have 
been h e te rogeneous throughout much o f  geologic time , at l e as t  s ince the 
time that th e conti nents we re di f fe r en t i a te d  f rom the whole Ear th . I f  thi s  
i s  the case , portions o f  the upper man tle mus t  have been parti al ly remi xe d 
or  i s otopi ca l ly homo gen i ze d  at various time s so  as  to y i e l d  a range i n  
apparen t 2 0 7 pbj2 0 6 pb age s  o f  s ource mate r i a l s  f o r  di fferent ba s a l ti c  s ui te s  
( L e e m a n , i n  preparation ) . 
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Ab s t r a c t  

Rar e  earth e l emen t  ( REE ) contents  were de termined for K i l auea and 
Mauna Loa s ummit lava s  that l i e  near l ow-!1g0  ends o f  ol ivine control l i ne s . 
Exc ept for remova l or add i tion o f  o l i vine ( and po s s ib l y  or thopyroxene ) 
the s e  sampl e s  approximate mantl e -derived par tial  me l t s . As remova l o f  
the se miner a l s w i l l  not s i gn i f icantly fra c t ion ate the REE , the ob s erved REE 
pa tterns l ikely repr e sent r e l a t i v e  REE abundance s in  the i n i t i a l  me l ts . 
Lavas o f  bo th vo l canoe s  have l ight-REE e nr iched pro f i l e s  r e l a t i ve to 
c hond r i te s , but Mauna Loa bas a l t  has a s i gni f i c antly l e s s  frac tionated REE 
pro f i l e . A mul t i - l inear regr e s s ion me thod wa s used to de termine mantle 
mi nera l propor tions tha t  yield a l e a s t-square s be s t  fit be twe e n  c al c ul a ted 
and ob s erved REE pro f i l e s  in l i quids produc ed by non -modal equi l ib r i um 
me l ti ng a t  varying me l t  fracti on s ( F ) . A range i n  F up to 0 . 1 8 ( K i l a ue a )  
o r  0 . 4 6 ( Ma una Loa )  i s  pos s ib l e  for o l ivine -orthopyroxe ne - c l i nopyroxene 
garne t mant l e ; s p inel perido t i te model s f a i l e d  t o  y i e l d  a c c eptable f i ts 
( i . e . , wi thin experime nta l e rror s o f  our REE an a l y s e s ) . 

For garne t-bearing mantle model s ,  we i gh t frac tion s o f  mantle 
garne t  and c l i nopyroxene increa s e  wh i l e  tho s e  o f  o l i vi ne and o r thopyroxe ne 
decrea s e  regul ar l y  wi th increas ing F .  Al so c l i nopyroxe ne/garne t ratios 
( 5 . 7 ·  for K i l auea and l .  6 for Mauna r .o a )  rema in con s tant with varying F ,  
ind i c ating s igni f i cant d i f f erenc e s in compo s it ion be twe e n  sour c e  re gion s 
for the two vol c a noe s .  Garne t lhe r z o l i te or garne t pyroxe n i te l i tho l o g i e s  
a r e  required a s  source ma te r ial s .  W e  empha s i ze that d i f ferent degree s o f  
me l ting o f the s ame source mater ial a r e  not l ik e l y  t o  account f o r  the 
d i f ferenc e s  i n  REE patterns for the s e  vo l c a noe s .  

Calcul a ted mode s  for re s idual perido t i te produced by extraction o f  
Ki l a uea a nd Mauna Loa magma s are al so d i s tinc t i n  c l i nopyroxene/garne t 
ratio ( 9 . 0  for K i l a ue a  a nd 2 . 7  for Hauna Lo a )  and b o th mus t have l i ght-REE 
depl e ted pro fi l e s  r e l a ti ve to chondr i te s . Dunite or h a r zburgi te re s i dua 
are po s s i b l e  only for comparative l y  sma l l  d e gr ee s o f  me l t ing ( F  < 0 . 0 5 for 
K i l a uea a nd F < 0 . 2 for Mauna Loa ) ; o therwi s e  the re s idua wi l l  l ik e l y  
contain appr e c i abl e amounts o f  c l inopyroxene and garne t . 

As s uming that the source ma te r i al s have chondr i t i c  r e l a t i ve REE 
abund anc e s ,  o ur K i l auea mod e l s  indi c a te that for F = 0 . 0 1 to 0 . 1 0 ,  the 
sourc e  mate r i al has REE con tents ranging from 0 . 8 to 6 . 1  time s tho s e  in 

* Pr e s ent addre s s : Geology Departme n t , Rice Univer s i ty ,  Hou s ton , Texa s  
7 7 0 0 1 
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cho ndrite s , re spec tive ly ;  for Mauna Loa mo de l s , we f i nd th at for F = 0 . 0 5 
to 0 . 4 0 ,  REE contents i n  the s o urce ma te r i a l  r an ge from 1 . 8 to 1 3 . 3 time s  
tho s e  i n  chondr i te s , respe c ti ve l y . · Be cause REE contents i n  the analyzed 
l ava s are probab ly e nri ched i n  an ab sol ute s e n s e  ( compared to the primary 
magma s ) by o l i vi ne fractionation , our e s t imate s o f  REE contents in the 
so urce ma te ri a l s  are con s i dered to be upper l imi ts . 

I n t r o duc t i on 

A commo n appro ach toward an unders tandi ng o f  the Earth ' s  upper 
mantl e i s  thro ugh petro lo g i c  a nd geochemical  s tudi es of b a s a l t i c  l avas . 
Th is approach i s  an i nd i re c t  one and i t  i s  o f ten di f fi c ult to a s c e rtain the 
exte n t  to wh ich compo s i tional vari ations among b a s a l t i c  l ava s re f l e c t  true 
vari a t ions i n  the compo s i t ion of the i r  source regions or re s u l t  from 
di f ferenti a t ion of the a s c en d i ng ma gmas . Be fore we c an re so lve s uch 
prob l ems in a gene ral way , it is nece s s ary to unders tand how magmas e vo l ve 
duri ng the ir ascent from the po i nt o f  gene ration to the sur face . 

In th i s  paper we pre s e nt rare earth e l eme nt ( RE E )  data for 
tho l e i i ti c  b a s a l t s  from Hawai i .  We have appl i e d  an " i nvers ion " techn ique 
to in fe r  the mi neral cons ti tuti on o f  ma ntl e  source reg io n s  that , upo n 
me l ting , could produc e l i quids w i th REE abundance patterns con s i s te n t  w i th 
tho se o f  th e a naly zed b as a l ts . For Hawa i i  we can fortunate ly p l a c e  rather 
c lose cons traints upon the extent to wh ich REE r e l ative ab undanc e s  are 
fractionated during a s cent o f  the magma s from the i r  source regions . 

Ki l auea and Mauna Loa vo l c anoe s  we re s e l ected for s tudy because : 
( l )  petrologic data and ma j o r  element analyses  are ava i l ab l e  for mo s t  
twe ntie th century and many e ar l i e r  eruptive pha s e s ; ( 2 ) geophy s i c a l  and 
vo l c ano l o gi c a l  observations and pe trochemical  con s traints p rovide compa
rative l y  deta i le d  wo rk i n g  models  for di f fe re ntiation and mi xing pro c e s s e s  
tha t  operate dur ing a s c ent o f  magma t o  the s ur face ; ( 3 ) the s e  two vo l c anoe s 
are spati a l l y  c l o s e  ( about 3 0  km apa r t )  o n  a s ingle i s l and and bo th are 
c u rre ntly active , thus tappi ng two close mantle s o urce re gion s ; and ( 4 )  
the i r  i ntr a-o ceanic plate loc ation precludes con tami nation by " s i al i c " 
crus t ,  a l tho ugh contamin ation by s e a  wate r , s edime nt s , a l te red b a s al t , e tc . 
c anno t  be ruled o ut a p r i o r i . 

Wr i g h t  and Fi s k e  ( 1 9 7 1 )  and Wr i g h t ( 1 9 7 1 )  s ummari z e d  much o f  the 
ea rly work on Ki l auea and Maun a Loa and pre s e nte d  petrogenetic mode l s  to 
e xp l ai n  spati a l - temporal compo s i tional vari ations among b a s a l ts from e ach 
vo lc ano . Bri e f ly , p i c r i t i c  to o l ivine tho l e i i ti c  s ummi t l avas containing 
more than abo ut 7% Mg O d i s p l ay compo s i tional variations con tro l l e d  by 
addit ion or s ub traction of o l ivine phe no c ry s t s  ( and a trac e of C r - s p i ne l ) ;  
the se are deno ted a s  o l i vine - contro l led l avas . S ummi t l avas con ta ining 
less than about 7 % MgO d i s p l ay compo s i tion al variat ions tha t re s u l t  from 
low pres s ure fractionation of pyro xe ne s ,  plagioc lase , and oxide s , i n  
addi tion to o l i vine . Ri f t  l avas , which wi l l  not b e  con s i dered he re , 
d i s p l ay compos i tiona l  vari ations that l argely r e su l t  from low pre s s ure 
di f fere ntiation and magma mixing . Ol ivine- con tro l le d  s ummi t lavas o f  a 
given e rup tive pha s e  are con s i dered to re pre s ent deep- se ated magma batche s 
tha t  largely are unmodi f i ed exce pt for h i gh l e ve l  frac tionation o f  o l ivine . 

Supe rimposed on s uch trends are s e c ular vari ations ranging over 
re l ative l y  long t ime pe riods ( te ns of ye ar s ) in which magma compo s i tions 
c�ange i n  response to o ther l e s s  we l l  unde rs tood proces s e s . For Ki l aue a , 
Wr• i g h t ( 1 9 7 1 ,  1 9 7 3 )  and Wr i g h t e t  a l . ( 1 9 7 5 )  re l ate some o f  th e s e  chan ge s 
to h i gh pre s s ure frac tiona tion o f  pyro xe ne s and spine l  i n  addi tion to 
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o l ivi ne . In contr as t ,  Mauna Loa lavas do not d i s p l ay any pronounc ed 
secular vari ation i n  compo s i tion , but Wr i g h t ( 1 9 7 1 )  pre s ents evidence for 
fract ionation of sma l l  amo unts of orthopyroxene from r1auna Loa magmas at 
i n te rme d i ate to low pres sure . 

Sma l l  but s i gni f i c ant di f ferenc e s  i n  compos i tion al trends , eleme n t  
ra tios ( e . g . , K2 0 / P 2 0 s ) ,  and t r a c e  e l eme n t  contents exi s t  be twe en Kil auea 
and Mauna Lo a l avas ( Jam i e s o n ,  1 9 7 0 ; Wri g h t ,  1 9 7 1 ) . The s e  di f ferences are 
r e f l e c ted in the one - a tmo s phere me l t i ng behavior of the s e  rock s as 
s ummari z ed by Jam i e s o n ( 1 9 7 0 )  . Our trac e e l eme nt data further con fi rm 
the s e  di f fe re nc e s  ( Mu r a l i  e t  a l . ,  1 9 7 8 ; th i s  paper ) . Wri g h t  ( 1 9 7 1 )  
s ugge s ted that compo s i tional di f ferences  be twe e n  Ki l auea and Mauna Lo a a re 
s i mi l a r  i n  nature to the s e c ular var i a tions observe d a t  Ki l auea alone , and 
that they could a r i s e  as the re sul t of h igh pre s s ure fractionation 
invo l ving ortho - and c l i nopyroxene , s p i ne l , and o l i vi ne . We wi l l  show that 
Wri g h t ' s  ( 1 9 7 1 )  model i s  not con s i s te n t  wi th di f f er ences  i n  the REE 
abund anc e pa tte rns of Ki laue a  and Ma una Loa bas a l ts . We wi l l  al so 
demons tra te that the REE data are cons is tent wi th o ri gin o f  th e s e  two 
magma types by parti a l  me l ting o f d i f ferent mantle so urc e re gions . 

S amp l i n g  a nd Ana l y t i c a l  Re s ul t s  

I n  order to eval uate the na ture o f  mantle source region s we 
analy z e d  a s u i te o f  twe nti e th c en tury s ummi t l avas from Ki l auea that 
cons i s te d  of s even o l i vine- contro l l e d  bas al ts wi th low MgO and glas s e s  
s eparated from three h i gh Mg O p i c r i t i c  l avas ; a l l  o f  the s e  s amp l e s  l i e  
ne a r  the low Mg O end o f  the o l ivi ne - control l i ne de f i ned b y  twentieth 
c entury Ki l auea s ummi t l avas . We a l s o  anal y z ed a gl as s s eparated from a 
prehi s to r i c  p i c r i t i c  s ummi t l ava from Ma una Loa . The REE conte nts o f  th e 
Ki l aue a  s amp l e s  are uni form w i th i n  our anal y ti ca l unc ertai nty and a n  
average content i s  cons idered i n  the fo l l owin g di s cuss ion . The REE 
abundanc es for the Ma una Lo a and the ave rage K i l auea s ummi t l avas and our 
analyt i c a l  uncerta inties  are g iven i n  Tab l e  l .  Al l indivi dual anal y s e s  and 
deta i l s  of our INAA ( i n s trume n tal ne utron activation analys i s )  pro cedure s . 
are give n  in  Mur a l i e t  a l .  ( 1 9 7 8 ) . 

Th e chondri te -norma l i z e d  REE pro fi l e s  for K i l a ue a and Mauna Loa 
ba s a l ts are con tr a s te d  i n  Fi g .  l .  The Ki l auea s amp l e s  d i s p l ay a more 
s trongly frac t i onated REE p ro f i le with h i ghe r l i ght REE and s l i gh tl y  lowe r 
heavy REE abundanc e s  than the Mauna Lo a S ampl e . The shape s o f  the REE 
pro f i l e s  a l s o  di f fer s i gni fican tl y . I t  wi l l  be no te d that our REE pro fi l e s  
di ffer from tho se pub l i shed b y  S c h i l l i n g  a n d  Wi n c h e s t e r  ( 1 9 6 9 )  i n  that 
th e i r s  are charac teri zed by chondri te -norma l i zed La/Ce < l .  The i r  data 
fo r s tandard rock W- 1 a l s o  shows th i s  feature . Recent h i gh prec i s ion data 
o f  Tay l o r  ( i n pre s s )  for a Ki l a ue a  bas al t ( BHV0 - 1 ) are in exce l l e n t  
a gre ement with our average fo r Ki l auea s ummi t  l a va s . 

E f fe c t s o f  F r a c t i on a l  C ry s t a l l i z a t i on 

Mu ra l i  e t  a l .  ( 1 9 7 8 )  have eva l uated low pre s s ure fra ct ionat ion 
proc e s s e s  at Ki l a uea us ing the di f ferenti ation mode l s  o f  Wr i g h t and Fi s k e  
( 1 9 7 1 )  that we re derived i ndependently from con s i derations o f  ma j or 

e l eme n t  data . The only rel evan t low pres s ure mod i f i c a ti on o f  the s ummi t 
l avas i s  thro ugh fraction ation o f  o l i vine and perhaps . sma l l  amounts o f  
spine l  and orthopyroxene . A l l  o f  the s e  pha s e s  have very low REE 

1 7 1 
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F ig .  1 .  Chond r i te -norma l i zed REE pro f i l e s  for Mauna Loa 
( o )  and K i l aue a ( 6 )  s ummi t l ava s . 
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F i g . 2 .  Compar i son be tween obse rve d  ( 6 ' s ) and ca l c ul a ted REE 
pro � i l e s  in l iquids ( CL ) and calculated REE pro f i l e s  for refractory 
res ldue ( C  /C0 ) for Mauna Loa ( A) and K i l a ue a  ( B )  . The computed 
chondri te -fiorma l i ze d  l iquid pro f i l e s  ( so l id line s )  are identical over 
the entire range o f F val ue s i n  mod e l s  for each vo l c a no . Me l ting 
model s  we re con s i dered sati s f ac tory only if c a l c ul ate d val ue s of CL 
for each REE agreed wi thin o ur ana lytic a l  unc erta inty with the 
obse rved val ue s .  Re s i due pro f i l e s  ( norma l i z e d  to chondr i tic source 
wi th REE abundances  C0 time s tho s e  in chondr i te s )  vary as a func tion 
o f  F ;  some represe ntative pat terns are shown . The se pro f i l e s  re semb l e  
tho s e  i n  many Alp i ne ( ophio l i t ic )  peridotite s .  
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TAB L E  1 .  Tr ac e E l emen t C o n t e n t  o f  Ki l aue a and Maun a  L o a  Summ i t  L a v a s  ( ppm) 

Ki l aue a a Mauna L o a  Unc e r t a i n tyb l % ) 

L a  1 5 . 4  + 0 . 9 1 0 . 0  5 

C e  3 8  + 1 . 6 2 7  5 

Sm 6 . 0 4  + 0 . 1 6 5 . 6 9 2 

Eu 2 . 0 0 + 0 . 0 9 1 .  9 9  5 

Tb 0 . 8 8 + 0 . 0 6 0 . 9 4 5 

Dy 5 .  2 + 0 . 3  2 0  

Yb 1 .  9 6  + 0 . 1 1 2 . 3 3 5 

L u  0 . 2 9 + 0 . 0 3  0 .  3 1  5 

B a  1 1 8  + 2 1  2 0  

S c  3 1  + 1 . 4 3 2 2 

C r  3 8 6  + 5 4  4 2 0 5 

N i  1 7 1 + 4 7 1 1 9  1 5  

C o  4 6  + 3 . 2  3 5 2 

a Ave r a g e  o f  t e n  s ampl e s ,  e xc e p t  fo r L a , C e , and C r  ( n  9 )  
and Dy ( n  = 5 )  . b E s t i ma t e d  c o un t i n g  s t a t i s t i c a l  e r r o r s . 

TAB L E  2 .  Me l t i n g  P r o p o r t i o n s  Us e d  i n  Me l t i n g  C a l c u l a t i o n s  

As s emb l a ge 

o l i v : c p x : g a r  

o l i v : opx : gar
· 

o l i v : opx : cpx 

o l i v : o p x : cpx : g a r  

o l i v : o px : cpx : s p i n  

Me l t i n g  P r o p o r t i o n s  ( P i ' s ) Re f e r e n c e  

0 . 0 8 : 0 . 4 6 : 0 . 4 6 Dav i s  & S c h a i r e r  ( 1 9 6 5 ) 
0 . 0 5 : 0 . 2 0 : 0 . 7 5 Kus h i ro ( 1 9 6 8 )  

0 . 2 0 : 0 . 2 0 : 0 . 6 0 Kus h i ro ( 1 9 6 8 , 1 9 6 9 )  

0 . 0 5 : 0 . 1 5 : 0 . 4 0 : 0 . 4 0 e s t i ma t e d  

0 . 1 0 : 0 . 2 0 : 0 . 6 0 : 0 . 1 0 e s t i mat e d  
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d i str ibution coe f fic ients ( th ey s trongly r e j e c t  the REE compared with a 
coexi s t ing s i l i c ate me l t ) , and i t  i s  eas ily shown th at removal o f  thes e 
phases w i l l  enrich the REE i n  the res idual me l t  without s i gni f i c antly 
fractionating the l ight and he avy REE . There fo re , frac tionation model s 
involving th e s e  pha s e s  w i l l no t a l te r  the rel ative abundanc e s  o f  the REE ; 
tha t i s , the REE pro f i l e s  wi l l  remain repres entative o f  the und i f ferenti at
ed precursor magmas . Inso far as h igh pres s ure frac tionation i nvo lve s th ese 
mi neral s ,  the s ame conclus ion appl i e s . 

Wr igh t ( 1 9 7 1 ) po s tul ated that the s ecul ar variat ions in compos 
i t ion o f  Ki lauea s ummi t l avas , and i n  pr inciple the di f fe rence betwe en 
Mauna Lo a and Ki l auea l avas , could ari s e  as a result of high pre s s ure 
frac tionati on of c l i nopyroxene in add ition to the above me nti oned mi ne ral s . 
REE dis tr ibut ion coe ffic i ents for c l i nopyroxene are s igni f i cantly d i f ferent 
fo r the l i ght and h eavy REE so that remova l  of th i s  mine ral w i l l  i ncrea s e  
the l i ght REE/he avy REE ratio i n  res idual l i quids . However , all  the REE 
d i s tribution coe f f i c i ents for c l i nopyroxene are l e s s  th an one ( Gru t z e c k  
e t  a l . ,  1 9 7 4 ; Mu r a l i  e t  a l . ,  1 9 7 8 ) .  Thus remova l o f  c li nopyroxene wi l l  
a l s o  produc e  some enr i c hmen t  o f  the h eavy REE a s  we l l  as the l i ght REE and , 
there fore , canno t account fo r  the di f ference i n  REE pro fi l e s  for Ki lauea 
and Mauna Loa . Expl i c i t  te s ts of Wri gh t ' s  ( 1 9 7 1 , Tab l e  2 2 )  h i gh pres s ure 
fractionation models  us ing d i s tribution coe f f i c i ents given i n  Mu ra l i  e t  a l . 
( 1 9 7 8 , Tabl e 6 )  i nd i c a te th at REE pro f i l es o f  the re sul ting l iquids wi l l  

no t be s igni ficantly fractionated . Calculated enri chments , a s s umi ng 
Ray l e i gh frac tionation , range from 1 . 3 5 to 1 . 4 2 fo r La and 1 . 2 8 to 1 . 3 7 for 
Lu for Wri ght ' s  model s .  In addition , the s e  mod e l s  woul d  re s ul t  i n  s trong 
depletion of Cr , Ni and Co in the res idual l iquids , whereas the Ki l auea 
glas s es ( conta i n i ng no o l ivine ) actua l l y  have h i gher Co and lowe r Cr and Ni 
than the Mauna Loa glas s . Fina l ly , it i s  impo s s ib l e  to account for the 
d i f ferent K2 0/P 2 0 5 ratios in the Ki l a ue a  ( 1 . 9 - 2 . 1 )  and Mauna Loa ( 1 . 7 6 )  
l avas by �vri gh t ' s  model s . I t  would be requi red tha t a pho spho rus -be aring 
phas e s uch as apati te be  fractionated to account for s uch a di f f erenc e , yet 
there is no petrograph ic or experimenta l  s upport for th i s  po s s ib i l i ty . Al l 
o f  thes e  c ons iderations are at l eas t cons i s tent wi th , i f  no t s upportive o f ,  
the interpre tati on tha t  the Ki l auea and Mauna Loa magmas are no t re l ated by 
intermediate pr e s s ure fractionation pro ce s s es as envis aged by Wri g h t  ( 1 9 7 1 ) .  

We note tha t h igh pr e s s ure fra c t i onation o f  Mauna Loa type ma gma 
may po s s ibly yi eld magma s o f  the Ki l auea type i f  garnet i s  involved . 
Garne t s trongly exc l udes the l i ght REE wh ile s trongly accepti ng the he avy 
REE ( e . g . , Sh imi z u  and Ku s h ir o ,  1 9 7 5 ) and may al so i ncorporate s i gni ficant 
amounts of P 2 0 5 ( Thomp so n, 1 9 7 5 ) . I t  remains to b e  s e en whethe r or no t 
garnet frac tionation i s  compa ti b l e  wi th var iations i n  ma j o r  element 
c ompo s i tion of the Ki l aue a  and Mauna Lo a l ava s . 

I t  i s  impo rtant to no te that the s ecul ar var iations i n  ma j o r  
e leme n t  compo s it i on no ted for Ki l auea apparently are n o t  r e f l e c te d  in the 
REE contents of tho s e  l avas . Mu ra l i  e t  a l . ( 1 9 7 8 ) s how that preh i s toric 
and ninete enth c entury l ow Mg O o l ivine -contro l led s ummi t l avas have REE 
profi l e s  tha t  res emb l e  tho s e  fo r the twe nti eth c en tury l ava s , al though the 
ab s o l ute REE contents are no t i dentical . The re fo r e ,  the s e  s ampl e s  do no t 
d i s pl ay any gradation i n  REE patte r n  toward the Mauna Lo a type magma . 
Th i s  re lation s h ip a l s o  indicate s tha t  i f  s e c ular vari ations at Ki l auea do 
resul t from some h igh pre s s ure fractionation proces s ,  tha t  pro c e s s  doe s not 
s i gni f icantly a f fe c t  the REE r e l ative abundan c e s . Thus i t  s e ems l ikely 
tha t  REE pro f i l es i n  th e s ummi t l avas are s imi l ar to tho s e  i n  the i r  pa rent
a l  magma s and can be  emp l oyed to gain i n formation about the i r  mantle sour c e  
reg ion . 

Sw ans o n  ( 1 9 7 2 )  sugge s ted tha t  magma has been s uppl i ed to K i l auea 
vo l c ano ·at a s te ady rate f rom 1 9 5 2 to 1 9 7 1 , and perhaps througho ut h i s toric 
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time , based o n  ( 1 )  di re c t  c a l c ulati ons o f  ma gma production rate s fo r three 
ma j o r  e ruptions of s u s ta ined duratio n , ( 2 ) cons ideratio n  o f  s ummi t 
deformation rel ated to h i gh- l eve l magma s torage during periods o f  
qui esc enc e o r  o f  sma l l  vo l ume e ruptions , and ( 3 )  comparison o f  i so s tatic 
s ub s i dence rates  for Hawa i i  wi th rate s of  addition o f  magma ( mas s )  to  Mauna 
Loa and Ki l auea . Swanson proposed that the obse rved rate o f  magma s upply 
may be that from the mantle , a nd no t s imp ly from ho lding r e s e rvo i rs wi thin 
the volcanic edi f i c e  i tse l f . I f  thi s  model i s  correc t , much o f  the ma gma 
erupted a t  Ki l aue a has und ergone only minima l  di f ferenti ation at i nte r
mediate depths . 

In the next section we es tima te , us ing a l e a s t - s quare s mul t i l inear 
regre s s ion analys i s  ( MRA ) , the modal mine ralogy of mantle s ource reg ions 
tha t  can gene r ate magmas wi th RE E abundance patte rn s  l i k e  thos e  in Ki lauea 
and Mauna Loa s ummi t l ava s . 

E f fe c t s  o f  p a r t i a l  me l t i ng - - th e o r e t i c a l cons i d e r a t i o n s  

W e  employ a rather s impl e  mo d e l  o f  part i a l  me l ting i n  which magma , 
accumula te s  in  a s i ngle batch and remains i n  chemic al equi l ibrium wi th . 
r e s i dual mine r a l s  unti l the batch o f  ma gma i s  extracte d . I t  i s  a s s umed 
tha t me l ting oc curs at some i nvariant ( i . e . ,  eute c ti c  o r  peri te c tic ) 
compos i tion that can be expre s s e d  i n  te rms o f  the proportion s  ( pi ' s ) i n  . 
whi ch e ach phas e me l ts ; fo r me l ting i n te rva l s  i n  whi ch no ne o f  the o r i ginal 
phas e s  is depl e te d ,  the val ue s  of Pi remain cons tant . Th i s  cas e se ems mo re 
rea l i s ti c  than frac tional me l ting mod e l s  whi ch invo l ve conti nuo us s e greg
a tion of me l t  from the r e s i dual source rock , and lends i t s e l f  to a 
s traightfo rward ma thema t i c a l  treatme nt based on the non-modal b a tch me l ting 
e qua tion o f  S h aw ( 1 9 7 0 ) ; 

whe r e  

p 

1 
= 

i50 + F ( 1 - P) 

trace e l eme nt con te nt i n  me l t  phas e ( chondrite-no rma l i zed ) 

tra c e  e l ement con te n t  i n  i n i tial s o l i d  ( chond r i te - no rmal i zed ) 

frac tion o f  o ri gina l s o l i d  that i s  me l ted 

i ni t i a l  bulk d i s tribut ion coe f f i c i ent we i ghted according to 
we i gh t  fraction ( Wi ) o f  pha s e s  i n i t i a l l y  pre sent in the 
source rock ( =  L: Wi · Di ) 

i ndivi dua l mine ral/l i quid d i s tribution coe f f i c i ent 
(=  concentra tion of eleme n t  i n  pha s e  i/concentration i n  me l t )  

b ul k  di s tribution coe ffic ient we i ghted ac cording to we i ght 
pro porti ons ( p i ) i n  which the so urce pha s e s  me l t  . ( = L: Pi · Di ) 

From the above equa tions we c an der ive two e xpres s ions for the initial  bulk 
di s tribution co e f f i c i ent for any give n  e lement a s  fo llows : 

1 75 



For the c a s e  o f  three pha s e s  i n  the sourc e rock : 

- F ( 1 - P )  

Cons idering that We 
fol lows : 

( 1  - Wa - Hb ) th i s  expre s s ion can be rearranged as 

In th i s  e qua tion all expre s s ions i n  brackets and on the r i gh t  hand s i de , 
e xcept fo r F ,  c an be tre a ted a s  con s tants . For any arbi tra ry value o f  F 
a matrix o f  s uch e q ua t i ons ( one for each REE ) c an be s o lved by MRA to y i e l d  
optima l  va l ue s  f o r  the dependent vari ab l e s  C0 , Wa , �vb , e tc . A s  w e  have 
de fined CL to be chondri te - no rma l i zed , the C0 parame ter obtained from the 
MRA s o l ution i s  an e s t imate for enri chment o f  REE con tents in the s o urc e 
re gion re lative to cho ndr i t i c  abundance s .  Th i s  appro ach imp l i c i tly a s s ume s 
tha t  the s ource reg ion i s  charac te r i zed by chond r i t i c  REE re l at i ve 
abund anc e s . REE conte nts i n  s e veral garne t  pyroxe n i te and s pine l lher zo
l i te xe no l i ths from Oahu ( Na g a s a� a  e t  a l . , 1 9 6 9 ; R e i d  a n d  Fre y ,  1 9 7 1 ; 
Ph i l p o t t s e t a l . ,  1 9 7 2 ) i nd i c a te that th i s  a s s umption i s  re asonable to a 
f i r s t  approximat ion . Prel imi nary mod e l s  invo lvin g  l i gh t  REE deplete d  
source ma te rial  have not yi elded s a t i s fac tory agreement be twe en c a l c ulated 
and ob s erved va lues of CL fo r Mauna Loa o r  Ki l auea . The chondri ti c 
abund anc es used by S u n  a n d  Han s o n  ( 1 9 7 6 ) h ave be en adop ted .fo r  a l l  
c a l cul ations i n  th i s  pape r . Me l ti ng propo rtion s h ave b e e n  e s timated from 
pha s e  diagrams o f  s imp l i f i ed mantle sys tems and are give n  i n  Table 2 wi th 
refere nc e s . The c a l c ul ations are not very s en s i tive to e ven rather l arge 
unc ertainti e s  i n  the P i va l ue s  us ed . 

Th e mi ne ral/ l i quid di s tribution coe f fi c i ents ( D ' s )  adopted i n  th i s  
paper a r e  given i n  Tab l e  3 .  The D ' s for o l i vine , o r thopyroxe ne , and even 
spinel are s u f fic i e ntly low for the REE that unc e rta i n t i e s  i n  the se va lue s 
wi l l  no t gre a tly a f fe c t  the outcome o f  parti a l  me l ti n g  c al cul ation s . On 
the o th e r  hand , unce rtain ti e s  i n  the RE E D ' s fo r garne t  and c l i nopyroxe ne 
c an s i gni ficantly change the outcome of the c a l culations . Ina smuch a s  
publi shed e s timate s o f REE D ' s a r e  quite var i ab l e  fo r the s e  mi ne ra l s  
( Ma s ud a  a n d  Ku s h i r o ,  1 9 7 0 ; Gru t z e c k  e t  a l . ,  1 9 7 4 ; A r t h  a n d  Han s o n ,  1 9 7 5 ; 

Sh i m i z u  and Ku s h i ro ,  1 9 7 5 ; S h a � ,  1 9 7 7 )  we tes ted our mod e l s  us ing mo s t  o f  
the quo te d e s timate s . We adop ted the c l inopy roxene D ' s o f  Gr u t z e c k  e t  a l .  
( 1 9 7 4 ) because the ir experime ntal procedures we re mo s t  s traightforward and 
the i r  mea s ureme nts are s ui t ab l e  for the temperature range of i n te r e s t  ( near 
1 3 0 0 ° C ) . Exc ept fo r La and Ce the i r  da ta al so agree with one o f  the 
experimen ta l  results  o f  Ma s u d a  a n d  Ku s h i ro ( 1 9 7 0 ) . However , the l atte r  
wo rk i nvo l ved d i f f i c u l t  mi neral s e par ation s i n  a s ma l l  s amp l e , s o  the 
h i ghe r D ' s repo rted by Mas uda and Klish i ro for La and Ce may r e f l e c t  con t
ami nati on of the i r  c l i nopyroxene by gl a s s . We adopted the garne t D ' s  
s imi l a r  to tho se comp i l e d  by A r t h  a n d  H a n s o n  ( 1 9 7 5 )  as  a matte r o f  ne c e s s 
i ty ;  the ir va l ue s  we re the only one s that cou l d  give us a n  acc eptab l e  f i t  
betwe en c a l c ul a te d  and obs erved REE pro f i le s for the Ki l auea and Mauna Lo a 
da ta . We chec ked a l l  pos s ib l e  c ombina tions w ith D ' s  for o the r mi neral s .  
It  i s  conceivab l e  that the experimenta l l y  dete rmined garne t D ' s  o f  S h i m i z u  
a n d  Ku s hi ro ( 1 9 7 5 )  may be i n  e rror , s in ce they perfo rmed mi ne ra l s e parat
ions us ing a d i f feren ti a l  di sso lution procedure . If the i r  garne t s  we re 
zone d  w i th i nc rea s i ng he avy REE content towa rd th e r ims (a pos s i b i l i ty they 
did not check ) , then di f fe ren ti al di s so lution of garne t rims during 
mi neral pur i f i c ation wo ul d re sul t i n  low appar ent D ' s for the he avy REE 
wh ereas D ' s  for the l i ght RE E would not be s i gn i f i c antly a f fe c te d . Because 
the REE D ' s for o l i vi ne and orthopyroxene are so sma l l  and s imi l a r , 
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TAB L E  3 .  D i s t r ibut i on C o e f f i c i e n t s  Us e d  i n  P ar t i a l  Me l t ing Mo d e l s  

. p  

E l eme n t  O l ivine  

L a  0 . 0 0 7  
C e  0 . 0 0 7  
Sm 0 . 0 0 7  
Eu 0 . 0 0 7  
Tb 0 . 0 0 9  
Yb 0 . 0 1 4  
Lu 0 . 0 1 6  

Sour c e s o f  da t a : 

O l ivine : 
Or tho pyr o xene : 
C l inopyr o xe ne : 
G a rn e t : 

S p i ne l : 

Opx Cpx G a rne t 

0 . 0 0 5  0 . 0 6 9  0 . 0 0 4  
0 . 0 0 6  0 . 0 9 8  0 . 0 0 8  
0 . 0 1 3  0 . 2 6 0 . 2 1 
0 . 0 1 4  0 .  2 6  0 . 4 2 
0 .  0 2 1 0 . 3 1 1 . 6  
0 . 0 5 6  0 . 2 9 9 . 3  
0 . 0 6 8  0 . 2 8 1 0 . 5  

A r t h a n d  Han s e n ( 1 9 7 5 ) 
M c Kay a n d  We i l l  ( 1 9 7 6 )  
Gru t z e c k  e t  a l .  ( 1 9 7 4 )  

Sp ine l 

0 . 0 3 
0 .  0 3 2  
0 . 0 5 3  
0 . 0 5 5  
0 . 0 9 2  
0 . 1 7 
0 . 0 9 1  

P h i lp o t t s  e t  a l .  ( 1 9 7 2 ) , c a l cul a t e d  f o r  
s amp l e  G S F C - 2 1 
Kay a n d  C a s t ( 1 9 7 3 ) 

NOTE : Wh e r e  e xp e r ime n t a l  d a t a  ar e ava i l ab l e  va l u e s o f  D 
appro p r i a t e  fo r � 1 3 0 0 ° C  w e r e  ado p t e d .  D ' s  for  
s ome REE ' s  were  i n t e rpo l at e d  or  e x t r ap o l a t e d  from 
me a s ur e d  v a l u e s . 

TAB LE 4 .  Man t l e Mo d e l s  f o r  K i l au e a  and Hauna L o a  

WO L - OP X  Wc p x  Ro L + OPX 

K i l au e a  

0 . 0 1 
0 . 0 5 
0 . 1 0 

0 . 9 5 
0 . 7 5 
0 . 4 9 

0 . 0 4 0  
0 . 2 1 
0 . 4 3 

0 . 0 0 8 2  
0 . 0 4 2  
0 . 0 8 4  

0 . 8 1 
3 . 1 
6 . 1 

0 .  7 2  
0 . 5 9 
0 . 4 0 

0 . 2 4 
0 . 1 9 
0 . 1 2  

0 . 0 3 7  
0 .  0 2 
0 . 4 3 

0 . 0 0 4 2 
0 . 0 2 3  
0 . 0 4 9  

0 .  6 
0 . 7 8 
0 . 5 2 

Mauna L o a  

0 . 0 5 
0 . 1 0 
0 . 2 0 
0 . 3 0 
0 . 4 0 

0 . 9 3 
0 . 8 5 
0 . 6 9 
0 . 5 3 
0 . 3 7 

0 . 0 3 7  
0 . 0 8 7  
0 . 1 9 
0 . 2 9 
0 . 3 9 

0 . 0 2 9  
0 . 0 6 0  
0 . 1 2 
0 . 1 8 
0 . 2 4 

1 . 8  
3 . 4  
6 . 7 

1 0 . 0  
1 3 . 3 

0 . 7 3 
0 . 7 1 
0 . 6 4 
0 . 5 5 
0 . 4 3 

0 .  2 4  
0 . 2 2 
0 . 1 8  
0 . 1 3 
0 . 0 0 5  

0 . 0 1 8  
0 . 0 5 2  
0 . 1 3 
0 . 2 4 
0 . 3 8 

0 . 0 0 9 9  
0 . 0 2 2  
0 . 0 5 1  
0 . 0 8 8  
0 . 1 4 

0 . 9 7 
0 .  9 3 
0 . 8 1 
0 . 6 7  
0 . 4 9 

Wi ' s  a r e  i n i t i a l we i gh t  f r a c t i on s  o f  phas e s  in s ou r c e  re g i o n . 

a r e  we i gh t  fr a c t i on s  o f  phas e s  i n  r e s i du a l  s o l i d  a f t e r  ma gma 
e x t r a c t ion ; th e s e  are  c a l c ul at e d  us i n g  a r a t i o o f  OL : OPX = 3 : 1 .  
Th e s e  v a l u e s  a r e  o n l y  appro x ima t e  s i n c e  they d ep e nd upon val u e s  
o f  P i ' s  adop t e d .  

P i ' s  us e d  a r e  a s  fo l l ows : o l iv+opx : c px : g a r  = 0 . 2 0 : 0 . 4 0 : 0 . 4 0 .  
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tre a tment o f  the s e  pha s es s e parate ly i n  the MRA c a l cul ations introduc e s  
l a rge uncertainty i nto the es tima tion o f  �Vo l i v  and Wopx · The re fore , we 
have tre ated the s e  minera l s  as a s i ng l e  pha s e  i n  o ur mod el s ,  us i ng D ' s  
we ighted i n  the proportion o l i v : opx = 3 : 1 ;  the re s ul t i ng MRA s o l ution s  give 
an e s t imate o f  the we igh t  frac tion o f  combined o l ivi ne and orthopyroxene i n  
the o r i g i n a l  s ource r e g ion . 

To mod e l  the mi ne r a l  cons ti tution i n  the mantle beneath Hawa i i  
w e  a s s ume that the mant l e  gene r a l l y  r e s emb l e s  s ome o f  the ul trama f i c  
xenol i ths fo und i n  Hawa i ian l ava s ( e . g . , Ja c k s o n, 1 9 6 8 ) . The mo s t  common 
xeno l i ths o f  a non-cumul a te na ture are lher z o l i t e s  and pyroxeni te s ; o n  
Oahu garnet-bear ing lher z o l i tes and pyroxen i te s  a re found , but the s e  are 
no t commo n  there and they are not found e l s ewhere i n  the Hawa i i an I s l ands . 
Ja c k s o n  a nd Wr i g h t  ( 1 9 7 0 ) sugge s t  tha t  garne t l h e r zo l i te i s  a reasonab l e  
parental mater ial for Hawai i a n  tho l e i i te s  a n d  tha t  the s c arc i ty o f  th i s  
l i tho logy amo ng xe no l i th s u i te s i s  to be  expe c ted a s  i t  i s  largely me l ted 
at depth or dur ing as cent to the s urfa c e . Othe r con s trai nts come from 
geophys i c a l  s tudi e s  tha t  s how that ma j o r  eruptive pha s es a t  Ki lauea and 
Mauna Lo a are preceded by inte n s i fi ed s e i smic a c t i v i ty with e ar thquake foci  
as deep as abo ut 60  km ( Ea t o n  a n d  Mura t a ,  1 9 6 0 ; Ko y a n a g i  e t  a l . , 1 9 7 5 ) . I f  
i t  i s  a s s umed th a t  the ma gmas a r e  der ived from a me l ti ng zone be l ow th i s  
depth ( c . f . , Wr i g h t ,  1 9 7 1 ) , then the me l ting zone l i e s  wi th i n  the spinel o r  
garnet perido t i te s tab i l i ty f i el d  ( Gr e e n  a n d  R i n g w o o d, 1 9 7 0 ) . W e  have 
te s ted a va r i ety of hypo theti c a l  s o urce a s s emb l age s i nc ludin g  the mi ne r a l s  
o l i vine , o rtho - a nd c l i nopyroxene , and e i ther s p i ne l  or  garne t . We h ave no t 
cons idered mo del s i nvo l ving hydrous mine r a l s  s uch as mi c a  o r  amphibol e . In 
ma f i c  magmas , REE D ' s  for mic a are sma l l  a nd tho s e  of amphibole are s imi lar 
to c l i nopyroxene D ' s  ( A r t h  a n d  H a n s o n ,  1 9 7 5 )  so i nvo lvement of  the s e  
mi ner als  w i l l  n o t  ma te r i a l l y  a l ter the par t i a l  me l ti ng c a l culations . 

P a r t i a l  me l t i n g  mod e l s  - l i qu ids  

The i nve r s ion techn ique des c r ibe d abo ve w a s  appl i ed t o  the data 
fo r Ki l aue a a nd Mauna Loa s ummi t l avas . Of the s everal hypo theti c a l  
mine ral a s s emb l a g e s  tes te d o n l y  that i nvo lving ( o li v  + opx ) - cpx-gar y ielded 
acce ptab l e  s o l ut i ons fo r a wide range o f  F .  Al l o th er a s s emb l age s ( i nc l ud
i ng s p i ne l  o r  plagioc l a s e )  te s ted e i the r y i e lded nega ti ve wei ght frac tions 
for one or  mo re pha s e s  o r  y i elded po s i tive va l ue s  only a t  very low degre es 
o f  me l ting (F  < 0 . 0 1 ) . Some r epre s en tative s o l utions are given for each 
vo l cano in Tabl e  4 .  Thes e s o lutions are no t unique . Fo r a wide range i n  F 
( up to 0 . 1 8  for Ki l auea and 0 . 4 6  for r1auna Lo a ) , val ue s  o f  Wi a nd C0 can be 
fo und that w i l l  y i e ld reasonable a gr e emen t  b e twe e n  c a l c ul a ted and obs erved 
val ues of CL ( s e e  F i g . 2 ) .  P l o ts o f  Wi ' s  and C0 s o l utions ve r s us F for 
each vo l cano ( Fi g . 3 )  s how that the s e  parame te r s  vary smo o th l y  wi th F .  
Furth e rmore , a uni que me l ti ng mo del can be de f i ne d  i f  a ny one o f  the s e  
var i ab l e s  c a n  b e  de te rmi ned i ndepend en tly . I t  i s  a l s o  apparent that c0 
( e n r i chme n t  o f  s o ur c e  in REE r e l ative to chondr i te s )  mus t i ncrease wi th 
incre as i ng me l t  frac t ion , but the ab s o l ute val ues o f  c0 canno t be prec i s e l y  
d e fi ned at any F va l ue be cause REE con te n t s  i n  the analy z e d  s ummi t l avas 
may have be en e nhanced by o l i vine fractionation . The c a l c ul ated Co va l ue s  
mus t be cons i dered as uppe r l imi ts . 

We i gh t  fractions o f  pha s e s  i n  the source ma te r i a l  fo r K i l auea and 
Mauna Lo a are d i s pl ayed in a d i f fe re nt way in Fi g .  4 a . At l ow degrees  o f  
me l t i ng the s o urc e ma te r i a l s  for each vo l cano appro ach h a r z burgite , but a s  
the degree o f  me l t i ng i nc r e a s e s  th e source mate r i a l s  mus t  become pro gre s s 
i ve l y  r i cher i n  c l i nopyroxene and garne t . Al s o  the c l i nopyroxene/garne t 
ratios rema i n  cons tant fo r a l l  degrees  o f  me l ting , bu t  di f fe r  s i gni f ic antl y 
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F i g . 3 .  Compute d we ight fraction model s ( sc a l e  on l e f t )  and C0 
( s c a l e  on r i gh t )  val ue s for sourc e  rock s tha t ,  upon me l ting over a 
range o f  F va lue s , can yi eld optimal agr eement be twe en calcul ate d 
and obse rved REE abundanc e pattern s . Re s u l t s  o f  c a l c ul atio ns are 
given for both Ki l auea ( A )  and Mauna Loa ( B ) . 

CAL CUL A TED MAN TLE MODES 
FOR HAWA IIA N VOLCANOES 

A 
C P X  

B 
C P X  

0 66 S A L - I  

F i g . 4 . Ca l c ul a te d mode s of ori ginal source rocks ( A ) and ... · 

re frac tory re sidua ( B ) , for Mauna Loa and Ki laue a  me l ting mod e l s . 
Re gardle s s  o f  the pos tul ated degree o f  me l ti ng , the source re g ion 
for each vo l cano is charac te r i z ed by a con s tant c l i nopyroxene/ 
garne t ra t io . Modes o f  ul trama fic xenol i ths ( Ja c k s on and Wri gh t ,  
1 9 7 0 )  from Oahu are p lotted for compar i son ( 0 1 s ) . Numbe rs  by 
sol id c i rc l e s repr e se n t  percenta ge o f  partial me l ting . 
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for the two vo l c ano es ( 5 . 7  fo r Ki l auea ve rsus 1 . 6  for Mauna Lo a ) . Any 
sys tema t i c  e rro rs i n  the Di ' s  and P i ' s  used in  the c a l c u l a tions wi l l  no t 
a l te r  the con c l us io n  that a s i gni f i c ant di fference i n  the mi ne ra l  cons ti
tution o f  the so urce re gions is  required if  the REE patterns of  the Ki lauea 
and Mauna Loa l avas are re pre s e n tative of the i r  parental magmas . He 
emphas i ze that di f ferent degrees o f  me l ting o f  the s ame s o ur c e  ma te r i al 
c anno t  produce l iq uids wi th bo th the Ki l aue a a n d  Mauna Lo a REE p ro f i le s . 
REE pro f i l e s  i n  pi c r i t i c  s ample s ( up to 2 2 % Mg O )  from Ki l auea are e s s e nt
i a l ly identi c a l  to tho se o f  the l ow-Mg O summi t l avas cons i dered here , 
a l tho ugh abs o l u te REE contents are l owe r as a re s u l t  o f  o l ivi ne d i l ution 
( Mu r a l i  et  a l . , 1 9 7  8 ) .  Mode s are plo tted in F i g . 4 for several Oahu xe no
l i ths s tudi ed by Ja c k s o n  an d Wr i g h t ( 1 9 7 0 ) . O f  the s e  xeno l i th s , the garnet 
lhe r zo l i te s  appe a r  to be th e mos t  reasonable c andidate s  a s  pa rental 
mater i a l  for Hawa i i an tho l e i i t es , in wh ich case the degre e of me l t i ng 
required i s  moderately large ( F  > 0 . 3 ) . 

P a r t i a l  me l t i ng mo d e l s - r e fr a c t o ry r e s i du e  

The partia l me l ting models  f o r  Kil auea a n d  Mauna L o a  c a n  b e  
further eva l uated i n  te rms o f  t h e  mi ne ral con s t i tution and R E E  pro f i l e s  
predi c ted fo r the refracto ry re s idue l e f t  a fte r extrac tion o f  magma . 
We i gh t  fractions o f  r e s i dua l mine ral s  ( Ri ' s ) c an be c al c ul a ted by ma s s  
balance us ing the value s o f  Wi ' s ,  Pi ' s ,  and F f o r  each me l ting mode l . 
Bec aus e o f  our c ombined treatme nt o f  o l i vine and or thopyroxene , Wo l iv+opx 
was proport ione d according to the arbi trary ratio o l iv : opx = 3 : 1 .  
Re sul ting va lues o f  Ri are given i n  Tab l e  4 a nd d i s p l ayed i n  F i g . 4b . 
C a l c ul a te d  re s idue mode s vary regularly w i th F and de f ine di f ferent tre nds 
of cons ta nt c l i nopyroxe ne/garne t  ratio fo r each vo l cano . At any g i ve n  
va l ue o f  F the re s i dua l ma te r i a l  i s  depleted i n  garne t  and c l i nopyroxene 
r e l ative to the parent , but the extent o f  th i s  depl e t i o n  is unc ertain 
large l y  b e c ause of unc ertai nti e s i n  the Pi ' s .  Lhe r z o l i te an d/or dunite 
re s i dues woul d be c on s i s tent with our mo de l s , a l tho ugh for l a rge degre es o f  
me l ting i t  wo uld s eem l i k e ly tha t the res idue wo uld con tain some garne t .  

REE conte nts i n  the aggre gate re s i dua l mate rial  ( C s l relat ive to 
tho s e  in the ini t i a l  source ro ck ( C0 ) are gi ven for the non -modal ba tch 
me l ti ng model b y  the fo l l owing e qua tion : 

Cs 
i50 - PF 

C0 ( 1 - F ) ( D0 + F ( 1 - P ) )  

By o ur e a r l i e r  de f i n i ti ons th i s  ratio i s  chondri te - norma l i zed . Some 
re prese ntative REE pro fi l e s  c al c u l a ted for re£racto ry re s i dua i n the 
Ki l auea and Mauna Loa source regions are given i n  F i g . 2 . Parti al me l ti ng 
o f  a s o urc e ma te ri al wi th cho ndritic RE E r e l ative abundan c e s  should r e s ul t  
in  l igh t REE depl e te d  re s i dua , that i s , rocks s imi l ar t o  Alpi ne peridoti te s. 
Ana ly zed lhe r zo l i te s  and ga rne t pyroxe n i te s  from Oahu ( R e i d  a n d  Fr e y ,  1 9 7 1 ; 
Ph i l p o t t s  e t  a l . , 1 9 7 2 )  al l d i s p l ay unfrac ti onated o r  l i gh t  REE enri ched 
pro f i l e s ,  and do no t appear to be r e s idua l w i th respect to Hawa i i a n  
tho l e i i te ma gma s . At p r e s e n t  there a r e  too f e w  REE da ta fo r Hawa i i an 
xeno l iths to rigoro us ly te s t  our pa rtial me l ti ng mod e l s . 
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C o nc l u s i o ns 

The petro logy and geoc hemi s try o f  s ummi t  lavas from K i l aue a and 
Mauna Loa vo l c anoes are s u f fi c i en tl y  d i s tinct to sugge s t  tha t these l avas 
are no t gene tical ly related by c ry s tal frac tionation pro c e s s e s . Tempo ral 
compos i tional re lationships further s ugge s t  that REE abund ance patterns for 
K i l a ue a  and probably Mauna Loa magma s have no t been s i gn i f i c antl y  mod i f ied 
by di f ferenti at ion proc e s s e s  during a s cent to the surfac e .  If the se REE 
pro f i l e s are i ndeed representative of REE pro f i l e s  in Ki laue a  and Mauna Loa 
pr imary magma s , then it seems l ikely that di f ferenc e s  be tween the REE 
pro f i l e s  o f  the two magma typ e s  could be produced only by partial me l ting 
of source regions having d i f ferent mi neral consti tution . We are currently 
te sting th i s  conc l us ion by fur ther ana l y s e s  of s ample s from Mauna Loa . 
Be c ause the s e  two vo l c anoe s are s i tuated only 3 0  km apar t ,  it seems mo s t  
l ikely that the ir magma s are der ived b y  me l t i ng a t  di f ferent depths . The 
h i gher garnet/ c l i nopyroxe ne ratio inferred for the Mauna Loa source wo uld 
s e em to be compatible wi th me l ti ng at greate r depth be low th i s  vo l c ano . 
Un ti l further work ha s be en done on Hawa i i an l ava s and ul trama f i c  xeno l i ths 
i t  s e ems prema ture to explo re te c ton i c  imp l i cations o f  our model s ;  however , 
our approach , coup led wi th radiogen i c  i s otope s tud ie s ,  may l e ad to a be tte r 
unders tanding o f  mantl e hete roge ni e tie s bene ath the Hawa i i an I s l ands . 

The r e s u l t s  o f  Pb ( Ta t s umo t o , personal communication , 1 9 7 7 )  and 
Sr and Nd ( O ' Ni o n s  e t  a l . , 1 9 7 7 )  i sotopic s tud i e s  o f  s ample s from Kil auea 
and Ma una Loa i ndicate that the i r respe c ti ve source ma te r i a l s may be 
i sotopically d i s ti nc t , and that the se i sotop i c  hete rogene i ti e s  i n  the 
Hawa i i an mantle may have per s i s ted for long periods o f  time . 
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No t e  added i n  p r o o f :  

Twe lve add i ti onal s amp le s ,  containing about 7 wt . %  Mg O , from 
Mauna Loa have chondr i te - norma l i z ed REE pro f i l e s  tha t agree c lo s e l y  wi th 
tha t pre s ented here for a s i ngle prehi s toric l ava , thus con f i rming a con
s i s tent d i fferenc e in REE pro f i l e s  be tween K i l a uea and Mauna Loa . We a l s o  
wish to emphas i ze tha t an impor tant ob j e c tive o f  thi s  s tudy i s  t o  e valuate 
simp l e  me l ting mode l s for Hawa i ian basa l t s . Be cause certain paramete r s  i n  
the se mode l s  ( s uch as  d i s tr i bution coe f f i c ients and REE pro f i l e s  in  the 
postul a te d  source ma teri al ) are not we l l  e s tabl i shed , our model s mus t  be 
cons idered tentative . As an e xamp l e , recently pub l i shed Sm-Nd i so topic 
data seem to r equi re a l i ght-REE dep l e ted source material  for Hawa i i an 
ba s a l ts . Prel iminary model s  i nvolving s uch a source y i e ld calculated 
l i quids with RE E prof i l e s  simi l ar to tho se ob served in the Kil auea and 
Mauna Loa bas al ts . However , o ur conc l us ion tha t  th e r e spective source 
regions d i f fer with respe c t  to mi ner al cons ti tution and ( o r )  bulk compo s i 
tion s t i l l  seems viab l e . Futur e mod e l l i ng i nvo l ving tra ns i tion me ta l s  may 
he lp reso l ve addi tiona l deta i l s  o f  the mantle beneath Hawa i i . 
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CHEM I CAL AND I SOTOP I C  COMPO S I T I ONS O F  LAVAS O F  I SLA TORTUGA AND I ND I CAT I ONS 
OF PART IAL FUS I ON O F  I SOTOP I CALLY D I S T I NC T  MANTLE SOURCE I N  THE V I C I N I TY 

O F  OC EAN I C  S P READ ING  CENTE RS 

Rodey Bati z a *  
S cripps I n s t i tution o f  Oce anography 

La Jo l la , Cali forn i a  9 2 0 9 3  

(Ex t e nd e d  Ab s tr a c t )  

I s l a  Tortuga ( Fi g .  1 )  i s  a sma l l  ( 4 5 km3 ) an d youn g  ( <  1 . 7  m . y . ) 
tho le i i ti c  o ce ani c central vol cano . I t  i s  both s tructura l ly and pe trolo
gi c a l ly l inke d to the active ly s p re a ding trough wi th whi ch i t  is  a s s o c i ate d 
( the Guayma s bas i n ) . The s i gn i f i c ance o f  Tortuga an d othe r smal l vo l canoe s 
locate d  on youn g  ocean i c  crus t l ie s  in the fact tha t  i f  they remain active 
as they dri ft away from the ridge cre s t , the chemi c al and i s o top i c  content 
o f  the i r  l avas may he lp to e l uci date seve ra l  i mportan t pe trogene ti c  
prob l ems . For e xamp le , these  s e amo unts may p rovi de a conti n uous pe tro l ogi c 
re cord o f  the tran s i tion from LIL-deple te d  tho le i i ti c  ridge - c re s t  vo l cani sm 
to more typ i c a l ly undep le te d ,  a lk a l i c  " o f f - ri dge " vo l c ani sm ( B a t i z a ,  1 9 7 7a ) .  
Thus , they may he lp to de te rmine the n ature o f  change s e i ther i n  the 
chemi cal or ph ase compos i t i on o f  the oce an i c  uppe r mant le an d the proce s s e s  
o f p a rti al me l ti n g  re spon s i b l e  f o r  the p roduction o f  the se chemi c a l l y  
di f fe rent ma gma type s .  Re sults from t h e  s tudy o f  Tortuga be ar o n  th i s  
parti cular prob lem . 

The re g iona l  se tting , ge ology , petrology , and geo chemi s try o f  
I s l a  Tortuga are di s c us s e d  b y  B a t i z a  ( 1 9 7 7b ) , and the re s ul t s  o f  sr B 7;sr 8 6  
and rare-earth e leme n t  ( RE E ) abun dance de te rminations wi l l  b e  pre sented by 
B a t i z a  e t  a l . ( in p re p . ) .  Tortuga i s  composed of L I L- de p l e ted tho le i i ti c  
bas a l t , abundan ce fractionate d basalt  and smal l vol ume s o f  i ce lan di te . 
Nume ri c al mode l s  o f  the ma j or and trace e l ement ( inc l udin g  RE E )  contents 
of the l avas of thi s  s ui te s upport the hypo the s i s  that the mo re evo lve d 
l avas are re l ated to the mos t Mg and N i - ri ch Tortuga s amp l e s by s imp le 
fractional  c rystal l i z a t i on of a low-pre s s ure phase as sembl a ge . Fur the r
mo re , the mo s t  Mg and N i - ri ch Tortuga lavas cou ld e vo l ve from a typ i c a l  
mi d-ocean ri dge tho l e i i ti c  l iquid b y  s ub tracti on o f  abo ut 1 0  wt . % o f  Fo B S 
( B a t i z a  e t  a l . , i n  p rep . ) . I t  i s  there fore con c l uded tha t the s o urce o f  
the H g  an d N i - ri ch Tortuga lava s  i s  i den ti cal  w i t h  tha t o f  the ne arby 
s p re ading cente r  l avas . 

Howe ve r ,  the s r B 7; s r 8 6  ratios o f  the Tor tuga l avas range s  from 
0 . 7 0 2 4 to 0 . 7 0 3 6  wh i c h  is much l arge r  vari ation than wo uld be p roduce d in a 
s u i t e  o f  comagmat i c  l avas produce d by partial me l ti n g  o f  an i s otopi c a l ly 
homo geneous s o urce i n  the uppe r  mantle . Furthe r ,  the S r 8 7jsr 8 6  ratios 
appe ar to be re late d  to the chemi cal compo s i tions of  the lavas ( b ut not to 

* P re se n t  addre s s : Departme n t  o f  Earth and P l ane tary S c i e nces , McDonne l l  
Center for the Space S c ience s , Washington Un i ve r s i ty ,  S t .  Loui s , 
Mi s s o uri 6 3 1 3 0  
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the i r  s trati graphic pos i tion ) . For e xamp l e , the n e g a t i ve c o r re l at i o n  
be twee n  MgO a n d  s r 8 7js r 8 6 o f the l avas has  r 2 = 0 . 7 3 .  Thi s  vari a tion i n  
s r 8 7js r 8 6 co u l d  be due to contamination o f  the l avas b y  a sma l l  amoun t 
( 2 - 3  wt . % )  o f  mate ri a l  havin g  an s r 8 7 ; s r 8 6 o f  0 . 7 1 and S r  = 5 0 0  ppm , o r  by 

mant l e  he te ro ge ni e t i e s  i n  the s ource re gion of the Tortuga lavas . Produc 
tion o f  the hi gh s r 8 7; s r 8 6 r a tio in the c r u s t  by the radio a c t i ve de cay o f  
Rb 8 7  i n  a magma chambe r ,  for e x ampl e , i s  p re c l ude d b y  the yo uth and low 
Rb/S r of the l avas . Contami n a t io n  of the l avas by ma te r i a l  havi n g  h i gh S r  
con ten t  and low s r 8 7;s r 8 6 i s  pre c l ude d b y  the l ow S r  abun dan ce o f  the 
Tor tuga lavas and l ack of c o r re l a ti o n  b e twe e n  S r  c o n te n t  an d s r 8 7 ;s r 8 6 o f  
the l ava s a fte r the removal o f  the e f f e c ts o f  fra c tion a l  c ry s t a l l i z at i on on 
thei r Sr conte n ts . I t  may b e  po s s ib le to de te rmine whe the r  con t amin ation 
o r  man tl e  h e te ro g ene i ti e s  have c a us e d  the ob s e r ve d  r an ge of s r 8 7j s r 8 6  on 
Tor tuga e xami n a t i o n  of the N d l 4 3/Ndl 4 4 ratio s o f  th e l avas ( de te rmin ations 
are in p rogre s s ) . I f  the ran g e  of s r 8 7;s r 8 6  is  not due to con tami n a tion , 
the n i t  mus t be due to man tl e he te rogene i tie s  i n the s o u rce re gion o f  the 
l avas . S i nce the ran ge o f s tr on ti um i so tope ra t i o s  on To rtuga i s gre ate r 
th an tha t  o b s e rve d  a t  the mi d- oce an r i d ge s , i t  may rep re s en t the m i x i n g  o f  
two i s o t op i cal ly d i s ti n c t  mant l e  s o ur ce s .  Howe ve r ,  the s e  i so topi c a l ly 
di s t i n c t  man t l e  s o urce s mus t b e  ve ry s i mi l a r  i n  o the r re spe c ts , s i n c e  the 
Tortuga l avas appear to be re l at e d  by s imp le f ra c ti on a l  c ry s t a l l i z at i o n . 
I t  i s  sugge s te d  tha t  Tortuga may be repre s e n t a t i ve o f  c e n tra l vo l c anoe s 
lo c a te d  ove r  the narrow t r an s i tion z one be twee n  the dep l e te d  mantle s ource 
o f  r i dge c re s t  tho le i i te s  and the le s s - dep l e te d  man t l e  so urce o f  " o f f
r i dge " vo l cani sm . 

Re fe r en c e s  

B a t i z a , R . , Ge o l ogy , pe t r o l o gy an d ge o chemi s try o f  I s l a  Tortuga , a re c e n t  
tho le i i ti c  i s l an d  i n  t h e  Gul f o f  C a l i forni a , s ub m i t t e d  t o  G e o Z .  
So c .  A m e r . B u Z Z . , l 9 7 7 a .  

B a t i z a ,  R . , Age , vo l ume , compo s i t i o n a l  an d s p a ti a l  re l ation s o f  s ma l l  
i s o l a te d  oce an i c  cen t r a l  vol c anoe s , Ma ri n e  G e o l o g y , i n  p re s s , 
l 9 7 7b .  

Bati z a , R . , K .  Futa , and C . E .  He dge , Rare - e a r th e leme n t  and s tron ti um 
i s otope abun dance s i n  l ava s o f  I s l a  To rtug a ,  i n  preparatio n . 
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TRACE E LEMENT B EHAV I O U R  DUR I N G  ANAT EX I S  

De ni s M .  Shaw 
De partment o f  Geolo gy 

McMa s ter Un i vers i t y  
Hami l to n , Ontario 

Canada 

Ab s t r a c t 

The behaviour o f  tra c e  eleme n ts dur i n g  anate xi s  has been thorough
ly e xp l ored i n  r ec ent years in a l gebra i c  and geome tric appl i c a tions of the 
Ber the l o t-Ne rns t parti tion rule . Experime ntal meas urements are b e gi nning 
to  s ugge st the ma gn i t ude s and var i ab i l i ti e s  of  parti tion c oe f f i c i en t s . 

S ome o f  the facto r s  whi ch are o f ten ne glec te d  a re ( a )  i nadequac i e s  
in the theo ry , ( b )  vari ab i l i ty o f  D-va l ue s , ( c )  me a s ureme n t  di f f i c u l t i e s  
f o r  D-va l ue s , ( d )  role o f  acces s o ry mi ne ral s ,  ( e )  r o l e  o f  vo l a t i l e  pha s e , 
( f )  petro l o g i c a l  contro l s , ( g ) dynami c s  o f  me l t  s e para tion , ( h )  wa l l - rock 

i nterac t i ons . 

Trac e  e l eme n t  mode l s  are u s e ful provided a l l owanc e i s  made fo r 
the se fac to r s  and the geol o g i c a l  b a s e  i s  s o und . 

I n t ro duc t i on 

De ve lopment o f  the theory o f  trace e l emen t  behavi o ur i n  he te ro 
ge ne o us pha s e  equilibria  has l e d  to nume rous s tudi e s  o f  magmatic c ry s ta l l 
i s a tion over the l as t  3 0  ye ars : adaptations o f  the theory to anate x i s  have 
be en e l aborated mor e  recen tl y . Quanti ta tive appl i c a tions i n  bo th f i e l d s  
have b e e n  h i nde red by a lack o f  me a s ureme nts o f  the e s sential parame t e r s , 
i . e .  parti tion coe f f i c i ents ( D-va l u e s ) ,  but the s i tua tion i s  improvi ng 
rapidly and in recent y e ar s  many trac e  e lement model s  o f  mantle and crus t al 
fus io n h ave bee n  p ropos ed . Th is  i s  a wo rthwhi le ac tivi ty , but should be 
moderated i n  vi ew o f  the i nhe rent p i t fa l l s  and pre s e nt-day unc e rt a i n ti e s : 
th is paper wi l l  revi ew some o f  thes e . 

The b a s i c  theory wi l l  f i r s t  be s ta te d , us i ng certain s imp l i fying 
a s s umpt i ons . The e f fects o f va ri ation o f  D-va lu e s  w i l l  ne xt be e xami ned , 
fol lowed by a s tatement o f  a more ge ne ra l i zed theory . La s tl y  the e f fe c ts 
o f  pha s e  petro lo gy , me l t  mi grat ion dynami c s  and zon e - r e f i ning w i l l  be s hown 
to provi de i ne s ca pab l e  con s trai nts on th e trace e leme n t  theory . 

S imp l e  th e o ry fo r t r a c e  e l e me n t  b e h av i o u r  dur i ng p a r t i a l  me l t i n g  

S c h i l l i n g  a n d  Wi n c h e s te r  ( 1 9 6 7 ) , Ga s t  ( 1 9 6 8 ) and S h aw ( 1 9 7 0 )  
deve l o pe d  equa t i on s  to describe the behaviour o f  a tra c e  eleme nt dur ing 
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TAB LE 1 .  D e f in i t i on s  

ma s s  ( g ) o f  who l �  s y s t e m  

m a s s o f  s o l i d  p h a s e s  

m a s s o f  l i qu i d  p h a s e 

ma s s  o f f l u i d  ( g a s e o us )  pha s e  

L /W0 fr a c t i o n  o f  l i qu i d  

ws ; wo 
= 1 - F = f r a c t i on o f  s o l i d  

ma s s  o f  c o mp o n e n t  i i n  the  who l e  

ma s s  o f  c o mp o n e n t  i i n  the s o l i d s  

mas s o f  c o mp o ne n t  i i n  th e  l i qu i d  

s y s t em 

mas s c o n c e n t r a t i o n o f  c o mp o n e n t  i n  th e wh o l e  s y s t e m  

mas s c o n c en t r at i o n o f  c o mp o n e n t  i n  t h e  s o l i d s  

ma s s  c o n c en t r a t i o n  o f  c omp o n e n t  i n  t h e  l i q u i d  

m a s s c on c e n t r a t i o n  r a t i o  fo r c o mp o n e n t s  i ,  j 

mas s fr a c t i on o f  s o l i d  pha s e  E amo n g  t h e  o th e r  s o l i d 
ph a s e s  

ma s s  f r a c t i o n  o f s o l i d p h a s e E wh i c h  me l t s , 
e xp r e s s e d  a s  a fr a c t i o n  o f  th e l i q u i d  p h a s e 

n umb e r  o f  mo l e s  o f  c o mp o n e n t  i i n  p ha s e  E 

mo l e  f r a c t i on o r  c a t i on fr a c t i on o f c o mp o n e n t  i 
i n  ph a s e E 

mo l ar e q u i l ib r i um c o n s t a n t  ( a l s o  c a l l e d  Kn ) 

mo l a r p ar t i t i o n  c o e f f i c i en t  o f  c o mp o n e n t  i 
b e tw e e n  p h a s e s  a , S 

ma s s  p a r t i t i on c o e f f i c i en t  o f  c omp o ne n t  i b e tw e e n  
p h a s e s a , S 

ap p ar en t  v a l ue o f  D� - S  
( s e e  t e x t )  

l 
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parti a l  me l ti n g . More re c en tl y  He r t o g e n  a n d  Gi jb e l s  ( 1 9 7 6 ) and Co n s o l m a g n o  
a n d  Dra k e  ( 1 9 7 6 ) h ave wr i t te n  o n  th e s e  theore ti c a l  top i c s .  Us i n g  the 
termino l o gy o f  the thi rd re ference , s ummar i z e d  i n  Table 1 ,  the po i n t  o f  
depar ture i s  the Ne rns t-Be rthe l o t  p r i n c i p l e , tha t  the ratio o f  the mo l a r  
conc e n tra t ions ( x ) o f  a compone n t  ( i )  so l ub l e  i de a l l y  i n  two pha s e s  ( a , S ) 
coexi s t ing a t  e q ui l ib r i um i s  

a- S ll
i 

a 6 x . jx . l l ( 1 )  

a - S and lli may be tak e n  a s  c on s tant , for c o n s tan t  P ,  T ,  a nd o ther compone nts 
x j , provi d ed tha t the xi a re sma l l .  I n  prac t i c e  the d i f f er ence be twe en 
mo l a r  and we i gh t  con c e n tr a t i on i s  o f te n  i gnored ( no t  a lway s  w i th j us ti f 
i c a t i on : s e e  My s e n ,  1 9 7 6 ) , the chemic a l  i denti ty o f  the compone n t  i i s  
i gnored and t ak en to b e  s imp ly a me ta l l i c  e l emen t  o r  c a ti o n ,  and th e 
pa r t i t i o n  coe f f ic i en t  ll i s  then wr i t te n  a s  D ,  s o  tha t  e q . ( 1 )  become s  

a - 6  o .  l cl.!j c � l l 

I f  the c oexi s ti n g  pha s e s  a r e  s o l i d  ( s )  a nd l i qu i d  ( £ )  we c a n  wri te 
( ne g l e c t i n g  i )  

D 

b u t  i f  s e ve r a l  s o l i d s  a , S , s coexi s t  i n  e qui l i b r i um wi th l i qu i d , we c a n  
d e f i ne a bulk d i s tribution coe f fi c i en t , D o r  DwR whe r e , 

+ 
s s - 2  = 1: X D 

( 2 ) 

( 3 )  

( 4 ) 

wh ere the Xs a re the mas s  frac tions  o f  the di f f erent pha s es , and 1: xs = 1 .  
The os - 2  wi l l  now be taken a s  c on s tants , b u t  th i s  a l re ady d epends o n  the 
s evera l a s s umpt i o n s  a l r e ady men tione d . 

I f  a mul t i pha s e  s o l i d  havi n g  a bulk part i t ion coe f fi c i e n t  D i s  
parti a l ly me l te d , i n  s uch a manne r that e ac h  pha s e  me l ts i n  the proportion 
wh i c h  it  h a s  i n  the i ni t i a l  rock ( modal me l ti ng ) , th ree expre s s ion s may be 
d e r i ve d  to d e s c r i be the c o n c en tr a t ion of a trace e l eme n t  i a ft e r  a fra c ti o n  
F ( wh e r e  O < F < l )  o f  l i quid h a s  been produc ed ( s e e  Sh aw , 1 9 7 0 ) : 

1 l )  
c £ Co ( 1 - F )  ( D - Rayle i gh frac tiona tion '( 5 ) 

D 

1 
_ £ co D 
c [ 1 - ( 1 - F )  ] a c c umul a ted fractions ( 6 )  

F 

C L co equi l ib r i um fus ion ( 7 ) 

D+F ( 1 - D )  

Th e  f i r s t  o f  the s e  g ives the i ns ta ntaneous concen tration o f  i i n  th e l i qui d 
se parati ng a t  F ,  whe re the me l t  i s  conti nuo us l y  removed from the re s i dua l 
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s o l i d : thi s  formu l a  wa s f i r s t  d e r i ve d  by Ray l e i g h  ( 1 8 9 6 ) a nd may c o r re s 
pond c los e ly to s ome geolo g ic a l  s i tuat i o n s  ( e . g . , whe re l i qu i d  i s  conti n
ua l ly squee z e d  o u t  of a s o l i d )  . The s e cond expre s s ion s hows the ave ra ge o r  
a c c umul a ted conc entration o f  a l l  the l i quid fra c t i on s : th i s  may c l o s e l y  
por tray the a c c umu l a t i o n  o f  me l t  f r a c t i o n s  i n  a magma r e s e rvo i r . Equation 
7 s hows the c on c en tra tion obtained whe re comp l e te equi l ib r i um is  mai n ta i ne d  
be twe e n  so l i ds a n d  me l t :  i t  i mp l i e s  that rate s o f  mate r i a l  di f fus ion w i th 
i n  c ry s ta l s  and be twe e n  c ry s ta l s  a nd l i quid are gre a te r  than the rate at 
wh ich hea t is s upp l i ed to c a us e  me l ti n g . Ho ffm a n  and Ma g a r i t z  ( 1 9 7 6 ) h ave 
shown tha t  c a t i o n  d i f f us ion r a te s  in s i l i c a te me l ts a re l O S to 1 0 7 t ime s 
fa s te r  than i n  s i l i c a te s o l i d s , but neve rthe l e s s  l o c a l  e qui l ib ri um mi gh t 
obtain i f  the gra i n - s i z e i s  coarse ( > l em)  and the time ava i l ab l e  i s  abo ut 
1 0 S y r : th i s  s uppo s e s  a s ta t i c  envi ronme n t  w i thout conve c tive mixin g ,  
wh ich wou l d  o f  course a i d  e qui l i br a t i on . 

The re s tr i c t i on tha t  a roc k  w il l  me l t  i n  i ts mod a l  p ropo r t i o n s  i s  
gene ra l l y  far from t r ue except whe r e  the mi ne r a l s  h ap pen t o  b e  pre s e n t  i n  
e u te c t i c  o r  p e r i te c t i c  propor t i on s , s o  equations S ,  6 ,  7 n e e d  t o  be 
mod i f i e d  f or the c as e  whe re the propor t i o n s  of the mine r a l s  e n te ring the 
mo l te n  pha se are p E  � p s 

= l )  Th i s  is ach ieve d  by d e f i n i n g  a new bulk 
d i s tribution co e f f i c i en t  

( 8 ) 

whi c h  permi ts c a l cu l a ti on ( Sh aw , 1 9 7 0 ) o f  mod i f i ed equa tions for non-modal 
me l ti n g : 

C Q, 
l 

PF ( - - l )  ( 1 - -) p 
Do 

PF � 
[ 1- ( l - -) P ] 

Do 

( 9 )  

( 1 0 )  

( l l )  

In the s e  e xpre s s i o n s  z e ro v a l ue s for ps a r e  permi s s i b l e , s o  l o n g  a s  a t  
l e a s t  one i s  i n  t h e  range O <p E < l .  Us i n g  th ese equa tion s i t  i s  thus 
po s s i b l e  to c a l c ul ate the e f fe c t  o f  part i a l  me l ti n g  o n  a n  i n i t i a l  
as s embl a ge o f ,  s ay ,  o l +o px+cpx+spi n+ph l o g ,  whe r e  o n l y  opx+ph l o g  enter the 
mel t .  Of co ur s e  the con s tra in t that O < F < l  is furthe r re s tr i c te d ,  a nd 
me l ti n g  wi l l  c e a s e  ( o r  chan ge cours e )  when some pha s e  a i s  e xhaus ted , wh i c h  
o b ta i n s  whe n 

Me l ti n g  thus pro c eeds i n  a s er i es o f  s te p s , each e nding wi th th e exh aus tion 
of one pha s e , b e i n g  renewe d w i th a new set of p E : the f i n a l  con centration 
may b e  c a l c u l a te d  by mak i n g  the e nd parame te r s  o f  one s te p  become the 
i n i t i a l  p arame te r s  for the ne xt s te p . Exp l i c i t  an a ly t i c  e xp re s s i o n s  fo r 
th is have b e e n  d e r i ve d  by He r t o g e n  and Gi jb e l s  ( 1 9 7 6 ) . 

l f  attention i s  to be focus s e d  on the behaviour o f  the concent
r a t i o n  r a t i o  R for two e le me n t s , i and j ,  equa tion s S through 1 2 may be 
re ad i l y  adapte d . Thus for the a c c umulated l i q u i d  dur i ng moda l me l ti n g  we 
f i nd that 
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R . 0 
1 - ( l - F )

l/Di 

1 - ( l - F ) l /D j 

whe re R0 i s  the el eme n t  ratio in the i n i t i a l  s o l i d  a s s emb l a ge . 

The forego ing s imple theory depends o n  a s s umptions o f  var i o us 
k i nds , i n c l uding the cons tancy o f  Di E - t ( o r  Di ) ,  i . e .  tha t  

0 

( 1 3 )  

( 1 4 ) 

I t  also  depends on the a s s ump tion that the proport ions o f  mi ne ral me l ti n g  
d o  n o t  change , o r  

0 
( 1 5 )  

The theo ry fur the rmore di s r egards the e ffect  o f  incongruent me l ting , and 
the e f fe c t  o f  a second f l ui d  pha s e  ( vo la t i l e - r i c h )  and o f  o ther c ons trai nts 
imposed by the pha se petrol ogy . In addi tion th e ge ome try and dynami cs o f  
heat s upply ( di f fusion , conve c tion , etc . )  and o f  magma moveme nt ( vi s c o s i ty , 
s ur face tens i on , dens i ty ,  e tc . )  have no t been con s i de red , nor have the 
chemi c a l  e f fects of moving magma on wa l l  rocks ( zone refi ning) . Some o f  
the s e  facto r s  wi l l  now b e  examined . 

D e p e n d enc e o f  D on o th e r  compone n t s  

'I'h i s  e ffec t may b e  s tudi ed ana ly t i c a l l y  o r  e xperimenta l l y . F i r s t  
l ooking at  theoretical a s pec ts , con s ider a b i nary s o l i d  s o l ution s e r i e s  
s uch a s  the Hg-Fe o l ivine s .  The mo lar parti tion coe f fi c ient f o r  fors te r i te 
( fo )  betwe en s o l i d  and coe x i s ting l i quid i s  e xp re s s e d  by 

l'o fo 

I f  we us e n to re present numbe r o f  mol e s  o f  any compone nt , then 

and the parti tion coe f f i c i ent /'o
fo wi l l  equal l'o�g · The ma s s  ac tion l aw wi l l  

now e xpre s s  the equi l ibrium cons tant K and i t  l S  easy to show that 

l'oMg 

for i de al s o l utions . 

K 
.Q, K+x fa ( l - K )  

( 1 6 )  

The depende nce o f  /'oMg on the o ther c omponent ( i ron in  fayal i te )  at 
a give n  P ,  T is shown in Fi gure l .  When xhg i s  ve ry sma l l  o f  c o urse 
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x�a � l and 6Mg � K ,  wh ich i s  the Ne rns t-Be r the l o t  l aw ,  but o therwi s e  x �
a 

va rie s and con s e q ue n tly 6Mg 
is  not con s tant . 

1·0 
fo 

ob ta i n  

M 9  Pa.r t i t i o n  i n  O l i. v i. n e  

• Xfo 
O · S'  mol . fr•cti.'n 0 0 

fo.. 

1 . 0  
Fi g .  l .  Var

i ation of  partit
ion coe f fi c i ent 
6Mg wi th T and 
c ompos i tion under 
univari ant cond
i tions fo r the 
b inary o l ivi ne 
s y s tem at con s tant 
pre s s ure . The 
curve s  we re c a l 
culate d  a s s umi ng 
an i de al mo le c ul a r  
compo s i tion . 

I f  we wri te the ma s s  p ar t i t ion coe f fi c i e n t  D fo r th i s  s y s tem , we 

s - £ s - £ L I n � 
D 6Mg 

l 
Mg ws 

I n £ 

i 

o r  

ns - £ s - £ M£ 
( 1 7 )  

Mg 
6

Mg M"s 

where M£ ( & Hs ) i s  the we i gh te d  mol e c u l a r  ( fo rmul a )  we i gh t )  per componen t  for 
al l components ( e . g .  for Mg , Fe , S i , 0 or wha te ve r  c omb inations of the s e  
e l ements have b e e n  chosen a s  compone nts ) . The se are vari ab le s who se val ue s  
wi l l  depend o n  the l iquid fraction F ,  but wi l l  b e  o f  s imi l ar magn i t ude ; s o  
D w i l l  di f fe r from 6 ,  but not b y  a gre at de al . 

P a s s i n g  to a ternary s y s te m ,  where a trac e me tal i may s ub s titute 
at l attice s i te s  o c c up ied by two ma j or me ta l s , the n as above we ne glect the 
di f fe rences be twe en mo l a r  and mas s  parti tion and eq uate 

a- S 
D ·  l 

Ana ly s i s  o f  the e f fe c t s  o f  the ma j or e leme n t  ( j  o r  k )  s ub s ti tution 
le ads to predi c t i on of a l i ne a r  re l at i on s h ip of the form 

a - S D . l 
a + bx0 

J 
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whe re a ,  b are con s tants , for th e c a s e  whe re activi ty coe ffi c i e nts a re 
c l o s e  to un i ty . Th i s  means i n  p rac tice  that the parti tion o f , for example , 
Ni be twe en o l i vine and b a s a l t  should approximate a linear fun c ti on o f  the 
fo r s teri te fra c t ion in the o l i vi ne . 

The ana lys i s  may be e xtende d to an r- componen t  s y s te m ,  ob tai n i n g  
again a l i n e a r  dependence : 

a - B  D . l 

r a � U · X ·  
' -I- . J J J r l  

( 1 9 )  

Turni n g  now to e xperime ntal evi den c e  fo r the de pendence o f  D on 
bulk c ompo s i tion , many e xamp l e s  coul d be c i te d . A few have been cho sen to 
i l l us trate di f fe re n t  f acto r s . 

The fi rs t e xample i s  the e f fe c t  o f  %An i n  pl agio c l a s e  on the 
parti tion o f  Eu be tween p l agio c l a s e  and l i q ui d . Data compi l e d  by Z i e l i n s k i  
( 1 9 7 5 , F i g . 4 )  and shown i n  Fi gure 2 indi c at e s  D-val ue s ranging from 0 . 1  
for c al c i c  pl agioc l a s e  to nearly 2 for albi te . 

1- 1 0  
z w 
u 
""
w 
0 u 

2 1 . 0  
I
::> al 
a:: 
1-(f) 
0 
0 :::> 0 . 1  

· Fe l d s p a r s  

Ano the r e xample i s  the 
i n f l uence of the Ca-content o f  
garne t on the parti tion o f  V 
be twe e n  bio ti te and garne t . The 
o ri ginal data ( Kr e t z ,  1 9 5 9 , Fi g .  8 )  
are s hown i n  Fi gure 3a ,  and i n  
F i gure 3b they h ave b e en rec a l c ul 
ated to s how th e appro ximate 
con formi ty wi th equation 1 8 . 

N ume ro us examp l e s o f  non
Ne rn s t  pa rti tion of Rb ,  Cs , S r , Ba  
betwe en alkali  fe ldspar o f  var i able  
compos i tion and aqueous s o l ution s 
may be found i n  papers by Ii y a m a  
( 1 9 6 8 ) , S a b a t i e r  ( 1 9 7 1 ) , L a g a c h e  

a n d  Sa b a t i e r  ( 1 9 7 3 ) .  

0 
..J 

Magn e t i t e  � I l me n i te Ii y am a  ( 1 9 6 5 , 1 9 7 0 )  al s o 
demo n s trate s how varying anion 
c oncen trations i n  the aqueous f l uid 
may a l so a f fe c t  D-val ue s for 

' 
..J 
<[ 
a:: w 
z 
i O.O i c-�-� 

La 

alkali  me ta l s . 

. pl ag-me l t  
Fl g .  2 . Dependence o f  DE u  

The i n f l uenc e  o f  bulk me l t  
compo s i tion i s  s e e n  o n  mea s ureme nts 
of parti tion be twe en garne t and 
ho s t  l avas ( Ir v i n g  and Fr e y , 1 9 7 6 ) . 
Wi th s y s tematic  increase  i n  S i 0 2 
from bas ani te through hawa i i te to 
ande s i te the ran ge in val ue s for 

on p l a gi oc l a s e  compos i ti on 
( Z i e l i n s k i , 1 9 7 5 , F i g . 4 ) . 

Sm  and Yb we re : 

Dsm 
= 0 . 1 0 - 1 . 2 8 

Dyb 6 . 5 - 5 6  
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c 

D 

G A R N E T  

8 .0 I • . 0 8 
.0 8 - . I 5 
. I  5 . 2 1 
. 2 1 - .2 5 

G A R  N E T � v2 o 3  

Fi g .  3a .  Parti tion o f  v2 o 3 
be tween bioti te and hornb lende 
in re l ation to xgaf ori ginal data . Ca ) 
( Kr e t z ,  1 9 5 9 , F1 g .  8 . 

T = 1290 - 1300° C 

La Ce Nd Sm Eu Gd 

• 

10  • 

bio-oar 
D • v2o3 • 

• 
• 

• 

5 • 

• 
• • 

• 
• • 

• 

• 

0 
0 0. 1 0. 2 0 . 3 

oar 
X ca 

Fi g .  3b . P a rt i tion o f  v2 o 3 be twe en 
b i o ti te and hornb lende in  relation to 
x�a r ,  data rec a l c ul ated to show the 
a��roximate ly l i ne a r  depe ndence 
pre d i c te d  by e qua tion 1 8 . 

Io-0·7 (air) 

Dy Er Lu y 

Fig . 4 .  De pe nde n c e  o f  Dp l ag-me l t on oxygen fugaci ty 
( D r a k e a n d  We i l l ,  1 9 7 5 , �i�� 6 ) . 
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Oxidation s tate i s  o fte n re levant to the parti tion o f  a polyvalent 
e lement . vari ation o f  Eu parti tion be twe e n  p l agio c l a s e  and me l t  depends 
s trongly on fo and has been e xpe rimenta l ly demons trated by Dra k e  a n d  We i l l  
( 1 9 7 5 , F i g . 6 ) 2 as shown i n  Fi gure 4 .  

The next and l a s t  e xample c an be s t  be des c r ibed as a non-Ne rns t 
dis tribution for which no s pe c i f i c  c ause o f  the non- i deal i ty i s  e vi dent . 
Fi gure 5 s hows an in flection in  the Roo zeboom plot o f  Sm in  opx ve rs us Sm 
in coexi s ting b a s a l t i c  l iquid , taken from My s e n  ( 1 9 7 6 , F i g . 4 ) . One is led  
ine xo rably to s uspe c t  the experime ntal re sults , and e ven though the 
analyti c a l  e rrors seem ve ry smal l ,  sma l l  amounts o f  a rathe r i ncompatible 
e lement · " in s i de " an orthopyroxene may h ave no the rmodynami c s i gn i f ic ance . 

E a. 
a. 
Ql" c Ql 

I. 

� 3  
� 
0 
£ L. 
0 
c 2 
E 

1,/) 

0 20 1.0 6 0  8 0  1 0 0  
S m  i n  l i qu i d, p p m  

De p e nd en c e o f  D o n  P and T 

-- --

1 2 0 1 1. 0  1 6 0  1 8 0  2 0 0  

Fi g .  5 .  Non 
Ne rns t parti tion 
of Sm be tween 
o rthopyroxene and 
me l t  ( My s e n ,  1 9 7 6 , 
Fi g .  4 ) . 

The theoreti c a l  bas i s  for e xpec ting e lement parti tion to be temp
erature and pre s s ure dependent come s from the ma s s - action law .  The equi l 
ibri um cons tant for a binary , two-phase ( a ,  B ) , two cation ( i , j )  e xchange , 
a s s uming un i t  activi ty coe f fi c i ents  i s  

a - B  a - B D ·  j D . l J 

( the us ua l symbol K c ould be use d ,  but an angl o-saxon tradi tion not only to 
prefer Kn , but a l s o to i ncorrec tly c a l l  i t  a parti tion coe f f i c i ent , i s  
wi despread ) , where 6 G  i s  the free ene r gy change a t  P , T .  Va riat ion o f  Kn 
wi l l  then be expre s se d  by : 

or 

6H ( !_ _ !_ ) 
R Tl T2 

1 
T 

1 97 

( 2 0 )  

fo r cons tant P ,  



and 

( 2 1 )  

for cons tant T .  

Many examp l e s  could be c i ted o f  s tudi es wh ich purport to show 
natural sys tems for which equation s 2 0 , 2 1  apply . For s ome , ma j o r  eleme nts 
have been us e d ,  ne ce s s i tating use o f  Kn , but for sys tems where compone n t  i 
i s  a tr ace element the equations , under adequate a s s umption s , re duc e  to : 

tn D a: 
1 
T 

and tn D a: P 

Attempts  to demon s trate the s e  relations us ing ro ck s have o ften g i ve n  
ambi guo us re sults , partly as a re sul t o f  analyti cal and s amp l ing problems 
( e . g .  re sulting from zoning in garne ts ) ,  but a l s o  because o f  the di f f i c ul ty 

o f  e s tab l i shing the P , T conditions under which a natural a s s emb l age 
c ry s tal l i ze d .  Re c ently , e xperime ntal s tudi e s  have he lped to provi de more 
s ati s f ac to ry c a l ibrations .  

An e xamp l e  o f  ma j o r  e le ment parti tion varying wi th P and T i s  
given by the Mg , Fe 2 + s ub s ti tution i n  garne t and c l i nopyroxene ( R a h e i m  a nd 
G r e e n ,  1 9 7 5 ) from ba s a l ti c  ( e clogiti c ) rocks and i s  shown in  Fi gure 6 . 

60 

"' 

40 

.. 
" 

30 

20 

10 

Jco 

F i g . 6 .  The Hg- Fe exchange 
equi l ib ri um cons tant for 
garnet- c l inopyroxene ( Kn ) a s  
a function o f  P and T ( R £h e i m  
a n d  Gr e e n ,  1 9 7 5 , Fig . 1 ) . 

Fo r trace eleme n t  parti tion , the behaviour o f  S r , Ba and REE has 
been inve s ti ga te d  by many autho r s , and s tudi e s  by S u n  e t  a l . ( 1 9 7 4 )  and 
Dr a k e  and We i l l  ( 1 9 7 5 ) s how s igni fican t  T-dependence fo r some elements in 
the plagi o c l a s e - ba s a l t  me l t  s y s teml : an e xamp l e  from the l a s t autho rs i s  
s e en i n  Fi gure 7 .  The REE a l s o  show s i gn i ficant T vari ations i n  parti tion 
be twe en o l i vi ne and wate r ( w ) : combining the i r  expe rime ntal re s ul ts from 
the equa l i ty 

1 In e xperime nts o f  th i s  kind the e f fects  o f  T c anno t s tri ctly be di s ting
ui shed from thos e of compo s i tion vari ation on the l i qui dus and sol i dus . 
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0
o l i v-cpx o l i v-w c px-w 

D /D , 

Cu l l e r s e t  a l . ( 1 9 7 3 )  ob tained o l - cpx parti t ion val ues app l i c ab l e  to 
natura l rocks ( at 1 kb pre s s ure ) , whi ch are compared with obs erve d b a s a l ti c  
mi ne ral parti ti ons ( Fi g .  8 ) .  Geo thermome tri c in terpreta tions are c l early 
pos s i b l e . 
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Fi g .  7 .  Tempera ture dependenc e ,  
at cons tan t p re s s ure , o f  
nPl a g-me l t  for var i ous e l ements 
( D r a k e  a n d  We i l l ,  1 9 7 5 ,  Figs . 2 , 3 ) . 
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F i g . 8 . Comp ar i son o f  Do l -cpx for 
the RE E as me a s ure d on natural rock s 
wi th e xperimenta l re sul t s  a t  th re e 
temperature s ( C u l l e r s e t  a l . , 1 9 7 3 , 
Fi g .  6 ) . 

A number o f  other T-dependen t parti tion coe f f i c ients for Ni , Co 
have been dete rmine d by L e e m a n  ( 1 9 7 3 )  and H a r t e t  a l . ( 1 9 7 6 ) : compo s i tion 
e f fe c ts ag ain are important . A s ummary o f  mo s t  avai l able data i s  give n  by 
Dra k e  ( 1 9 7 6 ) . 

The e f fe c t  o f  P on trac e me tal s ub s ti tution i s  l e s s  we l l -known . 
S h i m i z u  a n d  A k i m o t o  ( 1 9 7 1 )  an d S h i m i z u  ( 1 9 7 4 )  howe ve r showe d that th ere was 
l i ttle change in ncpx-bas al t b e twe en 15 and 50 kb fo r S r , Ba , K , Rb , Cs . 
Prel imi nary r e s u l t s  on ogar-bas a l t  for REE a t  3 0  kb have be en ob ta ined by 
Sh i m i z u  a n d  K u s h i r o ( 1 9 7 5 ) , so information on P e f fects in th i s  impo rtant 
s y s tem may b e  fo r thcoming soon . 
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P r o b l e m s  o f  Me as ureme n t  o f  D -Va l uc s 

The re are numerous source s o f  unc e rtainty i n  val ue s o f  parti tion 
coe f fic ients use d  in me l ting mode l s . The se may s omewhat arti f i c i a l l y  be 
divi ded into two group s , accordi ng to whe ther D is mea s ured by laborato ry 
expe riment o r  o n  a quenche d natural sys tem . 

Two o f  the prob l ems i n  l aboratory me as urements are commo n  to a l l  
e xper imental mi neralogy . The f i r s t  i s  that l abor ato ry e xperime nts are 
s imp l e r  than Na ture , ei the r in  the exte rnal vari ab le s  whi ch have fewe r 
de gree s  o f  freedom or in s horte r  time -pe riods , or in  s impl e r  chemical 
sys tems : e xtrapo l a tion to real ro cks may there fore be haz ardous . The 
s e cond is s l owne s s  o f  di f fusion betwe en grain interiors , grain s ur face s ,  
and me l t .  As a consequence i t  i s  di f f i cult to e s tab l i s h  whe the r equi l i b 
rium has  b e e n  re ache d : a tho ugh t ful s tudy a l o n g  the s e  l i ne s  re levant to 
REE parti tion has  been given by Z i e l i n s k i  an d Fre y ( 1 9 7 4 ) . Ano ther e xpe r i 
men tal problem , mo re s pe c i fi c i n  nature , i s  that unti l recently analyti c a l  
te chnique s  fre quently l acked the sens i tivi ty requi re d for pre c i s e  ana l y s e s  
o f  trace me ta l s  on t h e  ( us u a l l y )  smal l s amp le s obtai nable i n  contro l l e d  
P , T expe r imen ts : i t  wa s conseque ntly nece s s ary t o  boo s t  the abundance 
range by 2 to 4 orde r s  o f  magni tude , hoping that the D-value s  thereby 
ob tained would remain va l i d  at l ower concentration s . Radiochemi c a l  te ch
nique s  are now avai lab l e  fo r some elemen ts , to obvi ate the se prob lems 
( s ee , for exampl e , My s e n  and S e i t z , 1 9 7 5 ; Se i t z and Ha r t ,  1 9 7 3 ) , and many 
D- value s  c an now be me a s ured at l ow concentration leve l s . 

D- value s ob taine d from quenche d natura l rocks have two main 
so urc e s  of erro r ,  addi tional  to analy s i s  problems . The firs t i s  impurities  
in minera l s e parate s . Th i s  may take the form o f  s ur face or i nte rior 
contamination , o fte n o f  unknown nature , and i s  the mo s t  s e rio us fo r mine r 
a l s  whi ch are no t pre ferred ho s ts fo r the e lement i n  que s tion . Thus H a r t  
a n d  B r o o k s  ( 1 9 7 4 )  s howe d that two vo l c an i c  c l i nopyroxe ne s  con tained lowe r 
abundance s o f  K , Rb ,  Cs , S r , Ba than are norma lly reporte d ,  but only a fte r 
the mine ral s h ad been s ub j e c ted to ul tra -me t i c ulous s ample s e paration and 
cleansing : as  a consequence the pheno crys t-ma trix D-val ue s  we re lowe r by 
fac to r s  o f  from 6 x to l O O x  than o ther l i ter ature value s . 

Th i s  examp l e  neverthe l e s s r ai s e s  an i ntere s ting problem . I f  a 
c l inopyroxe ne o f  th i s  k i nd form part o f  a rock unde rgoing me l ti ng , which 
is be ing repre sente d  by a model s uch as given by equations 5 - 1 1 ,  should 
the mi ne ral be re pre s e nte d  by a " c le an " o r  a " di rty " D-va l ue ? Ce rtain ly 
the clean value is  the only one which make s mathematical sense , but i t  i s  
neverthe le s s  the di rty pyroxene wh i ch i s  me lti ng . Th i s  pyroxene parti tion 
paradox is unreso lved .  

Anothe r troub l e s ome form o f  impur i ty i s  the fore i gn i nc lus ion . 
Some time s  i ts p re s ence i s  c l e ar , e . g .  whe re Cr value s i n  o l ivi ne are 
at tributable to chromi te inc lus ions . In o ther case s i ts pre sence may be 
s uspected , as wi th the REE abundan c e s  in the biotite shown in Fi g .  9 .  The 
abundance p atte rn mimi c s  c lo s e ly the patte rn in the apati te , but at a leve l  
l O x  lowe r : the almo s t  uni vers al o c c urre nce o f  apati te inclus ion s i n  pl ut
oni c biotite s  s ugge s t s  that the biotite is con taminated . Rare -earth D
va lue s  for othe r bi o ti te s may also be s uspect . 

The othe r s ource o f  e r ror in D-value s  from quenche d natural 
as semb l age s c ome s  from having unknowi ngly analy z e d  inhomo geneous crys ta l s . 
The mo s t  common inhomo gene i ty i s  z oning , whi ch i s  s e l dom vi s ible  i n  th in 
se ction for mi ne ral s o f  h i ghe r symmetry : zoning o f  co urse r e f l e c ts chan ge s 
in ma j o r  or minor e lements , but o f ten s ugge s ts paral l e l  change s in trace 
e leme nts . Zoning in  garne t i s seen i n  Fi g .  1 0 : if a D-val ue were to be 
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F i g . 9 .  Chondr i te -normali z e d  REE C 
abundanc e s  i n  apati te and b io t i te Co O 
from the Alb ta l grani te ( a fter 
Puc h e l t  an d Emm e rm a nn , 1 9 7 6 , Fi g .  3 ) . 
The di s trib ution p at te rns are 
c l o s e l y  s i mi l ar , but di f fe r  by an 
o rde r o f  magn i t ude . 

to be me as ure d be tween s uch ga rne t 
and ne arby pyroxene , us i n g  an RE E o r  
Ni , camo u f l a ge d  b y  C a  and Mg , re s 
pec tive ly ,  the me ani ng o f  " coexi s ti n g " 
wo uld be ambi guo us . At any s ta ge 
during i ts growth , the oute r rim o f  a 
ga rne t crys tal mi ght b e i n  eq ui l ibri um 
wi th the o u te r  rim o f  a nearby pyroxe ne 
fo l l ow that e i ther s e parated garne ts o r  
analy s i s  woul d s a ti s facto r i l y  repre s e n t  

1200 Micr.diam. 275 �- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -·� 

j 275 Micr.diam. 
1 MICRONS 

Fi g .  1 0 . E l eme n t  pro f i l e s  me a s 
ured a c ro s s  ga rne t gra i n s  o f  
various d i ame te r s , a s  indicated 
( R8h e i m , 1 9 7 5 , Fi g .  1 0 ) . 

gra i n , b ut i t  would n o t  nec e s sari ly 
a pol i shed s e c ti on mi croprobe 
the concen tration in the garne t . 

I f  the s y s tem o f  s tudy be a pheno c rys t ( ph )  which has c ry s ta l l i z e d  
from t h e  s urrounding i gneous me l t , now seen as  fine � grained groundma s s  ( gm ) , 
and i f  the pheno c rys t embodi e s  e xtreme fractional cry s t al l i z ation ( i . e . 
extreme z onin g )  s ome times re fe rred to a s  Doe r ne r - H o s k i n s  o r  logar i thmi c 
f7acti�nation , then an�l�s i s  o f  t�e

.
who le phenocry s t  a n d  ne arby g ro undma s s  

Wl l l  glve a fal se partl tlon coe f flc lent dPh - gm , expre s s e d  by 

d 
FD- 1 ( 1 - F )  

( 2 2 )  

whe re o n l y  mine ral ph i s  crys tal l i z i n g , with t rue part i t ion coef fi c i e n t  D 
( or oph- gm ) i 

or d 
D 

�m 

20 1  

�vR 
1 -F 

F ( D�VR - 1 ) ( 1 -F )  
( 2 3 )  



whe re DwR i s  from e q uation 4 ,  fo r the c a s e  whe re seve ra l  mine ral s are 
crys ta l l i z in g . The di ffe re nce betwee n  the fal se and true val ue s  c an be 
ve ry gre at . Fo r examp l e , i f  the true coe fficient i s  5 ,  then appl i c ation 
o f  equation 2 2  wi th 5 0 pe r cen t  c ry stal l i zat i on wo ul d give an apparen t 
phenocrys t-gro undmas s parti tion o f  3 1 . 

These and re lated di f fus ion -contro l l e d  e f fects  h ave been s tudi e d  
the o re ti c a l ly b y  A l b ar e de a n d  B o t ti n ga ( 1 9 7 2 ) . L . H .  Haskin has pointe d 
out in s e veral  pape rs ( e . g .  H a s k i n  e t  a l . ,  1 9 7 0 ) , tha t  the apparent co
e f fic ien t  be tween two coexi s ting zone d phenocrys t spe c ie s , e . g . dPhl -ph2 
wi l l  e qual the true val ue DPh l - ph2 , from equation 2 3 ,  but fo r th i s  to be 
true it is nece s s a ry to know that the two mine ral s be gan and ended crys t
al l i z a ti on at the s ame time s . 

P robab ly the second gre ate s t  fai li ng o f  D-va l ue s  obtained from 
the phenocryst-matrix princi p l e  i s  howeve r tha t  i t  i s  se ldom certain that 
the phe nocrysts fo rme d from the portion of the magma now seen as the 
adj acent groundma s s : th i s  factor i s  p articul arly c r i tical when tre a ting 
c umul ate-trapped l iquid frac tion at ion ( e . g .  Ma a l o e , 1 9 7 6 ) . 

The re are a number o f  o the r drawb acks to mea s ur i n g  D-val ue s  from 
na tural mine r al s , but s pace doe s not permi t a comple te d i s c u s s ion . 

TAB LE 2 .  Some Me a s ur e d  Par t i t i o n  C o e ff i c i en t  Ran ge s 

Dcpx - .Q. 
K 

Dhb - 9,  
B a  

Db i o - 9, 
Rb 

0 . 0 0 0 4 5 - 0 . 7  

0 . 1 - 8 . 0  

0 . 0 5 5 - 4 . 2  

0 . 7 - 5 . 7 5 

To con c l ude the dis cus s ion o f  D-va l ue variat ion , Tab le 2 re cords 
some range s , culled f rom the ava i l able  l i terature in  recent ye ars . Al l 
the va l ue s  c ame from reputab le l abor ator i e s  and there i s  no reason to s us 
pe ct gro s s  e rrors o f  me asurement . The l iquid pha s e s  we re i n  a l l  c as e s  
s i l ic ate me l t  o r  magma , but vari e d  cons i de r ab ly in  bulk compo s i tion . I t  
i s  clear  t h a t  ( a )  there i s  n o  s uch thing a s  cons tancy i n  D-va l ue f o r  a 
trace e lement , ( b )  the e f fe c ts o f  bulk compos i ti on , P ,  T and me asurement 
problems mus t be given furth e r  a ttention , i f  p artition coe f f i c ients are to 
be used e f fective l y  in petro l o g i c a l  mode l l in g . It mus t  be adde d , howeve r , 
that usab l e  va l ue s are neverthe l e s s  ava i l able for some e l emen ts , provi ded 
that temperature and bulk compos i tion i s  spe c i fie d . 
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A G e ne ra l i z e d  The o ry 

The vari ab i l i ty o f  parti tion coe f fic ients outlined i n  the pre ced
i ng sections makes  a ge nera l i z ation of the the ory pre sente d  at the beginn 
ing rathe r ne c e s s a ry . W e  may a s s ume that the me l ting proportions p E a l s o  
vary ,  a t  l e a s t  ini ti a l ly . 

Us ing the symbo l s  in Tab le 1 ,  mas s -bal ance and the parti tion 
princ i ple e s tab l i sh that ( as in S h aw , 1 9 7 0 , and fol l owing the approach o f  
Gre e n l an d ,  1 9 7 0 )  

de 
c 

dS (!_ _ l )  S D ( 2 4 )  

fo r the trace e lement o f  inte re s t . Th i s  i s  the bas i c  equation from wh ich 
equations 5 - 1 3 are de rive d . S i s  used rather than F to avo i d  inte gration 
prob lems . If we now accept that vari ation s  in p E and n s - £ ( s ee equation 8 ) 
c an be e xp re s s ed as func tion s  o f  the de gree o f  me l ting ( S  o r  F ) , whi ch fo r 
convenience may be wri tte n  as p E ( S ) , D E ( S ) , we may use equations 8 , 2 4  to 
obta i n  

( 2 5 )  

In te gration o f  equation 2 5  requi re s expl i c i t  knowle dge o f  th e 
fun c tions p E ( s )  and D s ( S )  and the ma themati c s  c an be troub l e s ome : s o l utions 
for an analogous e xpre s s ion have bee n  given by H e r to ge n  a n d  G i jh e l s  ( 1 9 7 6 )  
A sol ution which i s  re al i s tic in  many c a s e s  i s  to accept that the p E are 
cons tan ts and that the parti tion c o e f f i c i e nts a re l i ne ar i n  S :  

e . g . D E ( S )  

I f  the n we wri te u and 

T 4 V  ( D0 - U )  

the sol ution to equation 2 5  be come s : 

�� [ tan- 1
( 2 VS + U - V) / /T - tan- l ( u  + V ) / IT ]  

S T 
( 2 6 )  

The individual us e r  must de c i de whe the r the unce rtain ties i n  as s umptions 
warran t us ing e xpre s s ions s uch a s  e quation 2 6 .  

Ano the r factor ne ce s s ary in a ge ne r al i zed theo ry i s  incon gruent 
me l tin g , wh ich i s  the rul e  rathe r than the exception in many rock s unde r 
go ing anatexi s .  The equations der i ve d  by He r t o ge n  a n d  G i jh e l s  ( 1 9 7 6 )  
appe ar ambi guous and an al ternative formul ation has been propo s ed ( Sh aw , 
in pre s s ) .  

Cho i c e  o f  Pha s e s  fo r Me l t in g  Mo de l s  

Ano ther critical  factor in the deve lopment o f  mode l s  for trace 
e l ement behaviour durin g anate xi s is the modal compos i tion of the hypoth 
e t i c a l  i n i t i a l  rock . 
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Mo s t  mode l s  s tart with e ithe r man tle or  crus t a l  rock s , a l though 
o ther mate ri a l s  s uch a s  dee p  ocean s e dime nts may p l ay a role . For man tle 
me l ti n g  the usual s o urce materi al s  are s p i ne l , o l i vine , orthopy roxene , 
c l i nopyroxe ne , ga rne t ,  amphibole , phl o gopi te and plagi o c l as e : for crus tal 
anatexi s more s i l i ceous rocks are taken , con tai n in g  quart z ,  pl agioc l a s e , 
K- fel ds p ar , amphibol e , pyroxe ne and micas . Al l the s e  phase s  except q uart z 
are mo re or le s s  complex s o l i d  s o lutions , who s e  compo s i t ions de te rmine not 
only the ini tial  b ulk compos i tion but a l s o  a f fe c t  ( as seen above ) the 
parti t i on coe ffic ie nts o f trace e lements as me l ting s tarts . The cho i ce o f  
s uch comp o s i tions and c oe f fici ents dete rmine s p ro fo undly the compo s i t ion 
of the res ulting ma gma s . It should hardly need addin g  that the re is l i ttle 
re a s on to be l i e ve the mantle t o  be at  all  homo geneous in l i thology , l e t  
a lone t h e  crus t ,  and mode l s  wi l l  there fo re o f  n e ce s s i ty be too s imp le -

Addi tional prob lems ari s e  with acce s sory pha s e s  and vo l ati le 
phase s .  

To i l l us tr ate the firs t o f  the s e  con s i de r  the ubiqui tous  
acce s so ry , apati te . In th e  Alb tal grani te al re ady con s ide re d ( Fi g . 9 ) , 
Puc h e l t  a n d  Emm e rmann ( 1 9 7 6 )  report that apati te make s up only l per cent 
of the rock , b ut contains 2 7  per cent of  all  the REE pre s e n t  and s hows a 
mark e d  negative Eu anoma ly . The whole rock ana ly s i s  a l s o  s hows a 
( sma l l er )  negative E u  anomaly . I f the apat i te h ad not been an aly zed i t  

mi ght have been conc l ude d  that the who l e  rock anoma ly resul te d from the 
pare n t  magma be ing de ple te d  in E u  as  the con sequence o f  e a r l i e r  c ry s ta l l 
i z ation o f  fe l dspars , where a s  the de ple tion may in fact re f l e c t  prior 
c ry sta l l i z ation of  apati te . Wh ich of  the s e  ( i f  e i ther ) is  true i s  be s i de 
the po in t ,  which i s  that interpre tation o f  REE behaviour in  th i s  grani te 
woul d  be di f fe rent i f  the apati te had not been cons i de red . Ana l o gous 
c on s i de rations apply to me l tin g . 

Ano the r aspect o f  th i s  e xamp l e  i s  that Puc h e l t  a n d  Emme rmann 
( 1 9 7 6 ) s how tha t  the REE fractionat ion patte rn o f  apati te ( from di f ferent 
rock s )  varie s co n s i de rab ly , s ome spec ime ns showi ng mark e d  en ri chme n t  o f  
LREE compare d w i th HREE . In a mel ting mo de l invo l ving ap ati te the variety 
cho s e n  woul d s trongly a f fe c t  the REE di strib ution i n  th e re sul tin g magma . 
Th ese e f fe c ts would be mo re impo rtant s t i l l  in me lting a pe ri do ti te , who s e  
ma j o r  phas e s  contain lowe r REE abun dan c e s  than in a grani te . 

The importance o f  acce s s o ry mine rals  thus l i e s i n  the fact that 
they are commonly enriched in cer tai n rare me tal s :  e . g .  

chromi te Cr , Ni , Zn , I r  

z i rcon Z r , H f ,  u ,  Th 

ruti le , s phene Ti , REE , U ,  Th , Nb , Ta 

s ul phi de s Ni , Co , Pb , Zn , Cu 

apati te P ,  REE 

al l an i te REE 

opaque oxide s  Cr , Ni , Co , v 

Rare r acce s s orie s s uch as mona z i te , xeno time , e tc . , may a l s o  b e  
p re sent . 

The other cho i c e , a s men tione d above , i s  whe the r  the anate xi s  wi l l  
invo l ve a fluid ( vo l a ti l e - r i ch s e c on d  l i q ui d ) ; th i s  i s  impo rtant i n  ( at 
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leas t )  two ways . The f i r s t  i s  the obvious one , name ly that f l uids dete r 
mi ne phase s tabi l i ti e s  in  various ways . Apart from the fac t that th i s  wi l l  
influence the cho i c e  o f  ma j o r  mi ne ral pha s e s  in the model , e . g .  amphibo l e  
is  uns tab l e  at pre s s ure s greate r th an 1 0  t o  1 8  k b  ( Gr e e n  a n d  Ri n gwo o d , 
1 9 7 0 ;  L amb e r t  a n d  Wy l l i e , 1 9 7 0 ) , the abundance o f  fl uid al so dete rmine s the 
me l ting behavio ur . In  the me l tin g o f  dry or water-de f i c i ent granodiorite , 
b io ti te wil l probably be the fi r s t  pha se to mel t  ( Fi g . 1 1 ) , whe reas i f  
e xc e s s  wate r i s  pre s en t  K-felds par wi l l  b e  the f i r s t to go : owi ng to the 
d i f ferent K/Rb ratios o f  the se two mi nerals  the re s ul ting magma s , and 
rocks l ate r formed from them,  may .bear the imprint o f  the se di f ferences . 

1 000 

0 
0 
w 900 
0:: :::> 
!cr 0:: w 800 a. :E w 1-

700 

600 

P =  2 Kbs 
TOTAL WATER IN THE SYSTEM 

m 
6 + 

or + qz + bt + pi +  hb +V 

or + qz + bt + p l + hb 
a 

0 6 + 
GRANODIOR ITE 

8 

WATER ABOVE THAT IN GRANODIORITE 

F i g . 1 1 . Interpretation of phas e 
s tab i l ities  during the me l ting o f  a 
gr anodiori te ( no .  7 6 6 -H 2 0 )  i n  the 
pre sence of various re lati ve amounts 
of water ( Ro b e r t s o n  and Wy l l i e , 1 9 7 1 , 
Fi g .  4 ) .  The di ffering behaviour o f  
bioti te and K-felds par could a f fect 
the K/Rb ratios of  anate c ti c  me l t .  

A s econd way i n  wh ich a 
fl uid phas e  i s  important i s  as a 
transient s o l ution , holding some 
proportion o f  e ach e lement i n  the 
sys tem . Th i s  addi tional pha s e  
di ffers from the o the r pha s e s  pre s 
e n t  i n  being l e s s  dens e , le s s  vi s 
cous and more vo l a ti l e , s o  allowing 
a var i ety of po s s ib i l i ti e s  for 
i n fl ue nc i ng trace element fraction
a tion . A ful l  theoretical treat
ment is  impracti c al here , but a 
s impl i fied approach w i l l  i l l us trate 
the pos s ibi l i ti e s , having in mi nd 
the s ubduction o f  we t se diments into 
a zone o f  anatexi s .  

S uppo s e  a mas s  o f  ws g o f  
r e s i dual s o l i d s  to b e  i n  equi l ibrium 
with w£ g o f  s i l ic ate me l t ,  so  that 
for the trace element of i n teres t 
we have , as us ual 

whe re ns £ is the bulk parti tion 
coe f fi c i en t . I f  we now add to the 
sys tem wf g o f  f l uid , for wh ich the 
bulk part i t ion coe f f i c i en t  i s  ns f , 
the concentration i n  the s i l i cate 
magma wi l l  chan ge to c L , a s s umi nt 
equi l i bration . I f  we wri te \ivs;w 
y ,  wf;w l  = z , then 

or ( 2 7 )  

Ra the r few value s  o f s o l id- fluid , magma - f luid parti tion c oe f fic 
i ents are known . Howeve r , expe rime n ts by Cu l l e r s  e t  a l .  ( 1 9 7 3 )  and 
Z i e l i n s k i  and Fre y ( 1 9 7 4 )  s ugge s t  tha t  the REE are much more s o l uble i n  
s i l i cate me l t  than in ( coe x i s t i ng )  water , in fac t  about two orde r s  o f  mag
ni tude more s o  than Rb ( B e s w i c k ,  1 9 7 3 ) . Suppo se for example we cons ider the 
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modal me lting o f  a granodio r i te cons i sting o f  two ·fe l ds p ars , quartz and a 
l i ttle biotite and ho rnblende . Us ing s o l id/magma parti tion coe f f i c i ents 
from the l i terature for Rb and La , toge the r wi th f l ui d/ma gma coe ffic ients 
from the authors j us t  quote d ,  we may use the fol lowing paramete rs : 

0 . 2 4 0 . 0 9  

1 . 0 3  0 . 0 5 

I f  we now rewri te equation 2 7 , p utti ng the RHS equa l to t ,  we can wri te 

cL cLt 

for e ach e lement . The conc entration ratios may be indic ated by R 

R 

r 

and then we have 

R 

L I L CRb CLa 

L L c Rb/c
La 

rtRb/ tLa 

and 

( 2 8 )  

Remembering that y = ( 1 -F ) /F , equation 2 8 has be en eval uate d fo r di f fe rent 
proportions of me l ting and three arb i trary values z equa l  to l/ 1 0 , l and 
1 0 time s  the mas s  of liqui d . 

TABLE  3 .  C a l cul a t e d  Change s in  Rb / L a  r a t i o  R/ r r e s ul t i n g  from 
e qui l i b r a t i o n  of  a p a r t i a l  me l t  w i th w a t e r . 

t Rb
/ t L a 

F 

z = O . l  z = l z = l O  

0 . 1  . 9 6 . 7 7 . 3 0 

0 . 3  . 9 5  . 6 3 . 1 9  

0 .  5 . 9 2 . 5 7  . 1 6 

0 .  7 . 9 2  . 5 4 . 1 4 

t c a l cul a te d c o n c e nt r a t i o n  r a t i o  i n  the 
( e qu i l ib r i um)  hydrous me l t  r e l at i ve to  dry me l t .  

z = ma s s  fr a c t i o n  fl u i d  r e l a t ive t o  me l t .  
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Two concl us ions may b e  drawn from the re sul t s  i n  Tab l e  3 .  Firs t 
o f  al l ,  fo r a given z ,  the e f fect o f  di f fe rent degre e s  o f  me l ti n g  i s  not 
gre a t : howe ve r ,  i t  should be bo rne i n  mind that the ma s s  of  fluid phase  
requi red i n  th i s  mode l i s  p roportional in e ach case  to F .  The se cond and 
mo re inte re s ting conc l us ion is that for any F ,  increas ing amo unt s  o f  wate r  
de cre a s e  the concentration r a tio markedl y ,  attaining betwe en 4 and 7 time s  
decrease  whe n  the mas s  o f  wa te r attains 1 0  time s  the mas s  o f  magma , comp
are d  wi th the dry s y s tem . Th i s  e f fe c t  ari s e s  o f  course from the marked 
di f fe rence b e twe en o f �  for the two e l eme nts , and i s  val i d  only s o  far as 
the val ue s  cho sen may be accepte d  as re al i s ti c . 

I f  in fact the of �  va lue s  are re al i s ti c , then ratios s uch as  Rb/La 
mi gh t gi ve i n fo rma tion as  to whe ther-an anate c t i c  magma was we t o r  dry . 

Ano the r mode l o f  obvi ous importance would i nc lude a relative ly 
l arge mas s  o f  f l ui d  phas e  at th e ons e t  o f  me l ti n g , the rea fter di s appearing 
to le ave an a l ready modi fied s o l i d  rock to undergo dry me l ting . Thi s  and 
othe r po s s i bi l i ti e s  cannot be e l aborated her e  ( s ee Shaw , in pre s s ) . 

Ph a s e  Pe t r o l o gy C o n t r o l s  o n  Me l t i n g  

The fore go i n g  theo ry h a s  mo s tly accepted imp l i c i tl y  the propos 
i ti on that anatexi s may be de s c r ibed i n  te rms o f  a mathema ti c a l ly con tin
uo us func tion of F ,  the l iqui d frac tion . Thi s  was because atte ntion was 
focus s e d  on trace e lements , rather than ma j or e leme n ts or  the mine r a l s  
wh ich they form . 

But the fra c t ional me l ting o f  mi neral s ,  o r  the i r  a s s embl a ge s , may 
be a d i s c on tinuous p roce s s : a f ter an i n i t i a l  ( ne arly i s o the rmal ) me l ting 
s te p , the fur ther s upply of heat may cause temperature to rise wi thout 
furthe r me l ti n g , un ti l an othe r invar i an t  po i n t  i s  encounte re d ,  permi tting 
me l ti ng to re commen ce . S uch i n terpretations a re not new , and fo l low 
d i rec tly f rom pha s e  di agram topol ogy ( e . g .  s e e  Pre s n a l l ,  1 9 6 9 ) . De pendi ng 
on the s o l id s o l ution re l ations and phas e petro l o gy o f  the particul ar 
s y s tem b e ing consi dere d ,  the fi r s t  me lting e p i sode ( ab ,  Fi g .  1 2 )  may be 
nearly i s o thermal , y i e l ding the s ame l iquid compo s i ti o n  from wide ly vary
ing p ro portions of s tarti n g  mi ne ra l s : thi s  i s  probably the re ason why mi d
ocean ri dge bas a l t  te nds to have a globally uni form compo s i tion al tho ugh 
the mantle s o urce rock s are un l ikely to be very un i fo rm .  

The f i rs t  me l ti n g  s te p  end s upon e xhaus tion o f  one o f  the pha s e s ,  
wh ereupon the sys tem h a s  l os t  one o f  i t s  e f fe c tive compone n ts , the tempe r 
ature i s  now be low the s o l i dus for the rema i n i ng compone nts , and mus t r i s e  
t o  c ( Fi g .  1 2 ) be fore a new s o l i dus i s  encoun te re d  and me l ting recommence s ,  
wi th a di f ferent compo s i tion . Th i s  behaviour i s  p aral l e l e d  i n  practi c e , 
in rock -me l ting expe riments , as s hown i n  various s tudie s by P . J .  Wyl l i e  
and hi s col le ague s , e . g .  Fig . 1 3  ( R o b e r ts o n  an d Wy l l i e , 1 9 7 1 ) . 

The ma j or app l i c ation o f  the se cons i deration s to trace e lement 
behavi our is to impose the res tri ction that the mine ral proportions me l t 
ing , the p s , may no t b e  chosen arb i trari ly . They mus t in  fact be cho s e n  to 
con form a s  c lo s e ly as po s s ib l e  to the known phase petro l o gy o f  the s y s te m .  
A s econd conseguence i s  that the p S a r e  n e a r l y  cons tant during a me l ting 
ep i s o de , and tlie i r  vari ation i n  e xpre s s i on s  s uch as equation 2 5  may o f ten 
be i gnore d . 

A final po int in th i s  conne ction i s  tha t  th e behaviour o f  acces s 
ory mine r a l s  may be o f  gre at importance i n  re l ation to the petro l o gy o f  
me l ti n g . Ve ry l i ttle i s  known about thi s s ub j e ct ,  except tha t Ro senbus ch ' s  
rul e  ( that e uhedral c ry st al s h ape indicate s  e arly crys ta l l i z ation or late 

· me l ting ) is  unre l i abl e .  Evi dence f rom parti ally fus e d  granul i te and 
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Fi g .  1 2 . S chematic i l l u s tration o f  
di sconti nuous me l ti n g , a f te r  Pre s n a l l  
( 1 9 6 9 ) and O ' H a ra ( 1 9 7 6 ) . A s te p  o f  

ne ar ly i so the rmal me lting ( ab )  a t  an 
invari ant po i n t  i s  fo l l owed by a 
period o f  he ati n g  ( be )  with no me l t
ing , unt i l  the next invari ant s o l i dus 
is encoun te re d , me l ting con tin ui n g  
i s o the rma lly ( c d )  a n d  s o  o n . 
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P E R  C E N T  G L A S S  

and ano rtho s i te i n c l us ion s in  l avas 
from Ki lbourne Hole , N . M . , s hows 
enri chme n t  o f  P ( me l ting o f  
apati te ? )  i n  gl a s s  ( E .  Pa do v ani , 
pe rs . c omm . ) ,  and i t  wou l d  be o f  
gre at inte re s t  to know whe the r 
apati te me l ts e arly i n  pe r i do t i te s : 
thi s i s  imp l i e d  by O ' Hara  ( 1 9 7 6 )  who 
po ints out that incompatib l e  trace 
e l eme n ts ( i . e .  for which D < 0 . 0 1 )  
wi l l  be exte n s i ve ly l ibe rated during 
the first one per cen t  me l ting o f  
l her z o l ite . O f  cour s e  sma l l  amo un ts 
of  acce s sory mine rals  wh ich me lt 
e a r l y  will  only be di l ute d by s ub 
s eque n t  me l ti n g . O f  gre ate r impo rt
ance are  acce s s o ry mine r a l s  which 
p e rs i s t  throughout a con s i de rab le 
me l ting i n te rval ( e . g . phl o gopi te , 
kaers uti te , s p i ne l ) : e f fe c t s  o f  
th is o n  REE behaviour have been di s 
c u s s e d  by Sun an d H an s o n  ( 1 9 7 5 ) . 

Z o n e - Re f i n i n g  

In the i ndus tri a l  proce s s  
whi c h  bears th i s  name , me ta l s  fo r 
wh ich ns - £ < 1 become enri ched in  a 
zone o f  l o c a l i z e d  me l ting , as th i s  
zone o f  width h i s  made t o  p a s s 
along a rod o f  length t ,  trave r s ing 
n ( = t/h ) zone length s . The tota l  
enrichme nt i s  e xpre s s e d  b y  the final 
l i q uid re l ative concen trat ion , c Zjc0 
whe re 

( 2 9 )  

the fi r s t  te rm in the RHS p aren the s 
e s  e xpre s s e s  the equi l ib r i um part
i tion , and the s e con d is the adde d ,  
c umul a ti ve e f fe c t  o f  the re f i ni ng 
proce s s . Thi s proce s s  ha s been 
con s i dered to be important i n  mantle 
me l ting by Harri s ( 1 9 5 7 ) , Vi n o grado v 
a n d  Yaro s h e v s k y ( 1 9 6 5 ) among o the r s . 

I t  i s  no t immedi ate l y  c l e ar 
that zone re fining i s  relevant to 
model s fo r ana te xi s .  In the deep 
man tle it may we ll be a val i d  mech
ani s m  for enriching some trace 

- Fi g . 1 3 .  Me l t  pe rcen tage as  
func tion o f  temperature in e xpe r i 
me ntal ana te x i s  o f  s eve ral rock s 
( Ro b e r t s on a n d  Wy l l i e , 1 9 7 1 , F i g . 
7 )  • 
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el ements in the inte r s ti ti al me l t  pers i s ting in the s ub - l i tho s phe ric l ow 
ve l o c i ty zone : for i f  th is i nters ti ti al me l t  be  continually re-equi l i 
brated wi th s o l i ds brought b y  conve c tion from be low , then the co ndi tions 
for z one refining have been me t .  At h i ghe r leve l s  the e f fe c t  has o f ten 
been invoke d  to des cribe the e f fe c t  of an as cending s i l icate magma on i ts 
wa l l s . As the magma ri se s along a condui t i t  w i l l  move down a the rmal 
gradie n t : i f  i t  i s  dry , the pre s s ure rel e ase w i l l  move the sys tem further 
above the s o l i dus and i f  the magma has entraine d s ome of it s  s o urce -ro ck s 
furthe r me lting may take place ; i f  i t  i s  we t , vo lati l e s  wi l l  ach ieve 
saturation then s e cond boi ling w i l l  en s ue unti l e i the r the pre s s ure re lease 
has be en compens ate d or  the s y s tem b ecome s  solid wi th i ntersti tial fl uid . 

In the s e cond case the magma has l i ttle oppo rtun i ty to incorporate 
mate ri a l  from wal l-rock s , but in the forme r  s i tuati on an ascending dry 
ma gma could me l t  appropri ate wal l - rock s , thereby enl arging i ts condui t and 
of c ourse i ts mas s . Tho se wal l - rocks furthe r away , beyond the s upply o f  
ade quate he at for me ltin g ,  might neve rthe l e s s  s upply any H 2 0 and C0 2 which 
they c on tained to the un s aturate d  magma : s uch a vo l a ti le f l ui d ,  i f  prev
ious ly equi l i b rate d  wi th the wal l - rock s , mi ght the n  add to the magma ' s  
s tock o f  the more s o l ub l e  trac e e l eme nts , pe rhaps the alk a l i s  fo r example . 
The e f fe c t  o f  the se proce s se s  would depend gre atly on the flow ra te o f  
ri sing magma , and h e at di f fus i on rate in to th e wal l - rock . I t  i s  c l e ar that 
the e f fe c ts are ve ry s mal l for many ne a r - s ur face vo l c an i c  e f fects , or 
o therwi s e we woul d not find continental pl ate au bas al ts to have s uch 
s imi lar compo s i ti ons a l l  ove r  the wo rl d ,  a f te r  trave r s ing the continen tal 
c rus t be fore e f fus i on . At mantle depths more inte raction is to be 
expe c te d .  

But thes e  proce s s e s  are not zone -re fining , i n  whi ch the e s s ential 
el eme nt is  a cycl i c i ty ,  whe re solids repeate dly equi l ibrate with liqui d . 
They are be tte r  de scribed as wal l - rock i nterac tion or  as s imi l ation . 

C o nc l us i o n s  

A number o f  factors have be en con s i dered whi ch indi cate that we 
shoul d re gard trace e lement anatexi s mode l s  wi th s ome s uspicion . The s e  
facto r s  may be s ummari zed as fol lows : 

me l ti n g  may be equi l ibrate d ,  frac tional or disequi l ibrate d ;  

D-value s  are functions o f  P ,  T ,  bulk compo s ition , f o 2 ; 

expe rime ntal D- va l ue s  are impre c i s e ; 

natural rock D-value s are impre c i s e ; 

acce s sory mi nerals  in source rocks are usua l l y  i gnore d ;  

vo l at i l e  el ement in f l uence s ;  

pha se petrology ( geometri c )  e f fects ; 

zone - re fining e f fects  on wall - rock s . 

Que s t ion s o f  a heterogene o us mantle an d lowe r crus t ,  non - i sotopic 
T di s tri bution at source and the dynami c s  of  me l t  s e parat i on intro duce 
furthe r prob lems . 
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I t  s hould not ,  howe ve r ,  b e  s uppo s e d  that trace e leme nt s tudi e s  
have the re fore n o  va l ue in s o l vi n g  geologi c al probl ems , and tha t  the 
cons truc tion o f  mode l s  should be abandone d .  I f  an accept ab l e  mode l has  
been cons truc te d ,  using the geological  evidence avai l able i n  a given s i tu
atio n ,  then it is always de s i rab le to te s t  s uch a mode l wi th trace e lement 
data - s uc h  e l e ments  be ing much more s e n s i tive than ma j or eleme nts to 
fractionationing me chani sms . Rema rkabl e  s u c ce s se s  have been obtai ne d  in a 
few c a s e s  ( Skae rgaard c ompl e x , l unar b a s a l t s ) i n  ma tchin g trace e lement 
ana lys e s  to f ractionati on mode l s . 

In the ab s e nce o f  geo logical  s upporting evi dence , howeve r ,  i t  
appe ars unwi s e  to cons tr uc t  geochemi c a l  mode l s  to e xp l ain the evo lution o f  
large s e gme nts o f  the earth ' s  c rus t , o f te n  i n  the remo te Pre c ambri an , b a s e d  
o n l y  on a handful o f  ana ly s e s  ( howeve r preci se the s e  may be ) , a n  a s s o r tmen t  
o f  p artition c oe f fi c i ents a s  unc e rtain in  qual i ty as a used car , and an 
unbending fai th in the i n te gral cal cul us . Geo l o gy has no t had ve ry much 
quanti tat i ve theory to apply in the pas t ,  so le t us u s e  i t  remembering i ts 
l imi tation s . 
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4 .  G E O P H Y SI C S O F  PA R T IAL M E LT ING 

PART IAL ME LT I N  RE G I ON S  O F  H I GH E L E C TR I CAL C ONDUC T IV I TY 

T . j .  Shank l and 
Los Al amo s S c ienti f i c  Laboratory 

Lo s Al amo s , New Mexico 8 7 5 4 5  

( E x t e n d e d  Ab s t r a c t )  

In many regions o f  the upper mantle ,  notab l y  bene a th the ma j or 
ri f t  s y s tems and we s tern Nor th Ame r i c a , ther e  e xi s t  regions o f  anoma lous ly 
hi gh e l e c tr i c al conduc tivi ty , 0 . 1 - 1 S/m , at depths of  3 0 - 3 0 0  km . To 
interpret s uch conduc tivi ti e s in  te rms o f  conduc tion me as urements on 
o l i vine or pyroxene under mantle condition s  wo ul d r eq ui re temperature s 
several hundred degree s above the me l ting points o f  perido ti t e s  or l he r z o 
l i te s . Thus , i t  i s  reasonable to mode l mantle co nduc tivi ty by tre ating a 
partial me l t  as an aggre gate o f  a good conducto r , the me l t ,  mixed i n  a 
ma trix o f  relative ly i n s ul ating cryst a l l i ne mate r i a l . 

The Waff ( 1 9 7 4 )  mode l , whi ch i s  func tion a l l y  equivalent to the 
Ha s h i n - Sh tr i km a n  ( 1 9 6 2 ) upper bound , can provi de a way to calc ul ate the 
e ffective c onduc tivi ty a * o f  a par t i a l  me l t :  

a *  ( 1 ) 

whe re f i s  the frac tion o f  partial me l t  and a s and am are c onduc t i vi ties  o f  
the s o l i d  and me l t  phas e s , res pective ly .  F i g . 1 shows the e le c t r i c a l  con
duc tivi t i e s  use d  i n  the mode l as  func tion s o f  tempe rature , T ,  and pres s ure , 
P .  The o l i vine s ingle - c ry s t a l  curve at P = 0 come s from me as ureme n t s  of  
Dub a e t  a l . ( 1 9 7 4 )  on Red S e a  Perido t  ( RS P ) and has bee n  mul ti p l i e d  by a 
facto r  o f  1 0  to accommodate the e f fe c t  o f  a po s s ib le h i gher oxyge n  fugac i t� 
fo 2 , under mantle condi ti on s . The zero pre s s ure me l t  conduc tivi ty i s  a 
compos i te o f  re s u l t s  from Wa ff a n d  We i l l  ( 1 9 7 5 )  for a var i e ty o f  magma s . 
Not only are me l t  conductivi t i e s  vi rtual l y  i ndependent o f  f 0 2

, b ut they 
vary by only a facto r  of 2 ove r  a wide ran ge of compo s i tion s , as ob s e rve d 
al so by R a i  and Ma n g h n a ni ( 1 9 7 7 ) . The e f fe c t s  o f  pre s s ure i n  Fig . 1 
( Sh a n k l a n d  a n d  Wa ff , 1 9 7 7 )  come from p l aus ible  va lue s for activation 

vo l ume s a s s umi ng the h i gh tempe rature o l i vine an d the me l t conduc tion me ch
ani sms to be i on i c  and the l ow temperature o l i vine me chan i sm to be e l e c 
tronic ( Sh a n k l a n d , 1 9 7 5 ) . The activation vol ume �Vm a l lows fo r th e e f fe c t  
o f  pre s s ure o n  the act ivation energy for conduction in  the me l t ;  prel imin
ary re sul ts ( H . S . Waff , work in progre s s )  are con s i s tent wi th a value c lo s e  
to z e ro , b ut o the r val ue s  h ave a l s o  been c on s i de red . The gre at con tras t 
be tween s o l i d  and me l t  conduc tivi t i e s  mean s that on l y  a sma l l  me l t  frac tion 
can domi nate the bulk conductivi ty , provi ding the me l t  forms a con tinuous ly 
inte rconne c te d  pha s e  as the mode l as s ume s , rather than i s o l a ted pocke t s . 

Evidence for a we l l - i nterconne c te d  me l t  at l ow me l t  frac tion s 
come s f rom l abor atory ( Un ge r ,  1 9 6 7 )  and f i e l d  ( B o u di e r  and Ni c o l a s , 1 9 7 2 ; 
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F i g . 1 .  Ele ctri c al conduc tivi ti e s  
i n  s i l i c ate me l ts ( Wa ff a n d  We i l l ,  
1 9 7 5 ) and o l i v i ne s i n gle cry s ta l s  as  
functions o f  temperature and p re s s ure ; 
RS Pxl O i s  the RS P c urve o f  D u b a e t  a l . 
( 1 9 7 4 )  mul tipl ied b y  1 0  to a l l ow for 
unc ertainties  of oxygen fuga c i ty in 
the man tl e . Wi th i ncrea s i n g  pre s s ure 
the pre s umab ly e l e c tron i c  me chanism 
havi ng a de c re as i ng activat ion ene rgy 
domi nate s the conduc tion proce s s  i n  
ol ivine . 
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Pa d o v an i  and Car t e r , 1 9 7 7 )  s t udi e s . 
There i s  a l s o  a s e l f-con s i s tency 
argument : if the me l t  is no t s ub 
s tanti a l l y  interconne c te d ,  then i t  
make s  a ne gli gible contribution to 
high conduc tivi ty anoma l i e s  un til  
large me l t  fractions are attaine d . 

A given e f fec tive conduct
ivi ty in Eq . ( 1 )  c an be attained at 
e i the r a h i gh temperature or a h i gh 
par ti al me l t  frac tion . The 3 0 -kb 
curve s of F i g .  1 have been used to 
ca lcul a te e f fe c tive conductivi t i e s  
above 0 . 1  S/m i n  partial me l t s  as  
i l l us trated i n  Fi g .  2 .  Add i t ional 
p e tro logical  in forma t ion on p arti al 
me l ti n g  exi s ts ; the c urve W i n  
F i g . 2 shows the tempe rature needed 
to y i e ld a given me l t  fraction in 
peri d o ti te con tai ning 0 . 1 % water , as  
t aken f rom Wy l l i e  ( Fi g . 8 - 2 0 , 1 9 7 1 ) . 
The curve s labe led R are taken from 
F i g . 4 - 8 of Ri n gw o o d  ( 1 9 7 5 )  for we t 
and dry pyro l i te . 

The e l e c tr i c al mode l given 
he re toge the r wi th pe tro logi c a l  c on 
s traints a l l ows the as s i gnme n t  o f  
b o th a tempe rature and a me l t  frac 
tion from the con ductivi ty observed 
a t  a man tl e depth ; unc e rtainties  
about e f fe c t s  o f  wate r con ten t  in 
the lowe r crus t make it mo re di f fi 
cul t to argue unamb i guous ly for 
partial me l t  to explain  c onductivi ty 
anoma l i e s  the re . F i g . 3 i l l us trate s 
the c a l c ul at ion for a peri do t i te 
par ti al me l t  at 0 , 1 5 , and 3 0  kb 
( about 0 ,  5 0 , and 1 0 0  km depth ) . I t  
i s  s een that temperature s  can be 
ca l c ul ate d wi th re asonable certai nty 
as  a re s u l t  o f  the s tab i l i z ing 
i n fl uence of  the me lting c urve s . 
Howeve r , me l t  frac t i on , f ,  i s  mo re 
ne ar ly proportion a l  to o * and to om 
and the re fore i s  probably unce rtain 
to a factor o f  2 o r  3 owing to 
unc e r tainti e s  ( a )  in f i e l d  me as ure 
ments o f  o * , ( b )  i n  the e f fe c t  o f  
pre s s ure on Om , and ( c )  i n  water 

F i g . 2 .  Line s o f  equal e ffe ctive 
conductivi ty o * o f  a part i a l  me l t  
accordi n g  t o  the uppe r bound formula 
Eq . ( l )  at 3 0  kb pre s s ure . Conduct
ivi ty data from F i g . l ;  me lting 
c urve s w from Wy l l i e  ( 1 9 7 1 )  and R 
from R i n g w o o d  ( 1 9 7 5 ) . 
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F i g . 3 .  ( a )  Tempe r a ture o f  a 
par tial me l t  a s  c a lc ul ated from 
its e f fe c ti ve conduc ti vi ty 
us ing data taken from F i g . 2 
at 3 0  kb and a s i mi l a r  f i gure 
for 0 and 1 5  kb . Unce r ta i n ty 
i n  the wate r con te n t  o f  di f fe r 
ent mantle regions l e ads to 
unc ertainty i n  the me l ting 
curve s and there fore of tem
perature s  in fe r red from 
conduc ti vi ty . ( b )  Me l t  
frac ti on in  a zone o f  anom
al ous man tle conduc tivi ty as  
i n fe r re d  from the conduc t
ivi ty model . Curves W and R 
use me l ti ng c urve s  o f  Wy l l i e  
( 1 9 7 1 )  and Ri ngw o o d ( 1 9 7 5 )  

wh ile S PH i s  b a s ed o n  data 
by S c a r fe e t  a l . ( 1 9 7 2 ) . 

conte n t  i n  the mantle . In princ i ple , 
howeve r , the model i s  capab l e  o f  
i mproveme nt a s  the s e  uncertainti e s  
de creas e . 

Conduc tivi t i e s  above 0 . 1 S/m 
a re s e l dom obta ined at shal low mantle 
depths on e i the r a global s c a le ( B an k s , 
1 9 7 2 )  o r  under shi e l ds ( Ku r t z  and 
Gar l a n d , 1 9 7 6 ) . However , as Go ugh 
( 1 9 7 4 )  and Gar l an d  ( 1 9 7 5 )  have poi nte d 

out , h i gh conduc tivi ty anoma l i e s  in  the 
mantle are found under the ma j o r  con ti 
ne n ta l  and ocean i c  r i ft zone s o f  the 
world , under hot spots l ike Ye l l ows tone , 
and under much o f  we s te r n  North Ame r i c a . 
Thi s  model a f fo rds a powe r ful te chnique 
to e s tima te tempe ratures and the pre sent 
extent o f  parti al  me lting i n  the s e  
z one s . A s  s e e n  in F i g . 3 ,  the me as ure d 
anoma l i e s i n  the range o f  0 . 1  to 1 . 0  S/m 
imp l y  very s ub s tantial  me l t  fractions . 
As a practical appl i c ation , e s tima tions 
o f  the ge o the rm using the mode l and 
fur the r conduc tivi ty mapping should 
as s i s t  i n  improve d mapp i ng of geo therma l  
res ource s .  
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E l e c t r i c al C o nduc t i v i ty o f  B a s a l t s  to  1 5 5 0 ° C  

C . S .  Rai and H . H . Manghn ani 
H awai i Ins ti tute of Geophy s i c s  

Uni ve r s i ty o f  Hawai i 
Hono lul u ,  Hawaii  9 6 8 2 2  

Ab s t r a c t  

Us ing the loop te chn ique ( Wa ff a n d  We i l l ,  1 9 7 5 ) , the a . c .  e l e c 
tri ca l  cond�c tivi ty o o f  te n H awa i i an bas a l t s  ( tho l e i i t i c , alka l i c  and 
nephe l in i c  typ es ) , has be en inve s ti gate d in the temperature range 5 0 0 -
l 5 0 0 0 C  unde r known oxygen fugaci ty envi ronme nts . Below the s o l idus temp 
erature s ,  o increas e s  monoton i c al ly with 1/T , and a t  a given temperature 
alk a l i c  bas alts  are mos t  c onduc tive and nephe l i ni c  leas t c onduc t i ve . Pre 
moni tory de crea s e s in o obse rve d be fore melting are probab ly caus e d  by 
cracks forme d  by therma l s tre s se s . The b as a l t  o val ue s  j ump by l to l l/2 
o rde rs o f  ma gni tude duri ng the me l ting i nte rval ( �  2 0 0 - 2 5 0 ° C ) . At T � 
l 2 0 0 ° C ,  the me l t  o va lue s  for the bas alts  inve s ti gate d f al l  in a narrow 
range , wi th i n  hal f an o rder o f  magni tude . The i oni c conduc tion i n  the l i q 
ui d phas e  i s  found to b e  contro l le d  princ i pa l l y  b y  s i l i c a  and alk a l i  cont
ents , IM2 +; z M+ rati o , and to some extent by ferni e con ten t .  The o va l ue s 
de crease wi th s il i c a  conte n t  and i nc re ase  with the o ther parame ters . 

I n t r o duc t i on 

H i gh -conduc ti vi ty anoma l i es ob served i n  geomagn e t i c  soundings o f  
the uppe r mantle i n  the we s tern Uni te d  S tates ( Po ra t h  a n d  G o ugh , 1 9 7 1 ) 
invoke temperature s s igni fi c an t ly h i ghe r than tho se  deduced for an o l i vi ne 
mode l us i n g  l aboratory data on the e l e c tr i c a l  conduc ti vi ty o f  o l i vi ne at 
hi gh temperature s reporte d by Dub a e t  a l . ( 1 9 7 4 ) . Me as ureme n ts of the 
e l e c tr i cal conduc ti vi ty o f  basa l ts th rough th e me l ti n g  inte rval ( e . g . , 
Wa tanab e , 1 9 7 0 ; Pr e s n a l l  e t  a l . , 1 9 7 2 )  s how that on me lting the conduc tiv
i ty of  b a s a l t  incre a s e s  by one to  two orde r s  of  magn i tude . The conduc t i v
i ty o f  bas al ti c me l ts above l iqui dus temperatures  i s  abo ut 3 to 4 orders o f  
magn i tude gre ate r than that o f  o l i vi ne i n  the temperature range l 2 0 0 -
l 5 5 0 0 C . On thi s  b a s i s ,  the obse rved h i gh-conduc tivi ty anoma l i e s  i n  the 
uppe r mantle h ave been attribute d to p ar ti al  me l ti n g , e s pe c i a l l y  whe n  the 
depth s  of the s e  anoma l i es match l ow s e i s mi c  ve loci ty zone s and the conduc 
tivi ty s tructure s trongly corre lates  wi th heat f l ow ( Po r a t h , 1 9 7 1 ; C h a n  e t  

a l . , 1 9 7 3 ; G o u g h , 1 9 7 4 ) . 

Re cently , S h an k l a n d  an d Waff ( in pre s s ) ,  i n  the s pi r i t  o f  Waff ' s  
( 1 9 7 4 )  the ore ti c a l  appro ach , h ave exp lained anomalous l y  h i gh e l e c tr i c a l  
c onductivi ty zone s ( >  0 . 1  mho/m )  wi thin the uppe r mantle by parti al me l ti n g  
o f  perido ti te . Thei r c a l c ul ations f o r  the mode l con s i s ting o f  bas a l t  me l t  
i n  a mainly o l ivine ma trix show that accurate e s timation o f  temperature and 
degree o f  parti a l  me l ti n g  depend criti cal ly not only on the amoun t of wate r  
and vo l at i l e s p re s ent i n  the mantl e , b u t  al s o  o n  o the r factors , s uch a s  
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geometry and we ttin g , that i n f l ue nc e  the bulk e le ctri cal  conduc tivi ty o f  
parti a l l y  me l te d  mantle rock . Neve rthe l e s s , knowle dge o f  the two input 
parame ters -- conduc tivi tie s  of the s o l i d  and liqui d  phas e s  - - is e s senti a l  
fo r te s ting s uch theore t i c a l  mode l s . 

The purpo s e  o f  th i s  p ape r i s  to report the e l e c tr i c a l  conduc tivi ty 
o f  ten bas a l ts , i n  the temperature range 5 0 0 ° C - 1 5 5 0 ° C unde r known oxyge n 
fugaci ty envi ronments , and to di s c us s  the re s ul t s  in te rms o f  the chemi c a l  
variations . 

E xp e r i me n t a l  Me tho ds  

Ro ck S amp l e s  

Ele ctri c a l  conducti vi ty o f  ten Hawa i i an b a s a l ts ( 3  tho l e i i te s , 5 
alk a l i c  b a s a l ts , and 2 nephe l i n i c  b a s a l ts ) h ave been inve s ti gated . Al l the 
ten Hawai i an b a s a l ts ( C- serie s ) we re k i ndly provi de d  by P rofe s sor G . A .  
Macdona l d ;  the i r  chemi c a l  and normative analyses  have been repo rte d  by 
Ma c do na l d  and Ka t s ura ( 1 9 6 4 )  and Ma c do n a l d  ( 1 9 6 8 ) . Tab l e  1 l i s ts the 
chemi c a l  analyses  of the te n b a s a l t s  emp l oyed in  th i s  s tudy .  

E l e c t r i c al M e a s u r eme n t s  

The loop te chnique emp l oyed b y  Wa ff a n d  We i l l  ( 1 9 7 5 ) wa s us ed for 
me asuring the a . c .  e l e ctrical  conduc ti vi ty of the rock s amp l e s  to me l ting 
tempe ratures and above . The powde re d  s amp le was mi xe d  wi th acetone and 
ma de into pas te wh ich adhe re d i ns i de the pe riphery o f  an open-ende d  
ci rcul ar loop , appro ximate l y  7 mm in di ame te r , made from 0 . 6 4 mm- th i ck 8 0 %  
Pt- 2 0 %  Rh wi re . The o ther e nd o f  the loop wire was bent pe rpendi c ul ar to 
the pl ane o f  the loop to lend ve rti cal s up port . The l oop acts as one 
e l e c trode ; the o ther e le c trode cons i s t s  o f  a s traigh t  8 0 %  Pt- 2 0 %  Rh wi re o f  
0 . 2 4 1 mm diame te r , centr a l ly loc ate d  in s i de the loop . Outs i de the l oop , 
the cen tral wi re i s  s uppo rte d and ins ulate d  by an a l umi na tube . Four s uch 
l oop as semb l i e s are attache d to an al umina tube wh ich is p l a ce d  in a h i gh 
temperature furnace . The l oops were he ate d  to 1 5 0 0 ° C and then cooled s l ow
ly to room temperature . The proce s s  was repe a te d  twi ce in order to ob tain 
homoge ne ous s tarting s amples . The atmosphe re s urrounding the s ample s  i n  
the furn ace w a s  con tro l led by main taining a cons tant flow o f  a mi xture o f  
C0 2 a n d  H 2 ( 8 7 . 6 % co 2 a n d  1 2 . 4 % H 2 , by vo l ume ) i n  the entire range o f  tem
perature ( 5 0 0 -1 5 5 0 ° C ) . Th i s  mixture provi de d a varia t i on in  the fo 2 val ue s  
from l o - 6  to 1 5 0 0 ° C t o  l o - 2 3 a t  5 0 0 ° C ,  based o n  the tab l e s  o f  De i n e s e t  a l . 
( 1 9 7 4 ) . The l ine repre senting the oxygen fugac i ty ve rs us temperature i n  

our experime nts  f al l s  c l o s e  to that denoting the wus ti te -magne t i te trans 
i tion ( Ni t s an , 1 9 7 4 ) , be tween the oxidation and reduction l i ne s  for o l i vine 
( fo g o ) ,  as s hown in Fi g .  1 .  Temperature of the s pe c i men was me as ured by 

me ans o f  P t- 1 3 %  Rh thermocoup l e s , s he a te d  in al umina tubing and placed 
ad j acen t to the s pe c ime n .  The thermo coup l e s  we re c a l ib rate d  agains t the 
me l ting poin t  o f  go l d  ( 1 0 6 4 . 4 ° C ) . 

The re s i s tance o f  the s ample was me as ure d at  5 0 0  H z  wi th a phase 
sen s i tive lock - i n  amp l i f i e r  ( P rinceton Appl i e d  Re s e arch model H R- 8 )  whi ch 
enab l e d  maximi z a tion o f  the s i gnal - to-no i s e  ratio and e l imi nation o f  the 
unwante d pol ari zation e f fe ct s . The re s i s tance val ue s we re conve rte d to 
conduc tivi ty val ue s  by geometric s c a le-mode l i n g  ( Waff , 1 9 7 6 ) . The 
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TAB LE 1 .  Chemi c a l  Ana l y s e s *  o f  B as a l ts 

B a s a l t s  

1 2 3 4 5 6 7 8 9 1 0  

Tho l e i i t i c  A l k a l i c  Nephe l i n i t e  

ThaT. Alk a l i c  A l k a l i c  
O l i vi ne O l i vi ne O l i v i ne O l i vi ne 
B as al t  Tho l . Tho l . H awa i i te B a s a l t  B a s a l t Muge ar i t e  Trachy t e  Nephe l i n i t e  B a s an i t e  
( C - 5 0 ) ( C - 2 1 4 )  ( C - 8 ) � c - 4 2 )  ( C - 2 2 2 ) ( C - 7 0 )  (C - 21 0 )  ( C - 1 2 8 ) ( C - 1 9 5 )  ( C - 9 0 )  

S i 0 2 4 6 . 8 1 5 0 . 1 5  5 0 . 9 8 4 5 . 8 8 4 6 . 5 4 4 7 . 4 8  5 1 . 8 0  6 0 . 8 5 3 8 . 9 2 4 0 . 6 6 
Al 2 0 3 1 4 . 5 0 1 2 .  8 4  1 5 . 1 3  1 6 . 3 9 1 3 . 9 5 1 7 . 4 2 1 7 . 0  7 1 8 . 5 1 1 2 . 2 5 1 0 . 5 7 
F e 2 0 3 2 . 4 5  2 . 5 2 2 . 4 8 3 . 3 9 3 . 1 6 3 . 5 9 3 . 1 2 3 . 1 0  5 . 3 3 2 . 9 5 
F e O  8 . 9 8 9 .  3 6  7 . 5 5 1 0 . 0 0 9 . 9 7  8 . 1 0  6 . 9 3 2 .  0 8  7 . 8 8 9 . 7 4 
M g O  1 0 . 6 6 9 . 2 9 8 . 1 5  5 . 9 2 9 . 4 0  6 .  7 4  3 . 1 0  0 . 5 8  1 2 . 9 5 1 5 . 7 5 
C a O 8 . 9 6 1 0 . 3 7 9 . 0 1 8 . 9 0 1 0 . 7 4 8 . 5 4 6 . 0 1 1 .  7 7 1 3 . 2 1 1 1 . 3 7 
Na 2 0 2 . 2 1 2 . 1 0 2 . 2 2 3 . 3 0 2 . 6 9  3 . 1 2 5 . 7 8 7 . 2 0 3 . 9 2 1 .  4 8  
K 2 o 0 . 5 7 0 . 4 0 0 . 3 0 1 .  0 2  0 . 8 7 1 . 2 0 2 .  2 3 3 . 6 0 1 .  2 6 0 . 4 9 
P 2 o 5 0 . 4 0 0 .  2 5 . 0 . 2 6 0 . 5 9 0 . 2 9 0 .  3 6 1 .  5 4  0 . 2 9 1 . 1 1 0 . 3 6 
C r z o 3 
T i 0 2 2 . 6 9 2 . 0 5  2 . 1 1 3 . 8 3 2 . 2 5  2 . 6 3  1 .  9 5  0 . 6 5  2 .  6 2 2 . 2 8 
Mn O 0 . 1 6  0 . 1 7  0 . 1 9 0 . 1 8  0 . 1 6  0 . 1 8  0 . 2 2 0 . 2 7 0 . 2 0 0 . 1 9 
N i O  
H 2 o +  0 .  9 7  0 . 4 1 0 . 9 4 0 . 2 9 0 . 4 1 0 . 4 0  0 . 4 8 0 .  4 7 0 . 3 3 2 . 5 2 
H 2 0 - 0 . 4 5 0 .  3 1  0 . 4 9 0 . 2 4 0 . 2 4 0 . 2 2 0 . 4 1 0 .  4 2 0 . 3 8 1 .  6 5 --- --- -- --
To t a l  9 9 . 8 1 1 0 0 . 2 2  9 9 . 8 1 9 9 . 9 3 1 0 0 . 6 7  9 9 . 9 8 1 0 0 . 6 4 9 9 . 7 9  1 0 0 . 3 6 1 0 0 . 0 1 

* S o ur ce s  o f  an a l y s e s : B as a l ts 1 ,  3 ,  4 ,  6 ,  8 ,  1 0 , Ma c d o n a l d  an d Ka t s u r a  ( 1 9 6 4 ) , s amp l e s  dona t e d 
by  G . A .  Ma c do n al d ;  b a s a l t s  2 ,  5 ,  7 ,  9 ,  Ma c do n a l d  ( 1 9 6 8 ) , s amp l e s  don a t e d  b y  G . A .  Macdona l d . 



T E MPE RATURE (°C) 

F i g . l .  S tab i l i ty fie l d  o f  o l i vine 
wi th re spe c t  to oxidation and re duc
tion a t  1 - a tm . to ta l  pre s s ure . The 
do t te d  l i ne repre s e nts the o xygen 
fugaci ty at  vari ous tempe rature s i n  
o u r  e xpe rime n t . I - i ron , W - wus t 
i te ,  Q - quart z , F - fayal i te and 
M - ma gne ti te ( Ni t s an , 1 9 7 4 ) . 

me as ureme n ts we re made during b o th th e heating and coo l i ng cyc l e s , at 
i n te rva l s  of  about 5 0 ° C .  The heating/cool i n g  r ate was 3 0 0 ° C/hou r . An 
i n te rva l o f  abo ut 1 5  min was a l l owed be twe e n  rea ch ing a temperature and 
mak i n g  the me as ureme n t . It is re cogn i z e d  that to tal e q ui l i b ration of the 
s amp le wi th the a tmosphe re i n  the furnace d i d  not oc cur duri n g  thi s  
15 -mi n i n te rva l . Dura tions o f  the order o f  s e ve ra l  hours o r  days are 
requi re d fo r re ach ing e q ui l ibration for Fe 3 +jFe 2 + ( Pre s n a l l  e t  a l . , 1 9 7 2 ) . 
The pe rcentage o f  glas s i n  the s ampl e  a fter mak ing the run was e s timated by 
examination of a pol i shed s e c tion i n  re f l e c te d  l i gh t . 

Re s ul t s  and D i s c u s s ion 

Fj r-ure s 2 , 3 ,  and 4 .  s how the tempe rature dependence of  the conduc 
tivity o f  the tho l e i i ti c , a lk a l i c  and nephe l i n i c  b a s a l t s , respe c t i ve ly . 
The me l t  0 val ue s , me a s ured duri n g  both heating and cool i ng cyc le s , we re 
re pro duc i b l e  wi thin ±  l %  i n  the case of a l l  the b a s a l ts e xc e p t  fo r neph e li 
ni c b a s a l t s  and a tho le i i ti c  o l ivine bas a l t  ( C- 5 0 ) .  In  the l atte r  c a s e s  
the va lue s  we re s l i ghtly h i gh e r  f o r  the coo l i n g  cyc le . Be l ow � 9 0 0 ° C ,  the 
0 va l ue s  for the c oo l i ng cycle s fo r al l the b a s a l t s  are l owe r . For c l a r i ty 
he re only the me as ureme n ts tak en dur i n g  the h e a ting cyc le s are pre s e nte d 
i n  the f i gure s . The pre vi ous l y  pub l i shed l o g  0 ve r s us 1 / T  c urve s fo r a 
s yn thetic b a s a l t  o f  tho le i i ti c  compos i tion ( Pr e s n a l l  e t  a l . ,  1 9 7 2 )  ( deno te d  
by P )  and a n  o l i vi ne bas al t ( Wa t anab e , 1 9 7 0 )  ( de no te d  b y  H )  a re a l s o  s hown . 
Be low l l 0 0 ° C ,  the W c urve f a l l s b e tween the c urve s repre s e nting the com 
pl e te l y  crys ta l l ine ( lowe r P )  and pre domi nan tl y  g l a s s y  ( u,pper P )  c urve s for 
the syn the t i c  tho l e i i ti c  b a s a l t  repo r te d  by Pr e s n a l l  e t  a l . 

Conduc t i v i ty o f  b a s a l t s  b e l ow me l t i n g  t e mp er a tur e s . The r e l a ti o n  
o f  log 0 t o  l / T  fo r t h e  H awai i an bas a l ts i s  s omewhat c urvi l i ne ar ;  i n  mos t 
c a s e s , the ne ga t i ve s l ope o f  the l i ne f i r s t  i n cre a s e s  wi th i n c re a s i ng 
tempe r a ture i n  the 6 0 0 - 6 5 0 ° C  ran g e , and then dec re a s e s  a t  � 8 0 0 ° C .  Ju s t  
be low the s o l i dus temperature s (_-:;_ l 0 5 0 ° C ) , a premoni tory decre as e  i n  a i s  
obs e rve d i n  mo s t  b a s a l ts , pa rti cul arly i n  tho l e i i ti c  b a s a l ts . S c h l o e s s i n 
( 1 9 7 6 , and to be pub l i s he d )  h a s  a l s o  re po rte d  premoni tory de c re a s e s  i n  a 

dur i n g  the me l ti n g  o f  mi d-o ce an i c  ri dge b a s a l ts and h a s  prop o s e d  th re e 
pos s ible re asons : \ l )  fo rmation of i s olate a  mel t  pockets , \ 2 )  l atent heat 
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Fi g .  2 .  Log 0 ve rsus l/T 
fo r the three tho le i i ti c  
bas alts . The val ue s  i n  brack 
ets are the e s t imate d pe rcen t
age s of  the gl as s con tent . 
The data and the curve s  shown 
are for the heating cyc l e s  
only . 

Fi g .  3 .  Log 0 ve r s us 1 /T 
for the f i ve alkal i c  basal ts . 
The val ue s  in brackets a re the 
e s tima te d  pe rcentage s o f  the 
g l a s s con tent . The data and 
the curve s s hown are for the 
heating cyc l e s  only . The 
i n s e r t  in the upper ri ght 
corne r s hows the curve s in  
de tai l  be twe en 1 0 5 0  and l 2 5 0 ° C 
and the l i quidus temperature 
for e ach bas a l t .  



E '  ....... 
0 .r::. 
s 
b 
CJl 
0 

_J 

2 1500 
\ 

0 

- I  

- 2 

-3 

T E M P E R A T U R E ,  oc 
1 100 900 . 700 

I 
I 
' ' 

N E P H E L I N I C  BASALTS 

' 
,c�.,. '\ '01! ,., ' ' 

' �  
' 

500 

' 
' 

-4 ��--�--�--L-���--�--�--�� 0.5 0.7 0.9 1 . 1  1 . 3  1 . 5  
1000/ T, °K - I  
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e f fe c t s , and ( 3 ) change in the 
dominan t mode o f  conduc tion from 
e l e c tron i c  in the s o l i d  to ion i c  
in  the me l t  pha se . O f  the three 
pos s ib i l i t ie s , the l a s t  one 
s eems mo s t  re asonab l e . From 
theore tical  con s ideration ( Waff , 
1 9 7 4 ) , the o o f  a s o l i d -l iquid 
matrix , i n  wh ich O l i quid > 
O s o l id • wi l l  be h i gher than the 
o of the so l i d  pha s e  for any 
geome try of the me l t .  H ence , 
po s s ib i l i ty ( 1 ) cannot apply . 
Conc erning the se cond 
hypo the s i s , we be l ieve , the 
que s tion of the l atent he at 
e f fe c t s  should not ar i se . 
Because heat capaci ty o f  the 
furn a c e  i s  h i gh ,  and be cause an 
appre c i ab l e  time in te rval i s  
al lowe d be tween temperature 
inc rease and the me a s urement , 
the di f ference i n  the tempera 
ture s o f  sol id an d l iquid ph a s e s  
would b e  negligible . 

The pre sent re s ul t s  
sugge st that the observe d  pre
moni tory de crease in o is time 
dependent and a l so depends on 
the rate of heatin g/coo l i ng and 
on the compo s i tion of the rock . 
Dur i ng the heating cyc le , for 
the s ame rate of heating ( 3 0 0 ° C/ 
hour ) , the de crease i s  mo s t  
prono unced i n  the tho l e i i tic  
bas a l t s  and l ea s t  in the 

nephe l inic basalts . The pr emo n i tory decre a s e  i s  le as t  pronounced i n  ba sal t 
samp le s  which are e i ther predominantly gl as sy ( tr achyte , muge arite ) or 
cry sta l l i ne ( ne phe l i ni te , ba s ani te )  ( see  F i g s . 3 and 4 ) . Dur i n g  the coo l 
ing cycl e ,  the premo n i tory decrease  i n  o i s  dependen t o n  the rate o f  coo l 
ing - - the lowe r the coo l ing rate the l e s s  co nspicuous the decre a s e ; 
a l though cool ing c urve s are not s hown in Fi gs . 3 and 4 the decrease i s  
more pronounc ed i n  the alka l i c  b a s a l t s  and l e a s t  i n  the ne phe l i n i c  b a s a l t s  . 

. Fi g .  5 shows the time depend ency o f  the conduc tivi ty o f  mugeari te 
and trachyte . Dur ing the heating cycle , the premoni tory decrease i s  
obse rved for mugea r i te b ut no t for trachyte . Dur ing the coo l i ng cyc le , in 
both case s ,  the s ampl e  was he l d  a t  9 5 0 ° C ,  pre s umably below the s o l i d u s  
temperatur e , f o r  6 3  hour s . As a re sul t o f  devi tri f i c a tion o f  the g l a s s , 
the c onduc tivi ty o f  muge a r i te and trachyte i s  found to decre a s e  about 2 
and 2 1 / 2  orde rs  o f  magni tude , respective ly .  Be low 9 5 0 ° C  the log o ver s us 
1/T re l a tion s h ips fol low c lo se l y  but s l i ghtly above the lowe r P curve . 

In  view o f  the se  ob se rvat ion s ,  i t  appears that premon i tory 
decrease in o is probab ly c aus ed by one or a comb ination of the two 
factor s : ( 1 )  formation o f  cr ack s due to thermal s tre s se s  dur i n g  the heat
ing cyc l e  ( the number of crack s depending on the rate of heating and the 
ratio o f  g la s s y  to cry s ta l l ine phase s  pre sent ) . A h ighe r heating r ate wi l l  
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promo te the format ion of more 
cracks and the pre dominance o f  
crys tal l ine o r  gl a s sy phas e s  wi l l  
inhibi t the cr ack formation and , 
hence , wi ll s uppre s s  de crease in 
0 . ( 2 ) Devi tri fication o f  the 
glassy phase , at s u f ficiently 
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low cooling rate , can . al s o  cause 
a decrease in 0 ( due to an in
cre ase in cry s tal lini ty )  as 
evi denced by the data shown in 
Fi g .  5 .  

', , \ ,, 
• • 0 

. 1 1 /Trachyte 
1 1  ' -..J • 0 The vari at ion s in 0 o f  

, ·\ j' . .__cv0 o basal ts , at a given temperature 
1 ' l --- ·� • o 

-
( Figs . 2 ,  3 ,  and 4 ) , seem to be 

' 1  " '  t• 
o re l a te d  to di f fe ren ces in thei r  1 .,, _ p , • chemic al compo s i tion and glas s 

' i n '· , ' • 0 content - - the higher the alkali '- l '  ugear i te 0 - ( Na2 0 + K2 0 )  and glas s  contents , 
Q..J-.r_,.' ·� '4 ' • 

o"'- ' . n ' the gre ater the 0 .  In gene ral , "'� ,'"-&n ' • the conductivi tie s o f  the alkalic ',.�.� ' , w'  • bas a l ts below the s o l i dus temper-' p� �i-,� , ' 1 ature s are highe s t  ( Fi g .  3 )  and -�L.5--�---0�7--�---0�.9��L---IL. I --�--���. 3�
�--�

1 . 5  are ,  at a given tempe rature ,  
about an orde r o f  magni tude 
gre ater than that reporte d  for a 
predominantly glassy thole i i te 
( uppe r P curve ) ; the conductivi 
tie s  o f  the two ne phe linic ba-

1000/ T, 
Fi g .  5 .  Time dependence o f  the varia

ti on o f  0 wi th tempe rature for the two 
alkal ic basalts . sa l t s  are lowe s t  ( F i g .  4 )  and fal l 

s l i gh tly be low the upper P curve . 
hand , the conductivi ties  o f  the three tholei i ti c  basal ts are 
and are c lose to the upper P curve ( Fi g .  4 ) . 

Ori th e "other 
in te rmedi ate 

C o nduc t i v i ty o f  b as a l t s to m e l t in g  t empe ratur e s  and above . The 
approximate llqui dus temperature s o f  the basal ts , calcul ated from chemi cal 
composi tion ( Ti l l e y  e t  a l . , 1 9 6 7 ) , are indi c a ted in Fi gs . 2 ,  3 ,  and 4 . 
The s lope o f  the log 0 ve rsus 1/T curve decreases  notab ly wi th increas ing 
tempe ra ture in the vi cin i ty o f  the l iqui dus temperature s .  The tempe rature 
range o f  me l ting , e s timated from the reporte d  s o l i dus and l iqui dus temper
atures for tho le i i ti c  and alkali c Hawai i an bas a l ts ( Y o de r• and Ti l l e y , 1 9 6 2  ) ,  
i s  approximate ly 2 0 0 ° - 2 5 0 °C .  The 0 o f  basal ts , fo llowing the premoni tory 
de crease , increases ve ry rapidly - - by 1 1/2 to 2 1/2 orders o f  magni tude 
-- during the me l ting range . S uch a s harp increase i s  prob ab ly due to ion
ic conduc tion in the l iqui d  phase forme d above s o l i dus tempe rature s ( Wa ff ,  
1 9 7 5 ) . I t  i s  interes ting to note that the orde r o f  increasing 0 for the 
bas altic me l ts i s  reve rsed as compared to the tre nd found be low me l ti ng 
temperature s .  The conduc tivi tie s o f  nephe l inic bas alt me l ts are the high
est and o f  alk a l i c  bas alt  me l ts the lowe s t , j ust the oppo s i te o f  what was 
obs e rved in the s o l i d  s tate . The reversal in the orde r of  increas ing u 
mi ght not occur i f the curve s in the s olid  s tate we re for completely glassy 
materi al . Fi g .  6 shows the 0 of bas a l t  me l ts in more de tai l . Even for 
such a wide range o f  chemi cal compo s i tion , the me l t  con ductivi ties  at any 
tempe rature are wi thin half  an orde r o f  magni tude . The log conduc tivi ty 
varies l ine arly wi th reci procal tempe rature fo r alkal i c  basalts ( Arrheni us 
behavi o r )  and curvi linearly ( s lope de creasing with increas ing tempe rature ) 
for thole i i tic  and ne phe linic basalts ( non-Arrhenius behavio r ) . The app
arent ac tivation ene rgi e s  E0 of me lts as a func tion of temperature , cal
cul ated from the Arrhe nius equation 0 0 0 e -Eo/k T , are shown in Fig . 7 .  
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T E M P E R AT U R E ,  oc T E M P E R AT U R E .  oc 
ene rgies  are 
approximate ly i ndependent of temperature . Ne phe l ini c and tho le i i ti c  b a 
sal t s  have r e l a ti ve l y  h i ghe r Z M2 + ; z M+ ratio than the a lk a l i c  basal ts 
( Table 2 ) .  Wa ff a n d  We i l l  ( 1 9 7 5 )  a l s o  noted that me l ts w i th h i gh Z M2 +jzM+ 

ratio depart from Arrhe ni us behavi o r , and have e xp l a i ne d  thi s  on the bas i s  
o f  polyme r i z at i on o f the me lts . 

C o mp o s i t i on d e p e nd enc e o f  me l t  c onduc t iv i ty o f  b a s a l t s . Re l a tive 
atomi c and c a t ion concentration s , based on Ni ggl i ' s  s cheme ( Ni g g l i , 1 9 5 4 ) , 
fo r the bas al t s  a re give n  i n  Tab l e s  2 and 3 .  Fi g .  8 shows that a lkal i 
( Na 2 0 + K 2 0 l  conten t i nc r e a s e s  w i th increasing S i 0 2 content i n  the se rock s . 
The compo s i t i on depe ndenc e s  o f  log a ( at 1 4 0 0 ° C )  are s hown i n  the four 
p l o ts in F i g . 9 .  The data for the f i ve b a s a l t s  reported by Wa ff and We i l l  
( 1 9 7 5 )  are a l s o  incl uded i n  the plots . As s e e n , a increases  wi th incre as 

ing MgO and CaO and dec re as e s  wi th i ncreas i ng S i 0 2 and a l k a l i  ( Na 2 o + K 2 0 l  
contents . The l at te r  obse rvation - - dec re ase  i n  a w i th i n c re as i n g  alk a l i  
conte n t  - - i s  mi s l eading . The a s h o u l d  i n c r e a s e  w i th i ncrease i n  alkal i 
c on te n t  i f  the o ther c on s ti tue n ts rema i n  the s ame ( Wa ff an d We i l l , 1 9 7 5 ) ; 
howeve r , in  the pre s e n t  c a s e , be cause S i 0 2 conte n t  i nc r e as e s  w i th alk a l i  
conte n t  ( se e  F i g . 8 )  and because the e f fe c t  o f  increas i n g  S i 0 2 content i s  
t o  decrease a ,  w e  f i nd a n  apparent decrease i n  a w i th a n  increase i n  
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TAB L E  2 .  Re l a t i ve C a t i on i c  C o n c en t r a t i on B a s e d  on Ni g gl i ' s  S cheme fo r B as al t s  

B as a l t s 

No . 1 2 3 4 5 6 7 8 9 1 0 
T o l . Alka l l c  Alk ah c 

O l i v i ne O l i v i ne O l i vine O l i v i n e  
C a t i ons B a s a l t  Tho l . Tho l e i i te Hawa i i te B as a l t  B a s a l t  Muge ar . T r a chy t e  Ne ph e l in . B a s an i te  

S i 4 + 4 4 . 1  4 7 . 1  4 8 . 3  4 3 . 4  4 3 . 3 4 4 . 5  4 7 . 9 5 5 . 8  3 5 . 5  3 8 . 8  

A l 3 +  1 6 . 1  1 4 . 2  1 6 . 9  1 8 . 3  1 5 . 3  1 9 . 2  1 8 . 6  2 0 . 1  1 3 . 2 1 1 . 9 

F e 3 + 1 . 7  1 . 8  1 . 8  2 . 4  2 .  2 2 .  5 2 . 2 2 . 1  3 . 6  2 . 1  

tV F e Z + 7 .  2 7 . 4  6 . 2  8 . 1  7 .  9 6 . 6  5 .  5 1 . 8  6 .  2 8 . 0  
tV ........ 

Mg 2 + 
1 4 . 9  1 3 . 0  1 1 . 5  8 . 4  1 3 . 0  9 .  4 4 .  3 0 .  8 1 7 . 6  2 2 . 4  

c a + 9 . 0  1 0 . 4 9 . 2 9 . 0  1 0 . 7  8 . 6  5 .  9 1 . 8  1 2 . 9  1 1 . 6  

Na + 4 . 1  3 . 8 4 . 1 6 . 0  4 . 8  5 . 6  1 0 . 3  1 2 . 8 6 . 9  2 .  7 

K + 0 .  7 0 .  5 0 .  3 1 . 3  1 . 0  1 . 5  2 . 7  4 . 2  1 . 4  0 . 6  

T i 4 + 1 . 9  1 . 5  1 . 5  2 .  7 1 . 6 1 . 9 1 . 3  0 .  4 1 . 8 1 . 7  

L: MZ + 3 1 . 1  3 0 . 8 0 2 6 . 9  2 5 . 5  3 1 . 6 0 2 4 . 6  1 5 . 7  4 . 4 3 6 . 7 4 2 . 0  

L: M+ 4 . 8  4 .  3 4 . 4 7 . 3  5 . 8  7 . 1  1 3 . 0  1 7 . 0  8 . 3  3 . 3  

L: MZ + 
6 . 5 7 . 2  6 . 1 3 . 5  5 .  5 3 . 5  1 . 2  0 .  3 4 . 4 1 2 . 7 -

L: M+ 



No . 

s i 

a l 

fm 
I. 

1'.) c 
1'.) 
CXI 

a l k  

m g  

t i  

TAB L E  3 . Ni g g l i  C o nc ent r a t i o n  Numb e r s  fo r B as a l t s 

_..� ;:.  

B as a l t s 

1 2 3 4 5 6 7 8 9 1 0 
Tho l .  Alk a h c  Alk a l i c  

O l i v i ne O l i v i ne O l i v i ne O l i v i ne 
B a s al t Tho l . Tho l e i i t e Hawa i i t e  B as a l t  B a s a l t  Mug e a r i t e T r achy t e  N e phe l i n .  B a s a n i t e  

1 0 1 . 8  1 1 2 . 0  1 2 3 . 0  1 0 6 . 9  9 7 . 5  1 1 0 . 9  1 4 2 . 0  2 2 3 . 6  6 9 . 5  7 5 . 1  

1 8 . 6  1 7 . 0  2 1 . 4  2 2 . 5 1 7 . 2  2 4 . 0  2 7 . 5 4 0 . 2  1 2 . 9  1 1 . 5  

5 5 . 0  5 2 . 9 4 9 . 6  4 6 . 3  5 2 . 1  4 5 . 9  3 5 . 6  1 8 . 8  5 3 . 6  6 2 . 7 

2 0 . 9  2 5 . 0  2 3 . 3  2 2 . 2 2 4 . 2  2 1 . 3  1 7 . 6  7 . 1  2 5 . 3  2 2 . 5  

5 .  5 5 . 1  5 . 7  9 . 0  6 . 5  8 . 8  1 9 . 3  3 4 . 0  8 .  2 3 . 2  

6 2 . 7  5 8 . 4  5 9 . 1  4 4 . 4  5 6 . 3  5 1 . 1  3 5 . 6  1 6 . 5  6 4 . 2  6 9 . 1  

4 . 4  3 . 5  3 . 8  6 .  7 3 . 5  4 . 6  4 . 0 1 . 8  3 . 5  3 . 2 

No te : s i - deno te d s i l i c a  ( S i 0 2 ) ,  al - a l uminous (Al 2 0 3 ) ,  fm - fern i e ( Mg O , Fe 2 0 3 , Fe O , Mn O ) , 
c - c a l c i c ( C aO ) , a l k - a l k a l ine  ( Na 2 o ,  K2 0 ) , mg - MgO / fm r a t i o , t i - t i t an i um ( T i 0 2 ) .  



Fi g .  8 .  Alk a l i  ( Na 2 0 + K 2 0 )  
con tent ve rs us S i 0 2 content for ten 
b a s a l ts s tudi ed . I n c l ude d in the 
plot are also  the data on fi ve 
b a s a l ts ( open c i r c l es ) re por te d  by 
Waff an d We i l l  ( 1 9 7 5 ) . N deno te s 
nephe l i n i te , B bas ani te , T 
tr achyte . 
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F E M IC CONCENTRATI O N  

Fi g .  1 0 . L o g  0 ( at 1 4 0 0 ° C )  
vers us fernie conce n tration for ten 
Hawai i an bas al ts . The exp l anation 
of the s ymbo l s  is g iven in Fi g .  8 .  

Fi g .  9 .  Plots  o f  l o g  o ( at 
1 4 0 0  ° C )  ve rs us ( a )  S i 0 2 , ( b )  ( N a 2 C 
+ K2 0 ) , ( c )  MgO , and ( d )  CaO  con
te nt . The e xp l anation of  the 
symbol s  i s  given in Fi g .  8 .  
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(b) (c) 

Fi g . 1 1 . Log o ( at 1 4 0 0 ° C )  ve r s us 
( a )  t: M2 + / L:M+, ( b )  L: M2 + and ( c )  L: M+ 
for ten bas a l ts s tudi e d . The 
e xpl anation o f  the symbo l s  i s  give n  
i n  F i g .  8 .  

alka l i c  conten t .  A cons i s tent finding from a l l  the four p l o t s  ( Fi g .  9 )  i s  
that trachyte ( T ) has h i gher conductivi ty than the be s t - fi t  trend i n  e ach 
plo t . The h ighe r o o f  tr achyte i s  attributed to i ts h i ghe s t  alk a l i  con
ten t . S i mi l arly , the o o f  nephe l ini te ( N ) , which has  ve ry l ow s i l i c a  
con tent a n d  h i gh alkali  con ten t ,  i s  apprec i ably h i ghe r than the ge ne ral 
trend fo un d  in  Fi g .  9 b . 

rocks . 
but the 
e f fe c t  

Fi g .  1 0 . s hows the l o g  o ve r s us fernie concentration for al l the 
The re i s  a s l i gh t  e f fect o f  incre a s i n g  o wi th fernie con c en tration 
s c atte r  i n  the data p re cl ude a c l e a r -cut c on c l us ion about the 

o f  ferni e  concentr ation on o .  

I t  i s  o f  i nte re s t  to i nve s ti gate the re l a ti on s h ip betwe en l o g  o 
( at 1 4 0 0 ° C )  and L: M2 +j t: M+ ( Fi g .  l l a ) . Fo r bas a l ts the re i s  a sys tema ti c  
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increase in  mel t  o w i th L: M2 +; z M+ . The o va lue s  for the nephel i n i te ( N )  
and tr achyte ( T ) fal l s l i ghtly above the trend . A compari son o f  plots on 
Fi g .  ll  s hows that the me l t  o seems to be re l ated di rectly to L: M2 + mo re s o  
than to L: M2 +j L: M+ o r  L: M+ . 

From the above obse rvations i t  i s  apparent that the me l t  o at a 
given temper ature i s  a fun c tion o f  a number o f  factors s uch as s i l i c a , 
alka li , and ferni e contents and L: M2 +j L: M+ ratio wh ich are i ndependent . For 
th is reason , it i s  di f fi c ul t  to p re di c t  the conductivi ty o f  me l ts from 
chemi cal compos i ti on . Data on e le c tri c al conduc tivi ty o f  s imple me l ts , 
con s i s ting o f  two o r  three components , are ne eded f i r s t to s impl i fy th i s  
p roblem . 

C o n c l us i o n s  

Th e vari ations in  the tempe rature dependenc e  o f  conductivi ty o f  
basalts  a r e  re l ate d ,  be l ow s o l i dus temper ature s , t o  var i ations in  chemic al 
compo s i tion and gl a s s  con tent . Alk a l i c  bas a l ts are mos t  conduc tive and 
nephe l i n i c  b as a l ts l e a s t conductive . The conductivi ty o f  a rock i n  the 
s o l id s tate i n c reases  wi th gl a s s  conten t .  

The p remoni to ry decre ase i n  o be low me l ting temperature i s  prob 
abl y  c a us e d  by c rack fo rmat ion due to the thermal s tre s s e s  deve loped during 
he ating . The o va lue s  of basal ts j ump by l l /2 to 2 l /2 orde r s  of  magni 
tude through the ir me l ting , in a tempera ture range � 2 5 0 ° C .  

I t  i s  recogn i z e d  that the heating and coo l ing rates i n  our e xperi 
ments are not s u f f i c i ently smal l for attai ning equi l i b r i um between the 
so l id and li quid phase s  at me lting temperature s . 

The rock me l t  o i s  a function o f  a numbe r o f  inte rdependent 
compo s i t i onal  parame te rs s uch as ( N a2 0 + K2 0 ) , S i 0 2 , MgO , and CaO  c on ten ts ; 
the role o f  ferni e conte n t  i s  re lative ly mi nor . The me l t  o value s  are 
h i ghe s t  fo r the ne phe l i n i c  bas a l ts and l owe s t  for the alkal i c  b as a l ts . The 
range o f  the me l t  o va lue s for a l l  the b a s a l ts i s  le s s  than hal f an order 
of magni tude at any tempe rature above me l ting ( at l 4 0 0 ° C , o vari e s  from 
� 7 to � 2 4  mho/m) . The alka li c basalts  show Arrhe n i us -type temperature 
behavio r ,  whe reas the nephe l i n i c  tho l e i i ti c  bas a l ts behave in non-Arrhen i us 
manne r . 

The conductivi ty o f  bas a l t , during the coo l i n g  cycle , i s  fo und to 
be time depende n t  as a resul t of devi tri f i c ation of g l as s . 
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SUB SOL I DUS DE FORMAT I ON MECHAN I SMS AND 
HYPE RSO L I DUS C RE E P  O F  PER I DOT I TE 

Ri chard P .  George , Jr . 
Ins ti tute o f  Geophy s i c s  and P l ane tary S c i enc e s  

Univer s i ty o f  Ca l i forn i a  
Lo s Ange le s ,  Ca l i forni a  9 0 0 2 4 

Ab s tr a c t  

Duc t i le de formation o f  cry stal l i ne mate r ial s general l y  involves 
several f l ow proce s s e s  that operate a t  the micro scop i c  or s ub -microscopic 
leve l : ( 1 )  d i f fusion o f  po int d e f ec t s  through the crys tal l attice and 
along grain bounda r i e s  ( d i ffus ion creep ) , ( 2 )  con servative ( no n -d i f fus i ve )  
mo tion o f  curvi l i near defects through the crystal l attice ( d i s l ocation 
gl ide flow) , ( 3 ) non - cons ervative ( d i ffus ion -accompani ed )  motion of c urvi 
l i n e ar defects through the c ry s tal  l a ttice ( d i s location creep ) ,  ( 4 )  move
ment o f  array s  of di s l oca t i on s  ( grain- and s ub gra in -boundary migrat ion and 
s ubgrain coa l e s c ense ) ,  and ( 5 )  grain-boundary s l i d in g . The f i r s t four 
me c hani sms can opera te i ndependently but probably inte rac t c omplexly dur ing 
natural d eforma tion of s i l i ca te s . Gra in-boundary s l i ding c anno t operate 
independently , except for spec i al cond i t ions o r  s pec i a l  confi gurations o f  
grai n s . Duri ng de formation o f  polycry s ta l l ine aggregate s i n  wh i ch i t  
accompan i e s  one o f  the f i r s t  four mechani sms , grain-boundary s l iding c an 
accommod ate more than hal f o f  the to ta l s train . 

The mechan i sm tha t  cause s the h ighes t  �low rate wi l l  control the 
d e forma ti on and the re sul ting textur e s . Texture s d i agno s tic  of d i f fus ion 
creep and of grain-boundary s l iding are more subtle than and are e a s i l y  
overprinted b y  tho s e  o f  d i s loca tion gl ide , d i s location creep , and grain
boundary mi gra t ion ( wh i ch inc l ud e  the p roce s s e s  commonly r e f erred to as  
" p l a stic  f low " and " syntec ton i c  recry stal l i zat ion " ) . Cons eqentl y ,  
deforma tion by di f fus ion creep and grain-boundary s l i ding may be more 
common in natural l y  de forme d  s i l i c a te s  than is  ge neral l y  s uppo s ed . 

Har zburgite te c ton ite in the basal  por tion o f  ophiol i te s  i s  
ge nera l l y  c on s i der ed to b e  the re s iduum o f  par t i a l  me l ting o f  upper mantle 
peridoti te . Partial  fus ion probably a f fe c t s  the re l a tive contr ibution s o f  
the f i ve f low mechani sms to the overa l l  flow rate o f  hyperso l i dus har z 
bur g i te c ompared to tho se o f  subsol idus h ar z bur g i te . The mo s t  l ik e l y  
e f fe c t  o f  partial me l t s , i f  d i s tr ibuted a l o ng grain boundar i e s , i s  t o  aid 
d i f fu s ion along gra in boundar i e s  and thus to promo te the deve lopme nt o f  
"ma gmatic pre s s ure - so l ution and reprecipitation " texture s .  Ano ther l ikely 
e f fect o f  grain-boundary me l t  is  to reduce c ohe s i on of  grains and ther eby 
to promote grain-bo undary sl iding and " ma gma - frac ting " . D i s loca tion gl ide 
and d i slocation creep , the mechani sms currently be l ieve d  to control the 
pre ferred orienta t ion of c ry s ta l lo graphic axe s of o l i vine and the pyroxe ne s 
dur ing s ub s o l i dus de formation o f per i do ti te , would be relative ly l e s s  
impor tant dur ing hypersol i dus d e forma tion . Thus , the pre ferred orienta 
tions o f  ol ivine and the pyroxe ne s  produced dur i ng hypersol idus creep 
would be weaker than or ori ented di f ferentl y from thos e  produced dur i ng 
s ubsol idu s creep a t  comp arab l e  s tra in s . 
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I n t r o d uc t i on  

H a r z burgi te i n  the b a s a l  portion of  ophiol i te s  and i n  some non
ophio l i tic  a l p i ne - type per i do t i te s  is gene ra l l y  cons idered to b e  the 
re s iduum of p artia l fus i on of the uppe r mantl e . The h i gh tempe rature s 
atta i ned dur ing p ar t i a l  fus ion a re conduc ive to both duc t i l e  flow o f  the 
so l id pha se s and c ry stal -mush flow , in wh ich inte r s ti t i a l  l iquid accommo 
date s the s train by a l l owing gra in-bounda ry s l iding to o ccur . Partial 
fus ion perhaps c an per turb intracry s ta l l i ne flow mechani sms during 
penetrative de format ion . 

De format ion texture s produced during h igh temperature fl ow o f  
me tal s  are compl exly dependent o n  s eve ral deforma tion proce s s e s . Re cent 
appl i cations o f  transmi s s ion e l e c tron mic ro s copy ( TEH ) te chn ique s  to 
geologic mate r i a l s  ind i c a te th at de formation mechani sms gro s s l y s imi l ar to 
tho s e  i n  me ta l s  s trongly i n f lue nce de fo rmation te xture s in rocks as we l l .  
No t surpr i s ingly , attemp ts to c atego r i z e  texture s a s  re s ul ting from e i ther 
" p l a stic f low " o r  " synte c to n i c  recrys tal l i z a tion " o b s c ure and ove r s imp l i fy 
the mi cro scopic and s ub-mi c ro scopic proce s s e s  that c on tro l te xtur e s , and 
may inhibit recognition of o ther flow me chani sms . 

Parti al fus ion o f  pe ri do t i te s  gene rally y i e l d s  di s tinc tive 
_ texture s ,  te rmed " pyrome tamorphi c " by Pi k e  a n d  Sc hwar z m a n  ( 1 9 7 7 ) . My 
purpo se in wri ting th i s  paper i s  to pre d i c t  the texture s tha t are diagno s 
t i c  o f  s ynte c ton ic  pyrome tamorph i s m ,  b y  reviewing known s o l id- s ta te 
deformat i on proc e s s e s  re levant to the thre e ma j o r  s i l i c a te pha s e s  i n  
harzburgite ( o l ivine , OL ; o rthopyroxe ne , OPX ; and c l i nopyroxe ne , C P X )  and 
by s ugge s ti ng po s s i b l e  per turba tion s o f  s o l i d- s ta te de fo rmation mechani sms 
during partial  fus ion . 

Te r m i no l o gy :  A C ave a t  

T h e  i nve s tigation o f  deforma tion proce s s e s  o f  rocks has  be en 
approached f rom seve r a l  di f fe rent direc tion s . One unfor tunate re sul t i s  
the deve lopmen t  o f  plas tic termino l o gy who se us age di f fe r s  from one author 
to the ne xt . Th e term " s tre s s " me ans d i f ferent things to theore ti c i ans , 
e ngineer s ,  a nd mate r i a l s  s c i e n ti s ts , and i t s  many me anings i n  the ge ologic 
l i te rature e ncompa s s  i ts many meanings i n  the no n-geol o g i c  l i te r a ture : the 
stre s s  te nsor O i j i the s tre s s  deviator ( a l so known as the devi atoric  s tre s s  
o r  the non-hydro s tatic compone nt o f  the s tre s s  ten s o r ) o i j * = oi j  - 0,  . 

where o i s  the me an stre s s  ( al so known a s  the hydro static  s tre s s , l i tho 
static s tres s ,  or con f ining pre s s ure ) ; the d i f ferential s tre s s  o1 - o 3 ; the 
shear s t re s s  ( o1 - o 3 ) / 2 ( commonly wri tten as  T ) ; or the " l oad "  ( tiie e xc e s s  
o f  01 over the confining p r e s sure extant be fore the l o ad i s  imposed l ) .  
The term " pl a s tic flow"  i n  the geo logic l i tera ture i s  used in two sense s 
tha t re f l e c t  i t s  d i f fe rent me an ings in the ma te r i a l s  s c i enc e and phy s i c s 
( mechan ic s )  l i te rature respective ly : ( 1 )  deforma tion o f  s i ngle c rys ta l s  

and po lyc ry s ta l l i ne aggre gate s b y  d i s l o cation glide and , for some autho r s , 
by d i s l o c ation c ree p ;  and ( 2 )  deformat ion that caus e s  permanent change in 
shape of a s o l id wi thout f a i l ure by rupture . Dynamic or synte c tonic  
recrystal l i zat ion i s  a type of  pla s t i c  flow under the second de f i n i tion , '  
but no t und e r  the re s tri c te d  vers i on o f  the f i r s t . 

1 Note that impo s i t ion o f  a uni axial load o1 increase s the mean s tr e s s  
b y  o 1/ 3 ,  s i n c e  me a n  s tr e s s  = ( o1 + o 2 + o 3 ) / 3 . 
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Some terms that were borrowed from the me ta l l urgi s t s  and cerami s t s  
have b e e n  app l ied imprec i s e ly o r  inappropriate ly t o  rocks . Othe r te rms 
had double me anings in the mater ial s sc ience l i terature when they we re 
borrowed . Doubl e meani ngs ari se quite natural ly , a s  e p i tomi zed in the ' 
deve lopme n t  o f  de formation-mechanism ma ps by A s h b y  ( 1 9 7 2 )  and h i s  co-work 
e r s . Ashby re la ted s ubmi croscopic pro c e s s e s  that are observed directly 
with the transmi ss ion e l e c tron microsc ope or that are in ferred f rom optical 
and e l e c tron microscope observations of  texture s ,  to theoretical model s 
that yie l d  mac ro scopic flow laws . · I n  turn , the theoretical flow l aws have 
been re lated to expe r ime ntal ly-dete rmined macro scopic flow l aws ( e . g . , 
A s h b y  a n d  Ve rra l l ,  1 9 7 7 ) . One re sult i s  that the term " di s location gl ide " 
can me an e i ther a certa in submi c ro s copic deformation me chani sm , or mac ro 
scopic flow in which the submi c ro s copic me chani sm o f  d i s lo cation gl ide 
domina te s . 

Other terms are amb i guous because they desc ribe proc e s s e s  that 
are poorly unde r s tood . Some o f  the se terms are discussed at appropriate 
plac e s  in the text be l ow .  

De fo rma t i o n  Me chan i s m s  

H i gh- tempera ture de formation proc e s se s  c an be divided i nto f ive 
type s : 

1 ) di f fus ion c reep 
2)  d i s location- glide flow 
3 )  d i s location c reep 
4 ) moveme nt o f  arrays o f  d i s l o c ation s 
5 ) ' grain-bounda ry s l iding 

Al l five types may ope rate simul taneous l y ,  but the proc e s s  that caus e s  the 
highe s t  flow rate wil l contro l the de forma tion texture s . Whicheve r  f low 
me chani sm dominate s for a given mineral i s  a complex f unc t ion of tempera
ture T,  pre s sure 9r hydro s tatic  s tre s s  0 ,  devia toric  s tre s s  a i j , s train 
Ekl ' s train rate Ekl ' par tial pre s s ure of wate r P� ? O  ( through the e f fe c t  
o f  hydrolytic weakening)  , a n d  crystal lographic o r l � ntation of the grain s 
wi th re spec t to s tre s s . Ear l y  dominance by one flow mechanism may y i e l d  
to l ater domi nanc e b y  anothe r , i f any o f  the above var iable s  changes dur ing 
the de formation . 

Each me chani sm i nvo l ve s  several  dependent s tep·s . The s l owe s t  step 
will be rate -l imi ting for that mechani sm and henc e wi l l  dete rmine whethe r 
that me chani sm i s  the domi nant , texture -contro l l ing mechani sm . Typ ical l y ,  
some s teps c ause ne t transport o f material , whereas o the rs  me re ly accommo 
date the mas s trans fe r  mechanism by read j u sting the c ry s tal  s ub - s truc ture 
as to a l low mate rial transpo rt to c onti nue . 

D i ffus ion C r e e p  

Di f fus ion c reep , di s location c reep , and moveme nt o f  arrays o f  
di slocations al l require vol ume d i f fus ion ( di f fus ion through the crys tal 
lattice ) and/or grain-bounda ry d i f fus ion . The te rm di f fus ion c reep i s  
rese rved for de formation during which material i s  transported � o l e l y  by 
di ffus ion of po int de fect s .  
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Natural c ry s ta l s  cont a i n  s everal type s o f  de fe c t s , one type being 
po int d e fe c t s . A c ommon type o f  point de fe c t  i s  a vacancy , i n  wh ich the 
cry s tal l attice  i s  mi s s ing an atom or sma l l  mo le cular comp l e x . When 
sur face tractions are appl ied to a crystal , vacanc i e s  tend to d i f fuse � 
towards the more compre s se d  f a c e s  ( o r  s ur f ace s norma l to the axi s  o f  max i 
mum p r i n c i p a l  compre s s i ve stres s 0 1 ; s e e  F i g . 1 ) . The i r  accumulation 
cause s a ne t reduc tion of mate r i a l  at the compre s se d  fac e s  and acts to 
r e l i eve the compre s s i ve s tres s .  By the s ame toke n ,  the reduct ion o f  
concentration o f  vacanc i e s  a t  o ther s i te s  i n  the cry s tal , and particul arly 
at c ry s ta l  f a c e s  undergoing exten s ion , wi l l  cause a ne t i nc re a s e  o f  
ma te rial  a t  tho s e  s i te s . The ne t e f fe c t  i s  tran spor t  o f  mate r i a l  from 
re l a t ivel y mo re to relative l y  l e s s compre s se d  face s . 
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(A)  Init ia l  state ( 8) Final state 

F i g . 1 .  Migrat ion o f  
vac anc i e s  i n  a s tr e s s ed 
c r y s t a l . Dire c t ion o f  
migrat ion o f  vacanc i e s  
( depic ted b y  do t ted 
s qua r e s )  is s hown by sma l l  
arrows that emanate from 
each vacanc y . Ac c umulation 
of  vacanc i e s  a t  face no rmal 
to 0 1 re sul t s  in  ne t 
r educ tion o f  ma te r i a l  a l ong 
that face . 

. Di f f u s ion c reep i s  l imi ted by th e rate of  d i f fusion o f  vacanc i e s  
and

· 
b y  t h e  ava i l ab i l i ty o f  vac a nc i e s  ( va c ancy sourc e s )  and o f  s i te s  to 

wh ich to move them ( va c ancy s ink s ) . Al though the inte r ior s o f  natur a l  
crystal s c o n t a i n  thermodynamic a l l y  s table concentra tions o f  vac anc i e s , 
gra in bound ar i e s  ( and s ubgra in bounda r ie s )  are the large s t  sourc e o f  
va canc i e s  and al so serve a s  exc e l l ent s ink s f o r  vac a nc i e s , owi ng t o  the 
" loo s er " pac k i ng of a toms a long gra in bounda r i e s . 

Di f fu s i on c reep o f  an i nd ividual crystal  i n  an aggr egate enta i l s  
no n e t  c hange i n  s i ze ( vo l ume ) o f  the crystal o r  or i entat ion o f  the 
l at t i c e . Or igina l l y  equant c r y s ta l s  become tabul ar or e l ongate , w i th the i r  
s ho r t  axe s paral l e l  to 01 ( F ig . 1 ) . D i f f u s ion c r e e p  o f  p o l y c r y s t a l l i n e 
aggr ega te s i s  mo re compl i c a ted for three r e a s on s : 1 )  A vac ancy at  the 
edge of a gra i n  may s h i f t  a c ro s s  a grain boundary to the edge of the 
ne ighbor ing grai n .  The sh i f t  c aus e s  a change i n  s i z e o f  both the donor 
and the r e c i pient . In e f fe c t ,  thi s  s h i f t  tran s f e r s  the l o c at ion o f  the 
boundar y b e twee n  th e two gra ins ; th i s  top i c , gra i n-bo undary m i gration , i s  
di s c u s s ed i n  the section on movement o f  array s o f  d i s loc ations . 2 )  
Acc umula tion o f  vacanc i e s  along a grain boundary wi l l  c r eate a vo id , unle s s  
s l id ing o f  gra ins  a l ong gra in bounda r i e s  a t  h i gh angle s t o  the vo id c lo se s 
it  ( L i fs h i t z , 1 9 6 3 ;  s ee F i g . 2 a f te r  Ca nno n ,  1 9 7 2 ) . For arrays o f  po l y 
hedra that approximate th e shape s o f  po lycrystal s ,  S t e v e n s  ( 1 9 7 1 )  and 
Ga t e s ( 1 9 7 5 )  c a l c ul a ted tha t  grain -boundary s l i di ng accommodate s mo re than 
hal f of the to tal s tra in during d i f fus ion c r eep ! 3 )  Vac anc i e s  in a 
s tr e s s ed po lycrys tal c an d i f f use along any o f  sever a l  paths ( We e r tm a n , ' 
1 9 6 8 ;  E l l i o t t ,  1 9 7 3 ) : a long core s o f  di s l o c a t ions or l i near defects  in 
the c r y s tal l a t t i c e , through the c r y s tal  l attice  ( vo l ume -d i f f u s i on creep 
or Nabarro -He r r i ng c r ee p ) , along grain boundar i e s ( gra in-boundary
d i f fu s i on c reep , known a s  Cob l e  c r eep in me ta l s )  or s ubgrain boundarie s ,  
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F i g . 2 .  D i f fus ion creep accompanied by gra in -bo undary s l id ing in  
i de a l i zed stre s s ed po lycrys ta l . ( A )  Initial  undeformed s tate . 
( B )  Intermed ia te s tate , in wh ich d i f fusion o f  vac a n c i e s  to gra in 
boundar i e s  opens voi d s  ( shaded area s )  betwe en gra in s . ( C )  Final 
s ta te , in wh i c h  gra in-boundary vo ids  have been c l o sed by s l iding of 
grai n s  a long boundaries  a t  h i gh angl e s  to the vo i d s . Lo = o r i ginal 
l e ngth o f  three rows o f  crystal s ,  center - to -center . �D = change i n  
l ength from L o a t tr ibutab l e  to d i f fus ion creep . �S = c hange i n  
l ength from L o a ttr ibutab l e  t o  grain-bo undary s l iding . Cen te r  o f  ma s s  
o f  bottom row o f  three grain s r ema ins at  s ame hor i z on in  al l three 
d iagrams . ( Hod i f ied a f ter Cann o n , 1 9 7 2 ) . 

or through f l u i d s  along gra i n  boundarie s and pore s . r1icroscop i c  texture s 
are no t d i agno s t i c  o f  di f fus ion paths ( E l l i o t t , 1 9 7 3 ) . Thus , a l l  o f  the s e  
path s  o f  di f f u s i o n  y i e l d  geome tr i c al l y  equiva l e nt de formation , whi c h  
geologi s t s  term "pr e s s ure s o l ution and pre c i p i tation 2 " ( E l l i o t t , 1 9 7 3 ;  
R u t te r , 1 9 7 6 ; Durne y ,  1 9 7 6 ) . 

The ma c ro s c o p i c  f l ow l aws o f  d i f fus ion creep do d epend o n  d i f fu
sion path s , and whe ther d i f fus i on creep predominate s over d i s location c r eep 
cons equen t l y  can depend on the ava i labi l i ty of paths of fa s t  d i f fus ion . 
Gr ain-boundary d i f fu s ion i s  gene r a l l y  f a s ter than vo l ume d i f fus ion ( B a r r e r ,  
1 9 5 1 ) , but mo s t  rocks are too c o ar s e - gra ined ( i . e . ,  they have too l ow a 
dens ity o f  gr a i n  boundar i e s  per uni t  vo l ume ) for gra in-boundary d i f fus ion 
to domina te over vo l ume d i f fus ion 3 . Po s s ib l e  exceptions are mylon i t i c  
( i . e . , very f i ne gra ined ) p e r i do t i te s . D i f fus ion creep , ac companied b y  
grain-boundary s l iding ( se e  s ec t ion on Gra in-Boundary S l id i ng ) , might have 
produced the d i s tinc t ive fea tur e s  of " SP "  ( s uperpl a stic ) mylonite s 
d e s c r ibed by B o u l l i e r and Gu e g u e n  ( 1 9 7 5 )  and Gu e g u e n  a n d  B o u l l i e r  ( 1 9 7 5 )  
and d i scus sed fur ther by Tw i s s  ( 1 9 7 6 )  . 

2 S tr i c tl y  speak ing , d i ffus ion creep i s  a s o l i d  s tate proc e s s ; creep by 
f l uid -pha se tr ansport of mate rial along grain boundar i e s  o r  " magma t i c  
pr e s s ure - s o l ution " i s  d i s c us s ed i n  t h e  sec t ion on Pyrometamorph i sm .  

3 I n  d i f f us ion-creep f l ow l aws , the Newtonian v i s c o s i ty for 'gra in bo undary 
d i ffus ion increa s e s  as the c ube of the grain s i z e ; for volume d i ffus ion , 
a s  th e s quare o f  the gra i n  s i z e  ( Gi t t u s , 1 9 7 5 , p .  2 2 - 2 3 ) 
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D i f fus ion c reep domi nate s over d i s location creep and d i s l ocation 
gl ide f l ow at l ow s tr e s s e s ,  even at  low temperature s ( S to c k e r  a n d  A s hb y , 
1 9 7 3 ;  A s h b y  a n d  Ve r ra l l ,  1 9 7 7 ) . At l ow t emperature s ,  though , s train rate s 
for a g iven s tre s s  a r e  extreme l y  l ow :  a rock deformed by d i f f u s ion creep 
( in the ab sence of f l uids ) a t  l ow temperature s i s  unl i k e l y  to be  not i c eab l y  
stra ined . F urthermo re , s in c e  f l ow o f  the rock b y  d i f fu s ion c r eep i s  s low , 
it  c annot rel i eve d i f ferential s tr e s s  quick l y ;  a t  l ow temper a ture s ,  
s tre s s e s  c a n  build up rap idl y to l eve l s  that a l low d i s l o c a t ion creep and 
d i s l oc a tion g l ide to domi nate . Texture s· diagno s t i c  o f  de forma tion by low 
temp era tur e , s o l id- s ta te d i f fus ion c r eep are l i ke l y  to be too subtle to 
reco g n i z e  and probab l y  are  c ommonly overpr inted by the more obvious 
textur e s  o f d i s l o c a t ion g l ide and d i s loca tion creep . 

G r a in - B o und ary S l i d i n g  and S up e r p l a s t i c i ty 

Gra i n-bo undary s l iding invo l v e s  d i f f er en t i a l  movement o f  gr a in s  
tha t  s l ide pa s t  e ac h  o ther al ong their bounda r i e s . A t  h igh pre s s ures , 
poro s i ty i s  forced to r ema in cons tan t and ne ar zero , and internal de forma
tion o f  gra ins  mus t  accompany s l iding i n  order to r emove or r educe pro
tuberanc e s  on gra i n  b oundar ie s that inhib i t  s l id ing ( Ki r b y  a n d  R a l e i g h ,  
1 9 7 3 ) .  The r ate o f  de formation o f  a polycrys ta l l i ne aggregate during 
gr a in-boundary sl i d i ng is l imi te d  by the rate of e l imi na t i o n  of the s l id e 
inhibiting protuberanc e s  by d i s location - g l ide flow , d i s lo c ation cree p ,  
gra in-bo und a ry mi gra tion , o r  d i f fu s i on creep . 

M etal l ur gi s t s  d e s c r ibe mater i a l s that can d e form in a d uc t i l e  
manne r t o  l arge s tr a i n s  in te n s ion wi thout frac turing a s  b e i n g  
s u p e rp l a s t i c 4 ( Gi t tu s , 1 9 7 5 ) . T h e  te rm " superpl a s tic " i s  approp r i a te t o  
mate r i al s de formed in c o mp r e s s i o n  ( a s  in  nature a n d  i n  mo s t  rock de forma 
tion exper ime nt s )  only i f the same or ana l o gous deformat ion mechani sms 
opera te . Gra i n-boundary s l i d ing is ge nera l l y  re garded as an impo rtant 
me chani sm dur i ng superpl a s tic  flow o f me t a l s  ( Edi ng to n e t  a l . , 1 9 7 6 ) . The 
e s s ential  feature of theo r i e s  of super pl a s ti c i ty d eve loped by B a l l  a n d  
Hu t c h i n s o n  ( 1 9 6 9 )  and A s hb y a n d  Ve rra l l  ( 1 9 7 3 ) is  the swi tch ing o f  ne i gh
bo r s  that gra in-boundary s l iding a l l ows ( F i g . 3 ) . Cr o s s l an d  a n d  Wo o d  
( 1 9 7 5 )  conc l ud ed that grains  m u s t  swi tch ne ighbor s ,  a s  we l l  a s  undergo 
gra in boundary s l iding and internal d e f ormation , to expl a i n  why gra i n 
bo undary d enud ed zone s ( Sq u i r e s e t  a l . ,  1 9 6 3 ) i n  Mg- . 6 2 wt% M n  a l l oy that 
was exte nd ed to l arge s tra i n s  are narrowe r than e xpec ted from extrapo l a 
tions o f  moderate - s train mod e l s  o f  S te v e n s  ( 1 9 7 1 )  a nd Ga t e s ( 1 9 7 5 ) . Tw i s s  
( 1 9 7 6 )  empha s i zed th at the d i f fus ion -accommodated swi tching o f  ne i ghbo r s  

can achieve nearl y an  order o f  magni tud e  more s train per uni t  o f  spec i e s  
d i f fused through uni t d i s tanc e  than c a n  Nabarro-He r r ing c r e e p . 

By i t s  very nature , gra i n-boundary s l iding p e r s e  produc e s  no 
diagno s t i c  te xtur e s  ( Sc hm i d  e t  a l . , 1 9 7 7 ) , a nd c on s equent l y  the s tudy o f  
superpl a s t i c i ty i n  geo l o gic ma te ri a l s i s  i n  i ts infanc y . B o u l l i e r  a nd 
Gu e g u en ( 1 9 7 5 )  propo s ed c r i te r ia for recogn i z ing superpla s ti c i ty i n  
spec ime n s  o f  natur a l l y  de forme d  peridoti te , a no r tho s i te , a n d  amphibol i te , 
and Sc hm i d  e t  a l . ( 1 9 7 7 )  found many o f  the s e  c r i te r i a  appl icable to l ime 
stone d e formed exper i me nta l l y  in th e s uperpl a s t i c  regime . Texture s 

4 Here I am d i s c us s ing onl y  s o - c a l l e d  mater i a l  s up erpl a s t i c i ty . Samm i s  
a nd D e i n  ( 1 9 7 4 ) have s ugge s ted that t r a n s fo rm a t i o n a l s uper -pl a s ti c i ty 
may domi nate flow te xture s i n  per idoti te s during the o l ivine - s p i ne l  
i nver s ion . 
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(C) Intermediate state 

characteri s t i c , al though perhaps not 
d i agno s tic , of superpl a s t i c i ty are 
1 )  equant gra in s , 2 )  very f ine gra in 
s i ze ( on the order of ten �m) , and 
3 )  mod erate d i s l o c a t ion dens i ti e s . 
B o u l l i e r  a nd Gu e gu e n  ( 1 9 7 5 )  s ugge s ted 
further that s uperpl a s t i c  de forma 
tion o f  s i l i c a te s  d e s troys the ir 
pref erred o r i entations and pre vents 
forma tion o f  d i s l ocat ion c e l l s . 
( Di s l o c a t ion c el l s  are d e s c r ibed in 
the next sec tion . )  On the other 
hand , S c h m i d  e t  a l . ( 1 9 7 7 )  me a s ured 
modera te preferred o r i entat ions and 
ob served deve l opment of d i s l ocation 
ce l l s  and s ubgra i n s  i n  their 
s pec imen s of l ime s tone d e formed 
exper ime n ta l l y , and they there fore 
warned that some o f  the textur e s  
ob served by B o u l l i e r  a n d  Gu e g u e n  may 
not be gene ral l y  characte r i s t i c  
o f superp l a s tic i ty . 

Grain-boundary s l iding at 
h i gh temperature s and pre s s ure s is 

(O) Post -iotermodiote Sfote (E) Fiooi Sfoto be s t  Vi ewed aS a me chani sm tha t  
accommodate s other f l ow me chani sms : 

F i g . 3 .  Swi tch ing o f  ne i ghbo r s  i n  i f  poro s i ty rema in s  c on s tant , then 
ide a l i zed po lycry s t a l  dur in g super - grai n-bo undary s l iding ne c e s s a r i l y  
p l a s tic flow b y  gra i n-boundary acc ompan i e s  bo th di f fus ion creep 
s l iding . Grains l and 3 move ( L i fs c h i t z , 1 9 6 3 )  and d i sl ocat ion 
towards each o ther dur ing the creep S ; otherwi se , vo ids wi l l  form at 
de format ion and ultima te l y  bec ome s i te s  o f  ac c umulat ion o f  vac anc i e s . 
ne ighbor s .  Inte rnal d e formation o f  
crysta l s  accompani e s  s l i d ing . 
(Mod i f i ed a fter A s hb y  a n d  Ve r r a l l , 1 9 7 3 . )  

D i s l o c a t i on - G l i d e  F l ow 

Hechani sms o f  flow by the movement o f  d i s locat ion s through 
cry stal s i s  the s ub j e c t  of exten s i ve d e s c r i ption and d i s c u s s ion i n  the 
ma te r ia l s  s c i ence l i terature . For detailed reviews and r e ferenc e s , see  
te xts by Co t tr e l l  ( 1 9 5 3 ) ,  Re a d  ( 1 9 5 3 ) ,  McL e an ( 1 9 6 2 ) , We e r tm a n  a n d  
We e r tm a n  ( 1 9 6 4 ) , B y r n e  ( 1 9 6 5 ) , Ke l l y a nd Gro v e s  ( 1 9 7 0 ) , a n d  G i t t u s  ( 1 9 7 5 )  
Geo l o g i s t s  s ho uld wel c ome the recently pub l i shed te xt b y  Ni c o l as a n d  
Po i r i e r ( 1 9 7 6 ) , wh i c h  revi ews d e forma t ion me chani sms in perido t i te s . 

D i s loca tion s  are c urvi l i near defec t s  i n  crystal  lattice s 
in a l l  natural cry s ta l s . Ther e are three typ e s  o f  d i s lo c a t ion s : 
screw ,  and mixed . The edge d i s l ocation can be be s t  vi ewed a s  the 
an extra hal f-pl ane o f atoms inserted into the l at t i c e  ( F i g . 4 ) . 

5 Gra in-boundar y s l iding need no t accompan y  di s l o c a t i o n creep , in  
unl ike l y  eve n t  that the Von Hises  c ond i t ion is  ful f i l led dur ing 
temoer ature c reep o f  per idot i te ( se e  nex t  s ec tion ) 
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F i g .  4 .  S crew d i s l oc a t ion ( lower l e f t )  
and edge d i s loc a t ion ( upper ri ght ) . C l imb 
o f  e dge component o ccurs by di f fus ion o f  
va canc i e s  t o  o r  away from the edge o f the 
extra ha l f -p l ane ( s hor ten i ng or lengthen 
i ng the h a l f- - l ane , re spective l y )  . 

d i s l o c a tion marks  a l i ne o f  
she aring o f  one pl ane o f  
atoms over ano ther ( F i g s . 4 ,  
5 ,  and 7 ) . Mixed d i s lo c a 
t i o n s  a r e  c ombinat ion s o f  
edge and s c r ew d i s location s . 

Edge di s l oc ations 
are s trongly a s s o c i a ted with 
a s l ip pl ane , the pl ane tha t  
con ta i n s  t h e  di s loc at ion 
l i ne ( the e dge of the extra 
hal f - p l ane ) and the Burge r s  
vec tor o f  the d i s loc ation 
( Fi g . 4 ) . The d i s loc ation 

moves mo s t  e a s i l y  by gl ide , 
i n  the ab sence o f  obs ta c le s . 
G l i de enta i l s  the mo tion o f  
the di s l o c ation a l ong the 
s l ip p l ane . The ne t e f fe c t  
o f  the gl ide o f  o n e  di s 
l o c a tion thro ugh a region 
is  to s h i f t  or s l ip the 
upper hal f of the cry s ta l  
over the l owe r ha l f  by a 
d i s tan ce o f  o ne B ur ge r s  
ve c to r . 

Ob s tacl e s  to g l i de inc l ude inte r s ti ti a l  s o l ute s , vacanc i e s , or 
othe r di s l oc a t ions i n  the s ame s l i p  pl ane o r  in i n te r s e cting s l ip plane s . 
N ewly cry s ta l l i z e d  o r  anne aled crys tal s have a low den s i ty ( c a .  1 0 6 jcm2 ) 
o f  free di s l o c a tions 6 In  s uch cry stal s ,  edge di s l oc at ions c an gl ide 
fre ely a long the i r  s l i p  plane s  with l i tt l e  chance of encounte r i n g  barr i e r s  
t o  gl ide , e speci al ly o ther dis loca tion s . Sma l l  s he ar s tre s s e s  can move 
the d i s l o c a t ions e a s i ly , a nd so the cry stal i s  r e l a t i ve ly weak . As 
p ro gre s s i ve de forma t ion cre a te s  and acti vate s more and more di s lo ca t ion 
so urce s ,  the den s i ty of free di s lo ca t ions i ncre as e s  drama t i c al l y  ( to val ue s 
o f  1 0 8 to l o l 0 jcm2 in  experimental ly de forme d  o l i vine inve s ti ga te d  by 
Ph a k e y  e t a l . , 1 9 7 2 )  . ·  D i s l o c a tions o n  i n ter se cting s l ip p l an e s  commonly 
be come en snarled and form chao t i c  tangl e s ,  s ome wi th d i s l o c a tion dens i ti e s 
gre a ter than l o l l;cm2 ( Gre e n  a nd R a d c l i ffe , 1 9 7 2 ) , thro ugh whi ch d i s loca
tion g l ide is  impo s s ib l e . The  r e su l t in g  ne two rk of  di s l oc ation tangle s ,  
which surro und are a s  o r  " ce l l s " o f  ma teri al that have moderate di s lo c a ti on 
den s i ti e s , give s  r i s e  to " d i s lo cation- c e l l s tructure " . S ince h i gher 
s tre s s e s  are now needed to mo ve the edge and s c rew d i s loca tion s , the 
cry s ta l  be come s s tronge r : i t  work-hardens . 

F l ow by d i s l o c a tion g l i d e  i s  in s te ady- s tate only when con tinue d  
de forma tion cause s n o  fur ther work -harden ing . Whe ther natur a l ly de forme d 
per i do t i te s  e ver attain s te ady - s tate flow by d i s loca tion gl ide i s  a moo t  
po in t f o r  two reasons : ( 1 )  In  na ture , peridotites a r e  l ik e l y  t o  be e i ther 
at temperature s h igh enough to permi t the di s loca tion s ub s truc ture to 
re cove r ( se e  s e c tion on Di s l oc ation Creep ) or , if at  low tempera ture s ,  at 
pre s s ur e s  too low to s uppr e s s  br i ttl e behavi o r  ( fr a c tur i n g )  at h i gh 
s tre s s e s . ( 2 )  For po lycrys tal l i ne aggregate s  to de form homogene ous l y  by 

6 Free di s loca ti ons a re tho se d i s loc ations that are in the i n terior o f  
gra i n s  o r  s ubgr a ins and are di s ti n c t  from d i s l o c ation s i n  gr ain 
boundar i e s  and s ubgr a i n  boundari e s . Free di s locations can be e i the r 
gl i s s i l e  ( mob ile  o r  free to move ) or s e s s i le ( immob i l e  and pinne d by 
barri e r s  to g l i de )  . 
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d i s lo c a t ion g l i d e  f low o nl y ,  f i ve independent s l ip s y s tems are re quired 
( th e  Von Mi s e s  cond i t ion ) . For polycry s ta l s  to d e form inhomogene o us l y  ( the 
gra ins d e form compatibly but not uni forml y )  sole l y  by d i s location - g l ide 
f l ow ,  four i nd e pe nden t s l ip s y s tems may s u f f i c e  ( J . W .  Hu t c h i n s o n , 1 9 7 6 , 
per s . comm . to A s h b y  a n d  Ve r ra l l ,  1 9 7 7 ) . Al though a s  many a s  f i ve s l ip  
s y s tems have b e e n  i denti f i ed by tran smi s s ion e le c tron micro s copy o f exper i 
menta l l y  d e f ormed o l ivine , o n l y  thr e e  are i nd ep endent ( Ph a k e y  e t  a l . , 
1 9 7 2 ) .  I n  add i tion , the c r i ti ca l  r e s o lved she ar s tr e s s 7 that i s  required 
to a c t ivate the d i f fe re nt s l i p  s y s tems of o l ivine is  d i f ferent ( and is  a 
func t i on o f  tempe r a ture and s tra i n  r a te ) . I t  i s  unl ik e l y  that more than 
one or two s l ip s y s tems of ol ivi ne and the pyroxene s are ac t i ve a t  a give n  
temperature and s train rate , and there fore the Von Mi s e s  cond i tion i s  
probab l y  n o t  ful f i l l e d  i n  perido t i te s .  F urthe rmore , no comb ination o f  s l i p  
a l o ng the five s l i p  s ys tems o f  o l ivine permi t s  a pure , homo ge neous 
contr ac t i on a lo ng the [ 0 1 0 ] -ax i s  by d i s l o c a t ion g l i de alone ( Ph a k e y  e t  a l . , 
1 9 7 2 ; Ko h l s t e d t  a n d  G o e t z e , 1 9 7 4 ) . Thus , an o l ivine crys tal compr e s s e d  
paral l e l  to [ 0 1 0 ] can d e form by di s l o c ation gl ide only by i n h o m o g e n e o u s  
s l i p  ( k i nk i n g ) , which canno t produce s teady- s ta te f l ow b y  i t se l f . 

Di s l oc ation-gl i d e  f l ow i s  probab l y  only a tra n s i e n t  phe nomenon 
dur i ng natur a l  deformat ion of perido t i te s . For mo s t  purpo s e s  the s ubmi c r o 
s c o p i c  me chani sm o f  d i s loca tion g l ide ne ed onl y  be c on s idered o n e  o f  the 
depend ent s teps  o f d i s l o ca tion creep . 

D i s l o c a t i on C r e ep : P l a s t i c F l o w 

The d i s l o ca t ion me chani sms that are i nvo lved i n  the type o f  
d i s location creep commo n l y  c a l l e d  p l a s tic f low or  high -temperature 
pl a s t i c i ty i nc l ud e  di s l o c a t ion g l i d e , c ro s s - s l ip of sc rew components o f  
d i s lo c a t ion s , and c l imb o f  edge c ompone n t s . 

S crew d i s loc a t ions tha t  have not d i s s o c i a te d  i nto part i a l  
d i s loc a t ions  a r e  no t s trongl y  a s s oc i ated wi th the ir s l i p  plane s , unl i k e  
edge di s l o c a t ions . When a s c r ew d i s l o c a t ion e ncounte r s  a barr i e r  t o  gl ide , 
i t  c an mo ve to anothe r , para l l e l , unobs truc te d  plane by c r o s s - s l i p and then 
continue to gl ide ( Co t t r e l l ,  1 9 6 4 , p .  2 7 5 - 2 7 9 ;  F i g . 5 ) . Cro s s - s l i p  can 
occur a l o ng any p l ane ( o ther than the o r i g in a l  s l ip pl ane , by d e f i ni t ion ) 
tha t contains the Burge r s  ve ctor . Cro s s - s l i p  wo uld be only s l i gh tl y  mor e  
di f f i c ul t tha n  g l ide , i f  c on s traints  a t  the ends o f  a s c r ew d i s loca tion 
l ine could be i gnor e d . Where the d i s l o c a t ion chan ge s charac ter from s c rew 
to mixed to edge , howeve r , the di sloca t ion c anno t move out o f  i t s  s l i p  
plane by c r o s s - s l i p . Hence , c ro s s - s l ip o f  sc rew d i s l o c a t ion s i s  r e tarded 
by drag f rom e dge c ompone n t s  of the di s l o c a t ion at the e nds  of the sc rew 
s e gme n t . F urthermore , i f  a sc rew d i s loca tion d i s s o c i a te s  in to part i a l  
d i s location s , i t  be come s s trong l y  a s so c i a ted wi th the pl ane that con ta i n s  
the p ar t ia l s  ( se e  Co t tr e l l ,  1 9 6 4 , p .  2 7 5 - 2 7 6 )  and w i l l  not b e  a b l e  to 
cro s s - s l ip freely . 

An edge d i s l oc ation that i s  p i nned at a barri e r  can " r ecove r "  i t s  
freedom t o  gl ide b y  " c l imbi ng " f rom the ob s tr ucted s l ip plane t o  a s l i p  
p l a ne wi th n o  bar r i e r s .  An e d ge d i s location c l i m b s  b y  the d i ffu s i o n  o f 
vac a nc i e s  to or away from i ts e xtra hal f -p l ane . S imi l ar l y , sc rew 

7 The cri t i c a l  re solve d  shear s tr e s s i s  the min imum shear s tre s s  tha t i s  
r equired t o  ac t iva te s l i p  on a s l i p s y s tem optima l l y  o r i ented wi th 
r e s p e c t  to stre s s  ( see  Ni c o l a s  a n d  Po i r i e r , 1 9 7 5 , p .  4 0 - 4 2 ) .  
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- F i g . 5 .  Cro s s - s l ip o f  
screw d i s locat ion . Front 
of top half ( corner A1 ) o f  
former ver t i c a l  c ry s ta l  
p l a n e  Al - A2 - A3 - A4 
ha s been s heared to l e f t , 
wi th r e s p e c t  to front o f  
bo ttom hal f ( corner A4 ) 
o f  former plane Al - A2 -
A3 - A4 . Cro s s - s l i p  can 
occur on any pl ane i n  the 
z one for wh ich the Bur ge r s  
vec tor i s  the z one axi s , 
exc ept on the o r i ginal 
s l ip p lane . 

d i s location s that c onta i n  o f f se t s  or  " j ogs " 
( typic a l l y  produced by two d i s l ocation s 
pa s s ing through e ach o ther on inte r s ec t ing 
s l i p  p l ane s ; see Co t t r e l l ,  1 9 5 3 ,  p .  1 7 3 ,  or 
We e r tm a n  and We e r tm a n , 1 9 6 4 , p .  1 3 1 - 1 3 9 ) c an 
move the ir j og s  onl y by d i f fus ion . Mechanical 
d a t a  from d e forma tion e xperime n t s  on ol ivine 
undergoing s te ady- s tate d i s location creep are 
f i t  be s t  by a powe r - l aw equa t ion of the form : 

E A0 n e xp ( -QC/RT )  

whe r e  s i s  the s train rate , d i s  the d i f feren
tial  s tr e s s ,  Oc i s  the a c t i va t ion energy for 
cr eep , T i s  the ab sol ute temperate , R is the 
gas cons tant , A i s  a cons tant r e l a ted to the 
struc ture of the minera l , and n is a con s tant 
i n  the range o f  2 to 5 ( Ca r t e r  and A v e 
L a l l e m a n t , 1 9 7 0 ;  P o s t ,  1 9 7 3 ,  1 9 7 7 ; s e e  r ev i ew 
by Car t e r ,  1 9 7 6 ) . The form o f  th i s  equa t ion 
is con s i s tent wi th tha t . pred i c te d  from theory 
( We e r tman , 1 9 6 8 ;  A s h b y ,  1 9 7 2 ) .  The Arrhenius 
term , c haracter i s tic  of therma l l y  act ivated 
proce s s e s , s ugge s t s  tha t d i f fu s ion-contro l l ed 
c l imb i s  the r a te - l imi t i ng s tep dur ing s teady
s tate d i s location creep ( We e r tman , 1 9 6 8 ) . 

D i s l o cation c l imb so f te n s  a crystal , 
s i n c e  the d i s l o c a t io n s  are onc e  again free to 
gl ide : the crys ta l  h a s  undergone r e c o v e r y  o f  
the mechanical  behavior that i t  had i n  the 
o r i ginal or anne a led s tate . When ge neration 

and annih i l a t io n ,  and p inni ng and c l imb o f  d i s locations  al l proceed at  a 
rate that ma i nta ins  a c o n s tant d e n s i ty o f  mob i l e  d i s l oc a t i on s , the n 
recovery by cro s s - s l ip a nd c limb occurs a s  qui ckly a s  work -hardening by 
d i slocat ion e ntangl eme nt ,  and the crystal undergoe s s te ady - s ta te d i s l o c a 
tion c r eep b y  p l a s t i c  f l ow ( Mi t r a  and McL e a n , 1 9 6 6 ,  1 9 6 7 ) .  

D i s l o c a t ion c l imb man i f e s t s  i ts e l f in opt i c a l l y  obs ervabl e  
texture s by c a us ing z one s o f  broad undulatory extinct ion t o  change into 
stra in -free a r ea s  that are separated b y  sharp k ink band bo undar i e s 8 , 9 . 
Di s l o c a t io n s  are mo r e  s tab le i n  array s that e xe r t  sma l l  long-range s tre s s e s  
than i n  arrays tha t  exert l ar ge l o ng-range s tr e s s e s .  The p i l e -up o f  many 
d i s l o c at io n s  behind a b arr i er on the s ame s l i p  pl ane gene rate s a l arge 
long-r ang e  s tre s s  ( F ig . 6A) . Undul a tory extinc t ion r e f l e c t s  re l a t i ve ly 
homo ge ne ous bend ing o f  the c ry stal l attic e , wh ich i s  c aused by the r e l a 
tive l y  uni fo rm d i stribution o f  d i s lo c a t ions that are p i l ed - up behind 

8 Kink band s  are c a l l e d  d e f ormation band s by some autho r s . Kink ba nd s 
should no t be c on f u s ed wi th de forma t ion l ame l l ae , which are photoe l a s ti c  
e f f e c t s  be s t  s ee n  in pha s e  contr a s t  i l l um.ination that are produced by the 
p i l e -up of d i s l oc a t ions in a plane paral l e l  or s ub -par a l l e l  to the s l i p  
plane ( Car te r e t  a l . , 1 9 6 4 ; C h r i s t i e  a n d  A r d e l l , 1 9 7 4 ) . 

9 Sharp k i nk s  are no t o f  them s e l ve s d iagno s ti c  o f  di s loc ation c l imb ; 
i nhomo gene ous s l ip along paral l e l  s l ip pl a ne s can a l so produc e sharp 
k i nk s , as in de forma tion of mi c a  with the axi s of compr e s s ion paral l e l  
t o  t h e  s l i p  plane ( e . g . , T .  Tu l l i s ,  1 9 7 1 ) . 
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F ig . 6 .  Recovery by c l imb o f  edge 
di s l o c a t ion s . ( A )  S chemat i c  
repre se ntation o f  s l i p  plane s  ( s ub
hor i zontal l i ne s )  that a re gently 

\_Diffuse KBB ( zone o f  wavy ext inction) 

c urved wher e  seve ral d i s l o c a t ions  are 
p i l ed up ( shaded re g i on s ) ;  such r e g ion s 
would appear op t i c al l y  a s  zone s o f  
undul a tory extinc tion . ( B )  D i s locations 
h ave formed s tabl e  arrays ( t i l t  
bounda r i e s ) ; c urvature o f  crystal i s  
concen trated a t  t i l t  bo undar i e s , wh ich 
thus wi l l  appear as s harp k ink-band 
boundar ie s ( KBB ) . ( Mod i f i ed a f te r  
Co t t r e l l ,  1 9 5 3 ) . 

(B)  

\_Sharp K 8 8  or tilt boundary 
( dislocation wall)  

barr iers throughout the c r y s ta l . The l on g-range s tre s s  can be reduc ed 
through red i str ibut ion o f  the d i s l o c a t i on s  i n to o ther , more s tab l e  
conf igur a t ions by c l imb to o ther s l ip  plane s ( F ig . 6 B ) . ( For  a ful l  
di s c u s s ion o f  th i s  and the next paragraph , s e e  We e r tman a n d  We e r tm a n , 
1 9 6 4 . )  

Array s that exert the sma l l e s t  long-range s tre s se s  are t i l t  bound
aries ( al so cal led d i s location wal l s )  , wh ich are s table arrays of edge d i s 
locations ( F ig . 6 b ) , and twi s t  boundar i e s , wh i ch are s tab le arrays o f  s crew 
d i s l ocations ( F ig . 7 ) . S traight d i s location wal l s  are energe t i c a l ly 

F i g . 7 .  Twi s t  b ounda r i e s i n  a s imp l e  c ub i c  
l at t i c e . Boundar i e s  are forme d  by s tab le 
arrays  of  screw d i s location s  w i th two d i f fe r ent 
Burge r s  vec to r s  ( one i s  hor i zonta l , the othe r 
i s  vertic a l  i n  thi s  example ) . Dot s  conne c ted 
by s o l i d  l i ne s l i e  i n  a pl ane above the pl ane 
o f the f i gure ; open c i r c l e s connec ted by da shed 
l ine s l i e i n  a plane b e l ow the p l a ne o f  the 
f igure . Tw i s t  boundar i e s  are para l l e l  to the 
plane of the f i gure . ( From Di s l o c a t i o n s  i n  
Cr y s t a l s  b y  �'V . T .  Read , Jr . Copyr i ght 1 9 5 3 by 
McGr aw-Hi l l  Book Company . U s ed with permi s s ion 
o,f McGraw- H i l l  Book Comp any . )  

favored ove r  c urved wa l l s  ( Co t tr e l l ,  1 9 5 3 ,  p .  4 6 - 4 9 ) . Cl imb a l lows the 
di s l o c a t ions to form s tr a i gh t  wa l l s , in  p l ane s norma l to the s l ip 
direc t ion . The c r y s t a l  s tr uc ture i s  s l i gh t l y  bent a c ro s s  a d i s l oc a tion 
wal l  ( F i g . 6 b ) .  The greater the conc entra tion of edge d i s locations  i n  a 
wa l l ,  the greate r the ang l e  thro ugh which the crys tal i s  ben tl O . I f  the 
angle is l arge enough , the wal l  is evident op t ic a l l y  as a k i nk - band 
boundary . 

1 0  S e e  bot tom o f  next pa ge . 
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T i l t  and twi s t  bounda r i e s c a n  conne c t  to s urround a por t ion o f  a 
grain and form a s u bgra i n  wi t h  a polygonal s hape . The i n terior o f  a sub
grain that forms dur i n g  de format ion may have a d i s l o c a tion dens i ty as l ow 
a s  that expecte d  for unde forme d  c ry s t a l s  ( l Q 6 jcm2 ) ,  i f  re covery keeps pace 
w i th d i s location gene r a t ion . We l l - re c overed gra i n s  contain a mo s a i c  o f  
sma l l , commo n l y  r e c tangular s ub gr a i n s ( produced dur i n g  " po l ygoni z a t i on " ,  
one type o f  r e c ove r y  proce s s )  who se l a t t i c e  o r i e ntation s  d i f fe r  from tho se 
of a d j acent s ub g r a i n s  by l e s s  than 5 °  and commo n l y  l e s s  than 1 °  ( F i g .  9 ;  
a l s o  s e e  pho tomi crographs b y  K i r b y  and Ra l e i g h , 1 9 7 3 ,  F i g .  7 ,  o r  Ca r te r ,  
1 9 7 6 , F i g . 2 4 ) . 

1 0  

F i g . 8 .  P l a s t i c  flow b y  tran s l a t ion g l i din g .  
I nhomo geneous s l i p  c au s e s  s l ip p l a ne s w i thin the 
k i nk b an d  to rotate abo u t  the axi s o f  e x ternal 
ro tation ( E . R . axi s )  thro ugh an a ng l e  eE . R . to 
o r i e n ta t ions that are a t  progre s s i ve ly h igher 
angles to maximum p r i n c i p a l  compre s s ive s tre s s  o 1 
than o r i g in a l  ( non-rotated) or i e n t a t ion o f  s l i p  
p l ane s .  A s  drawn , r e gi o n  o f  cry s t a l  w i t h i n  k i nk 
band wi l l  appear s tr a i n - f ree i n  t h i n  s e c tion . 
( Mod i f i ed a fte r Ca r te r  a n d  Ra l e i g h , 1 9 6 9 . )  

F i g . 9 .  Pho tom i c rograph o f  
s ub gra i n s  i n  a n  o l i vine grain 
from spec imen GB- 5 1 7  deformed 
experimenta l l y  by P o s t ( 1 9 7 3 ) . 
Long d i rectio n  = 1 . 1 5 mm . 
Cro s se d  n i c o l s . S ub gra i n s  are 
vi s ib l e  a s  s ma l l , r e c tangular 
patche s . Var i ou s  s ha de s  o f  
gray i nd i c a te tha t  s ome s ub 
grain s a r e  c l o se r  to extinction 
than o thers . F i n e - grained 
" ve i ns " contain o l i vine neo
b l a s t s  that deve loped dur i n g  
i ntracry s ta l l i ne r e c ry s t a l l i z a 
t i o n . 

Th i s  angle i s  known as the angl e o f  external rotatio n . Two coordinate 
s y s tems ( c rys tal l a t t i ce s )  o f  d i f fe r i ng or ientations c an b e  bro ugh t 
i n to the s ame ori e ntation by rotation about a s in gle axi s ( th e  axi s o f  
external rotation ) . The angle o f  rotation about th i s  axi s i s  the an g l e  
o f  external r o t a t i o n  ( s e e  F i g .  8 ) . 
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I n  genera l �  i nc r e a s ing the tota l s tra in by p l a s t i c  f l ow i nc r e a s e s  
the numbe r o f  d i s l o c a t ions that a r e  gene ra te d  a n d  th at ul t imate l y  c l imb 
and glide into s ubgr a in boundar i e s . Conseque n t l y , the an gle thro ugh whi c h  
undula tory e x tinc t ion swe e p s  or wh ich r e l a te s c ry s ta l  l at t i c e s  on the 
oppo s i te s i de s  o f  a k i nk -band bound ar y  i nc r e a s e s  w i th i nc r e a s i ng p l a s t i c  
s tr a in ( Tab l e  1 ) , i n  the ab sence o f  other comp l i cation s d i s cu s sed be low . 
Simi l ar l y ,  the average a s p e c t  r a t io l l  observed i n  thi n  s e c t ion typ i c a l l y  
incre a s e s w i t h  i ncre as ing s tr a i n , a s  t h e  moveme n t  o f  d i s l o c a t io n s  i n  the 
s tre s s  f i e l d  c a u s e s a ne t f low o f  ma te r i a l  away from c r y s ta l  fac e s  under 
compre s s ion and toward fac e s  under exte n s ion ( Table  2 ) . Howeve r , any 
proc e s s  tha t o b s c ure s o r  d e s troys the inte gri ty of o r i g in a l l y  unde forme d 
or annea l ed gra i n s  w i l l i nva l i da te conc l us ion s drawn from bl i nd a ppl i c a 
tions o f  Tabl e s  1 and 2 about the s train reco rded b y  tho s e  grain s . 
Re c ry s t al l i z a t ion i s  the mo s t  commo n  s uc h  proc e s s . 

TAB L E  1 .  Typ i c a l  an g l e s  o f  ex t e r n a l  r o t a t i o n 

Amo un t o f  S t r a in 

M i l d  Mo d e r a t e S t r o n g  

O L  0 - 5 ° 5 - 1 0 °  1 0 - 3 0 °  

O P X  0 - 2 °  2 - 5 ° 5 - 2 0 °  

C P X  0 - 2 °  2 - 5 °  5 - 1 0 °  

TAB LE 2 .  Typ i c a l  a s p e c t  r a t i o s  

Amo un t  o f  S t r a i n 

M i l d  Mo d e r a t e  S t r o n g  

O L  2 : 1  5 : 1  5 0 : 1  

O PX 1 .  5 : 1  3 : 1  1 0 : 1  

C P X 1 .  5 : 1  2 : 1  5 : 1  

1 1  Aspect r a t i o s  ( l ength - to -wid th r a t i o s ) for grain shapes are usual l y  
me a s ured i n  thin s e c tions cut norma l t o  f o l i at ion and para l l e l  to 
l i ne at ion . 
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Re cry s ta l l i zation typ i ca l l y  occurs along k ink -band bound ar i e s  and 
grain bound ar i e s  o f  p l a s t i c al l y d e formed or i g inal gra ins  ( porphyroc la s ts 
o f  Me r c i e r  an d  Ni c o l as , 1 9 7 5 , a nd Har t e , 1 9 7 7 ) , s ince tho se boundar i e s  are 
s i te s  of h i gh s train ene r gy ( se e  next s e c t ion ) . Tra in s  o f  re c r y s tal l i z ed 
gra ins ( neobl a s ts ) commonly comp l e te l y  tra n s e c t  porphyro c l a s t s  along 
forme r k i nk band boundar i e s . They d ivide the o r i ginal grain i n to s everal 
par t s  tha t are r e l a t ive l y  free o f  opti c a l  s train and who s e  individua l  
a s pect ratios  may bear l i ttle  re l a t ionship t o  the a s p e c t  ratio o f  the 
de formed ori g inal gra in ( Ni c o l as , 1 9 7 6 ) . F a i l ure to recogn i z e  the sub
d ivi ded part s o f  a par tial l y  recry s ta l l i z ed porphyro c l a s t  as c omponen t s  
o f  the ori g ina l porphyro c l a s t  c a n  l e ad t o  a to ta l l y  i nac curate e s tima te o f  
no t only the ma gni t ud e  but the orientati on o f  the f i n i te s tr a in . 

Duri ng p l a s t i c  f l ow ,  s l i p  plane s ro tate towards becoming perpend i 
cular to the axi s o f  compr e s s ion , and s l i p  di rec tions towards paral l e l i sm 
wi th the axi s o f  e xte n s ion ( F i g . 8 ) . The sys tema t i c  rotat ion o f  s l ip 
plane s  and s l ip dir e c t ions produc e s  a c ry s ta ll o graph i c  pre fe rred o r i e nta 
t ion tha t  i dea l l y  should increase wi th s tr a in . Theoreti c al mod e l s  pred i c t  
that p l a s t i c  f l ow o f  i n i t i a l l y  randomly o r i ented grain s i n  a s ingle -pha se 
polycry stal can produce s trong pre fe rred ori enta tions a t  sma l l  tota l 
s tr a i n s  ( see  d i s cus s ion by J .  Tu l l i s , 1 9 7 1 , p .  2 5 0 - 3 0 0 , o f  mod e l s by 
Ca l n a n  a n d  C l e w s , 1 9 5 0 ;  S c hmi d a n d  B o a s , 1 9 5 0 ; and B i s h o p , 1 9 5 4 ) . However , 
rock de format ion e xper ime n t s  on quar t z i te ( J .  Tu l l i s , 1 9 7 1 )  and duni te 
( A v e  L a l l e ma n t ,  1 9 7 5 )  s how tha t p l a s tic f l ow produc e s  s trong crysta l l o 
graph ic pre ferred o r i enta t ion s o n l y  a t  l arge s tra i n s . 

Mo vemen t o f  Ar r ay s  o f  D i s l o c a t i o n s : Re c r y s t a l l i z a t i on 

The proc e s s e s  d i scus sed in  th i s  s e c t ion all invo l ve ad j us tme nts 
or moveme nts of gr a i n  or s ubgrain bounda r i e s .  The se boundar i e s  can be 
modeled a s  arrays o f  d i s loc a tion s  ( G l e i t e r  and Ch a l m e r s , 1 9 7 2 ) . The 
behavio r o f  an array o f  d i s l oc a t ion s i s  s u f f i c iently d i f ferent from that 
o f  an i nd i vidual d i s l oc at ion to warrant separate d i scus s ion . 

The d i s t inc tion be twee n  recovery o f  pl a s t i c a l l y  d e forme d  gr ains  
and recry s ta l l i z a t ion is  somewhat ar t i f i c ia l , both i n  theory and pra c t i c e . 
Bo th proc e s s e s  reduc e  e la s t i c  s tr a in e ne r gy i n  sma l l  doma i n s , wh ich are 
cal led subgr a i n s  i f  p roduc ed by re covery , and neob l a s ts if produc ed by 
recry s ta l l i z a tion . B y r ne ( 1 9 6 5 , p .  3 3 ) d e f ine s recovery as con s t i tuting 
" a l l  tho se anne al ing phenomena which o c c ur be fore the appearance of new 
strain- free recrysta l l i z ed gr a in s , regard l e s s  of how r e f ined the technique 
used to de tect the new grains " ,  and recry s ta l l i z a tion as " the nuc l eat ion 
and growth of the s e  new s train- free gra in s  and the gradual con s ump tion o f  
the cold -worke d matri x  b y  the moveme nt o f  l a r ge -angle gra in boundarie s " . 
Howeve r ,  s tr a in- free grains can or iginate by growth o f  s train - free mate r i a l  
a t  s i te s  o ther than n e w  nucl e i . B e c k  a n d  Sp e r r y  ( 1 9 5 0 ) ob serve d a type o f  
recry stal l i z a t ion , te rmed gra i n -boundar y  mi gra tion ( or " b u l ge nuc l e a t i on " ) , 
tha t i nvo lve d no. nuc l eation o f  s train- free gra in s ( se e  below ) . S ubgr a ins 
of  wha tever o r i gin can enl arge to produc e recry s ta l l i z a t ion te xture s ,  
whe the r the s ubgr a in s  be i l l -d e fined ce l l s  bounded by d i s loc at ion tangl e s , 
we l l -d e f i ne d  polygon s ( formed dur ing " p o l ygon i z a t ion " )  bounded by regular 
arr ays  of d i s locations ( ti l t  and twi s t bo undar i e s ) , o r  embryo r e c r y s tal 
l i zed nuc l e i  ( B y r n e ,  1 9 6 5 ) . 

The d i s t inc t ion be twe e n  s ubgr a in s  and neob l a s t s  i n  prac t i c e  i s  
based e i ther on  the i r s i ze o r  o n  whe ther the l a t t i c e  ori entat ion o f  the 
re l a t ive ly s train- free doma i n  d i f fers from tha t of the host  porphyroc l a s t  
by l e s s  than or more than , r e s p e c t ive ly , an arbi trar i l y  cho sen angle , 
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u s ua l l y  S 0  o r  1 0 ° .  A s ub gra i n  i s  bounded b y  d i s location wal l s  and/or 
twi s t  bound a r i e s . I f  continued de formation c aus e s  a c c umul a t ion o f  more 
and mor e d i s l o c a t i o n s  i n  the s ubgrain boundar i e s , the s ub gra in l a tt i c e  wi l l  
become pro gre s s i ve l y  mor e  rotated w i t h  r e s p e c t  to the ho s t  l at t i c e . 
Po i r i e r  and Ni c o l as ( l 9 7 S ) have pro po sed tha t o n e  pos s i b l e  mec ha n i s m  for 
generating o l ivine neob l a s t s  in per i do t i te tec ton i t e s  is the pro gr e s s ive 
rotat ion of s ubgra i n s  dur i ng d eformatio n , to ang l e s greater than the 
arbi trary s o or 1 0 ° . 

�vhere recry s ta l l i z a t ion i nvol ve s  nuc l eation , an i n c ub a t ion per iod 
cha r ac ter i z e s  the recry s ta l l i z a tion k ine t i c s  as it doe s for mo s t  proc e s s e s  
than i nvo lve nuc l e a t ion ( Co t tr e l l ,  l 9 S 3 ,  p .  1 9 3 ;  B y r n e , l 9 6 S ,  p .  6 0 ) . 
Embr yo n uc l e i  have a c r i t i c a l  mi nimum s i z e  to be s tab l e , wh ich r e f l ec t s  
the trade -o f f  be twee n  decr ea s e  i n  free e nergy o f  s tr a i n - f r ee nuc l e u s  
re l a tive t o  t h e  s tra ined matr i x ,  a n d  t h e  i nc r e a s e  i n  s ur fac e e n e r gy from 
c r e a t i ng the i n te r fa c e  be twe e n  the s tr a in - f ree nuc l e us and the s tr a i ned 
ma tr ix . Thus nucl e a ti o n  o c c ur s  pr e ferenti a l l y  wh ere reduc t i on of l at t i c e 
s tr a i n  energy wi l l  b e  gre a te s t , name l y  i n  th e mo s t  s ever e l y  s trained 
reg ion s of  a grain , as  ha s been obs e rved in me tal s ( B y rn e , l 9 6 S )  a nd in 
o l i vi ne ( L a l l e y  e t  a l . , 1 9 7 6 ) . 

S ubgra in coal e s c enc e c an be v i ewed a s  a mechan ism for e i ther 
nuc l e a t ion ( B y r n e , l 9 6 S , p .  7 6 - 8 S )  o r  growth ( Hu , 1 9 6 2 ;  L i , 1 9 6 2 )  o f  a 
neobl a s t .  As env i s ioned by Hu ( 1 9 6 2 ) ,  for two s tra i n - free s ubgra i n s  w{th 
s l i gh t l y  d i f ferent l at ti c e  o r i en ta tions to c o a l e s c e , one s ubgra i n  h a s  to 
rotate s l i gh t l y  wi th r e s pe c t  to th e o the r , in order to bring the l a t t i c e  
or i en ta t i o n  o f  the two s ubgra in s i nto c o i nc id ence ( F i g . 1 0 ) . I n  so do i ng , 

(a) (b) 

(c) (d) 

F i g .  1 0 . S ubgrain c o a l e s c ence . 
Two s ubgr a i n s  w it h  s l i gh t l y  d i f fe r 
ent l at t i c e  o r i entations coa l e s c e  
a l ong their commo n  boundary C -H 
by pro gre s s i ve rota t io n o f  the 
l a t t i c e  of s ubgra i n  C-0-E-F-G �H 
i nto c o i nc idence w i th tha t  o f  sub
grain A-B - C -H - I - J . ( A )  I n i t i a l  
s ub gra i n  s tr uc t ure . ( B )  Rotation 
o f  one s ubgra i n . ( C ) Subgra i n  
s tr ucture a fte r c oa l e s c en c e . 
( D )  F i na l  s ubgr a i n  s tr uc ture 
a f te r  l imi te d mi gra t i on of s ub 
boundar i e s . ( Re pr i n te d  from 
J .  C . M . L i , Jour . Appl . Phys . , 
V o 3 3 I P • 2 9 5 8 - 2 9 6 s I 1 9  6 2 o U S ed 
wi th pe rmi s s ion o f  J . C . M .  L i  and 
Ame r i can I ns t i tu te o f  Phy s ic s . )  

the s ub gr a i n  a l s o  ro ta t e s  wi th r e s p e c t  
t o  a l l  o ther ne i ghbo r i ng s ubgr a i n s . 
L i  ( 1 9 6 2 )  s howed that the driving 
force f o r  s uc h  a rotat ion i s  not only 
the e l imi nation o f  the s train and 
s ur f a c e  e ne rgy a s s o c i a te d  w i th the 
inter face b e tween the two mer g i n g  
n e i ghbor s , but a l s o  the improved f i t  
o f the ro tated s ub gr a i n s  wi th n e i gh 
bor i n g  gra in s a n d  s ubgra ins  a l o n g  the 
n ewl y ad j us ted boundar i e s . The f ine r 
the s i z e  o f  the c e l l  s truc ture ( s ub 
grai n )  and the mor e  d i f fu s e  the 
bo unda r i e s  b e twe e n  s ub gra i n s , the 
e a s i er is c o a l e s c en c e  ( s ee  d i s c u s s ion 
by B y r n e , 1 9 6 5 ,  p .  7 6 - S S ) . A . 
c o a le s c ed group o f  s ubgra i n s  wi l l  b e  
r ecogn i z ed a s  a neob l a s t  only w h e n  i t  
h a s  g rown to a c r i t i ca l  s i z e  l a r ge 
e nough for i t  to be d i s t i ngui shed from 
i ndividua l s ubgra in s and for i t  to be 
ab l e  to grow by gra in -boundary m i gr a 
t i o n  ( s ee  b e low) . Becaus e the per iod 
preced ing the a t t a i nme n t  of the 
c r i t i c a l  s i z e  i s  in e s s en s e  an incuba
t ion per iod , B y rn e  ( 1 9 6 5 )  vi ewed the 
e a r l y  s tage s of coal e sc enc e as a 
nuc l e a tion proc e s s . 

At l e a s t  two me chani sms 
c ontri bute to the g r o w ih of neob l a s t s : 
s ub gr a i n  c o a l e s c enc e ( de s c r ibed above ) 
and grain -boundary migration ( B e c k  
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and Sp erry , 1 9 5 0 ; B a i l e y ,  1 9 6 2 ) .  As impl ied by i t s  name , gra in-boundary 
migra t ion involves the growth of a s tra in - f ree grain at the e xpen s e  of its  
s tra ined ne ighbor by migration of  the ir common boundary into the s tr ained 
neighbor . During pr imary recry stal l i z at ion , the dominant driving force 
for migr at ion is the e l imination of lattice s train energy i n  the material  
through which the boundary pa s s e s . Even a f ter primary recry s ta l l i z a t ion 
has el imi nated a l l  lattice strain energy , grain-boundary mi gration can 
continue , driven by the reduc tion of gra in-boundary energy by e l imi nating 
fine gra ins . The coars ening o f  gra iri s i z e  tha t results i s  te rme d  gra i n  
growth , i f  the l arger grains  from the pr imary recrys ta l l i zat ion s urvive , or 
secondary recry sta l l i z a tion ( exaggerated gra i n  growth ) , if they do no t 
( Co t tr e l l ,  1 9 6 4 , p .  2 8 6 ; B y rne , 1 9 6 5 ,  p .  1 0 6 ; s e e  Co t te r i l l  an d Mo u l d ,  
1 9 7 6 ,  e spec ia l l y  p .  2 7 1 - 2 7 4 , for an exce l lent d i s c us s ion o f  pr imary 
recry s ta l l i z a t ion , gra in growth , and sec ondary recrysta l l i z a t ion ) . 

Re c ry s t a l l i z a t i on Textur e s  

Di scus s ion i n  the l i terature o f  recry sta l l i zation texture s in 
ul trama f i c  rock s is virtually l imited to o l ivine ( Co l l e e ,  1 9 6 3 ;  Ra l e i g h , 
1 9 6 3 ;  R a g a n , 1 9 6 9 ;  B r o t h e rs and Ro dg e r s , 1 9 6 9 ;  Ra l e i g h  a nd Kir b y , 1 9 7 0 ; 
A v e  La l l e m a n t  and Car t e r , 1 9 7 0 ;  Po s t ,  1 9 7 3 ,  1 9 7 7 ; Ki r b y  a n d  Ra l e i g h , 1 9 7 3 ;  
Ni c o l a s  e t  a l . , 1 9 7 3 ;  Me r c i e r  and Ni c o l a s , 1 9 7 5 ;  s ee review by Car t e r , 

· 

1 9 7 6 ) . Exper imental wo rk on orthopyroxene ( Ra l e i g h  e t  a l . , 1 9 7 1 ;  Car te r ,  
1 9 7 1 ; Ca r t e r e t  a l . , 1 9 7 2 ; G e o rge , 1 9 7 5 ;  Ro s s ,  1 9 7 7 ) and on c l i nopyroxene 
( E t h e r i dg e  and Ki rb y ,  1 9 7 7 ; A v e  L a l l e m a n t , 1 9 7 7 ) and obs ervations on 
natural p er idotites  ( A v e  L a l l e man t ,  1 9 6 7 )  indicate that th e pyroxene s 
rec over and recry s ta l l i z e  far l e s s  re ad i ly than does o l ivine ( Ca r te r , 
1 9 7 6 ) , apparently becaus e the low s tack ing fau l t  e ne rgy o f  the pyroxene s 
inhibits d i s location c l imb ( Gr e e n  a n d  R a d c l i ffe , 1 9 7 2 ;  Go e t z e  a n d  
Ko h l s t e d t , 1 9 7 3 ;  s e e  B a r r e t t  and Ma s s a l s k i , 1 9 6 6 ,  p .  3 8 7 - 3 9 0  for  a d i s c u s 
s ion o f  stack ing fault s ,  partial d i s l oc a tion s , and the ir e f fect on cl imb 
in metal s ) . 

Comp l e te l y  recry s ta l l i zed o l ivine i n  de formed perido t i te s  typi 
cal ly d i splays a mo s a i c  textur e  in wh i ch the s tra ight boundar i e s  o f  f i ne 
gr ained , po l ygonal o l i vine commonly terminate i n  1 2 0 °  j unc t ion s . The 
grains are equi granul ar but not nec e s s ar ily equant . Thi s  texture is the 
equigrangular texture s of Me r c i er and Ni c o l a s ( 1 9 7 5 )  and the granulob l a s t i c  
texture of Har te ( 1 9 7 7 )  . 

Completely recry sta l l i z ed ol i vine with no rel i c t  p l a s t i c a l l y  
de formed par ent gra ins i s  rare in both natura l l y  a n d  exper imenta l l y  
de fo rmed o l ivine . More commonl y ,  recry sta l l i zed grains have consumed onl y 
some o f  the p arent gra ins . The re sulting texture , Me r c i e r  and Ni c o l a s ' s  
( 1 9 7 5 ) and Har t e ' s ( 1 9 7 7 )  porphyro c l a stic texture , con s i s ts o f  an imperfect 

mo s a i c  of smal l ,  equigranular , nearly s train- free neobl a s t s  that surround s 
l arge , s tra ined porphyro c l a s t s  ( F i g . 1 1 ) . The neob l a s t s  have s traight or 
s l i ghtly c urved mutual boundari e s  that te nd to termi na te in 1 2 0 ° j unctions . 
The very f in e -gra ined equi granular texture o f  mo s t  perido t i te mylonites 
( e . g . , B o u l l i e r and G u e g u e n , 1 9 7 5 ) i s  probably produced by recrystal l i z a 
tio nl 2 ( whether accompanied by grain boundary sl iding or not ) . 

1 2 The very f ine gra in s i z e  o f  mo s t  myl o n i te s is produced by recrysta l l i z a 
t i on and n o t b y  t h e  br i ttl e proc e s s  commonly termed catac l a s i s or 
granul a tion ( c . f .  d i s c u s s ion of quar t z  recry s tal l i z a tion te xture s  by 
Car te r et a l . , 1 9 6 4 ) . 
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F i g . l l . Photomic rograph o f  
natural l y  de formed , p a r ti a l l y  
recry s t a l l i zed duni te from No rth 
Caro l i na . Long d i re c t ion = 4 . 6 mm . 
Large mv- t r end in g  o l i vine por
phyro c l a s t  i n  c en te r  con tains E 
trendi ng k ink band s . Po r phyro 
c l a s t  i s  s ur rounded by mo s a i c  o f  
o l ivine neob l a s t s , s ome o f  wh ich 
are mildly k i nked thems e l ve s . 
Neobl a s t s  have a s t rong pre fer red 
orientation o f  [ 0 1 0 ] -axe s  norma l 
to fo l i a t io n  d e f ined by long 
d imen s i ons of remnant por phyroc l a s t s . 

Two types o f  recrys tal l i z a 
t io n  a r e  commonly d i s c u s s e d  i n  the 
geologic l i te r a t ur e : synte c ton i c  
r e c r y s t a ll i z a t ion ( ho t -wor k i n g )  and 
anne a l i ng r e c r y s ta l l i z a tion o f  
p l a s t i c a l ly de formed ( co l d -worke d )  
s p e c ime n s . Both typ e s  p robab l y  
i nvolve the s ame s ubm i c ro scopic pro 
c e s s e s  but operating to d i f ferent 
e xtents , owi n g  to thr ee d i f ferenc e s : 
l )  The d i s loc a t ion and po i n t  d e f e c t  
s ub s truc ture s  a n d  the i r  r e l at ive 
mob i l i ti e s  i n  ho s t  ( non-recry s t a l 
l i z e d )  gra i n s  o f  ho t-worked ma te r i a l  
a r e  d i f fe r en t  from tho s e  o f  c o l d 
wo rked mate r ia l . 2 )  T h e  devi a to r ic 
( non -hydro s tatic ) compon e n t  o f  s tr e s s  

c a n  favor c e r ta i n  d i re c t i o n s  o f  
a tomic migrat ion s o r  gra i n- boundary 
migra tion s ,  o r  c e r tain o r i entation s 
o f  newly crystal l i z e d  nuc l e i  over 
othe r s  d ur i ng synte c tonic r e c r y s t a l 
l i z a t ion . 3 )  Neob l a s t s  them s e lve s 
bec ome p l a s t i c a l l y  d e fo rmed dur i ng 
s yntectonic r e c r y s t a l l i z a t ion but not 
dur ing anne a l i ng rec r y s ta l l i z a tion . 
These d i f f i c u l t i e s  are probabl y 
s e n s i t i ve to the ma gn i t ud e  o f  the 
s tr e s s  deviato r , and we should expect 
to see a range o f  r e c ry s ta l l i z a t ion 
textures corre spond i n g  to a range of 
deviatoric s tr e s s e s  f rom i n f i n i te s i 
ma l l y l ow ( i . e . , anne a l i n g  rec ry s 
ta l l i z a tion ) to i n terme d i a te 
( " ty p i ca l " syntec ton i c  recrystal l i z a 
t i o n )  to h i gh ( mylon i te s ? ) . 

I n  fac t ,  i n  experime n t a l l y  
deformed perido t i te s  w e  d o  s e e  a 
r ange o f  texture s that correl a te 
ro ugh l y  with devi a to r i c  s tre s s e s . 
e xpe r ime n t s  on o l i v i ne , r e c r y s t a l -

I n  

l i zed gra i n s  a re more f l attened , have 
more i rregular bounda r ie s , and d e f ine 

a s tro nger fo l ia ti on in h i gh - s t r e s s  e xper i me n t s  than in l ow- s tr e s s  one s 
( p er sonal obse r va tion o f  s pe c ime ns experime n ta l l y  de forme d  by A v e  L a l l e m a n t 

a n d  Car t e r ,  1 9 7 0 , and Po s t ,  1 9 7 3 ,  1 9 7 7 ) . Po s t  ( 1 9 7 3 ,  1 9 7 7 ) , Ko h l s t e d t  e t  
a l . ( 1 9 7 6 )  and Me r c i e r e t  a l .  ( 1 9 7 7 )  o b s e rved a mod e s t  inver s e  c o r r e l a t ion 
be twe en s tr e s s  a nd g r a i n  s i z e ·  in o l ivine , a r e l a tion previo u s l y  re po r te d  
f o r  me ta l s  ( L u t o n  and Se l l ar s , 1 9 6 9 ;  G l o v e r  a n d  Se l l a r s , 1 9 7 3 )  and p r e 
d i c ted from theory ( B ar r e t a n d  Nix , 1 9 6 5 ;  Wh i t e , 1 9 7 6 ) . However , mor e  
r e c en t exper imental work both on me t a l s  ( Gi t tu s , 1 9 7 5 ;  T .  L a n g do n ,  per s . 
commm . )  and on o l ivine ( Ro s s  e t  a l . , 1 9 7 7 )  s ug ge s ted tha t the temperature 
o f  de forma t ion a l so i n f l ue nc e s  grain s i z e and that grain s i z e  chan ge s 
quickly dur i n g  annea l i ng o f  ho t-worked d un i t e  ( Z e uc h  and Gre e n , 1 9 7 7 ) . 
Thus , Tw i s s  ( 1 9 7 7 )  urged c a u t ion i n  appl i c ation o f  g r a i n  s i z e to i n te r 
preta t io n s  o f  pa l eo s tre s s  o f  n atural de fo rma tion s . 

Deve lopme n t  o f  c r y s ta l lographic prefer r ed or i e n ta tion dur i n g  
recrystal l i z a t ion i s  poo r l y  und e r s tood . Two po s s ible mechan i sms a re : 
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( 1 )  preferential  nuc l eati on o f  n uc l e i  in a c e r ta i n  o r i entation , a nd ( 2 )  
nuc l e a t ion o f  n uc l e i  wi t h  r andom o r i entation s , f o l l owed b y  s e l e c t i ve growth 
of only c e r ta in nucle i .  

D o l l i n g e r  ( 1 9 7 3 )  a nd A v e  L a l l e m an t ( 1 9 7 5 )  appl i e d  the Gr e en e t  a l . 
( 1 9 7 0 )  d i s c us s ion o f  s yn te c ton ic r e c r y s ta l l i z a tion o f  qua r t z  to r e c ry s tal 
l i z a t ion o f  o l ivine . A v e L a l l e m a n t  ( 1 9 7 5 )  ar gued tha t  neobl a s t s  that are 
orie nted in the s tre s s  f ie l d  l e a s t  favorably for tra n s l ation gl i d i n g  on 
( 0 1 0 )  [ 1 0 0 ]  ( tha t i s , neob l a s t s  who s e  b- axe s par a l l e l  u l ) w i l l  acquire l e s s  
s tored s tr a in ener gy than neob l a s ts i n  other ori entation s ;  cons equen tl y ,  
neobl a s t s  with b - axe s para l l e l  t o  u l w i l l  b e  mor e  s tabl e  than a nd wi l l  grow 
at  the expen s e  of the ir mor e  h ighl y s tr a i ned ne i ghbo r s . D o l l i n g e r  ( 1 9 7 3 )  
f ound tha t  a nn e a l i ng r e c ry s ta l l i z a t i on o f  exp er imenta l l y  d e formed o l i vine 
c an a l s o  prod uc e s trong c r y s ta l l o graphic pre f erred o r i e n ta t io n s , w i th the 
b- axe s s ta t i s t i c a l l y  p ar a l l e l  to the p r e -anne a l i n g  o r i enta t ion of CJl . 
Dur i ng anne al i ng , the r e  i s  no devi a to r i c  s tr e s s  to i n f l ue n c e  the o r i enta 
t i on o f  nuc l e i  o r  the r e l a t i ve mob i l i ti e s  o f  di f ferently o r i ented gra in 
boundari e s . However , s ub gra in s who s e  b -a xe s par a l l e l e d  CJ l d ur ing the pre 
anne a l i ng p l a s t ic deformat ion w i l l  have l e s s  s to r e d  s tr a i n  e nergy than 
s ubgrains  i n  o ther o r ienta t ion s , j us t  a s  in the c a s e  for ne ob l a s t s  during 
synte c to n i c  r e c ry s ta l l i z a tion . Thus , D o l l i n g e r ' s  ( 1 9 7 3 ) and 
A v e  L a l l e m a n t ' s  ( 1 9 7 5 )  r e s u l t s  s ugge s t  that r e c ry s ta l l i z a t ion fabr ic s are 
c ontro l l ed by s e l e c t i ve growth of s ub gra ins ( or nuc l e i  from " b ul ge " 
nuc l e a t ion ) o f  c er ta in orientation s .  

D o l l i ng e r ' s  ( 1 9 7 3 )  and A v e L a l l e m a n t ' s  ( 1 9 7 5 )  conc l u s i on s do no t 
p r ec l ud e  the po s s ib i l i ty that nuc l e i  are nuc l e ated wi th a pre ferred 
or i enta tion . For examp l e , neob l a s ts tha t a r e  d eve loped dur i ng in tra 
cry s ta l l i ne recry s ta l l i z at ion ( a s oppo s ed to gr ain-boundar y  r ec r y s ta l l i z a 
t i o n )  have a pre ferred o r i e n ta tion that i s  s trongly contro l le d  b y  the ho s t  
gra in s , regardl e s s  o f  the o r i e n ta tion o f  the ho s t ,  i n  e xp e r imenta l ly 
de forme d dun ite ( A v e  L a l l e m a n t  a n d  C a r t e r ,  1 9 7 0 ) , experimental l y  d e formed 
or thopyroxe nite ( Ge o r g e , 1 9 7 5 ;  E t h e r i dg e  a n d  K i r b y , 1 9 7 7 )  and natur al l y  
de forme d o rthopyro xe n i te ( E t h e r i dg e , 1 9 7 5 ) . The i r  pre f er r e d  o r ie ntation 
could a r i s e  e ither f rom o r i ented nuc l e ation o r  f rom s e l e c tive or ' ' o r i ented " 
growth o f  tho s e  nuc le i  who s e  bo undar i e s are mo s t  mob i l e  b e c a u s e  o f  a co i nc � 
dence l a tti ce r e l a t i o n s h ip ( s e e  G l e i te r  a n d  Ch a l me r s , 1 9 7 2 ) . Ac t i ng ind i 
vidual l y , o r i ente d nuc l e a tion and o r i e nted growth can e xp l a i n  some , but 
no t a l l , cha ra c ter i st i c s  of  deve lopmen t of pre f erred o r i e ntation s dur i ng 
annea l ing r e c r y s ta l l i z a t ion o f  me tal s  ( Mc L e a n ,  1 9 6 2 , p .  2 8 2 - 2 8 4 ; B a r r e t t  
a n d  B a s s a l s ki ,  1 9 6 6 ,  p .  5 7 9 - 5 8 3 ) , and i t  i s  unl ike l y  that bo th proc e s s e s  
contr ibute to the d eve lopme n t  o f o r i en ted f abr i c s  in  s i l i c a te s . S inc e both 
proce s s e s  probab l y  o c cur durin g bo th s ynte c tonic and anne a l i n g  r ec r y s ta l 
l i z a t ion , fabri c  d i a grams o f  pre fe rred o r i e n ta tion s o f  r e c ry s ta l l i z e d  
grai n s  are un l ik e ly d i s c r imi na to r s  o f  anne al e d  a n d  hot-worked r o ck s . 

P y r o m e t amo r p h i s m  

P ar t i a l  me l t s  probab l y  p er turb s o l id - s tate d e forma t ion proc e s s e s  
through two pro p e r t i e s : 1 )  d i f f u s ion r a t e s  are f i ve orders  o f  magn i tud e  
grea te r thro ugh s i l i c a te s me l ts than through c r y s ta l l i ne s i l i c a te s 
( Ho fm a n  a n d  Ma g a r i t z , thi s  vo l . )  a nd 2 )  s i l i c a te me l t s , e ven i f  po l yme r i z e d, 
are l e s s  s tr uc tured tha n  so l id s .  Th i s  s e c t io n  s p e c ul a te s  on how me l t s  c an 
a f f e c t  ma ter ia l  prope r t i e s  and , in turn , on how a p ar t i a l l y  f u s ed per i do -
t i te reac t s  to a devi a tor i c  s tre s s . 

· 
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· D i f fus ion ' i s  in ferred to be the r ate -l imi ting step during h i gh
temperature c reep o f  s i l ic ate s , whether the dominant mode o f  de format ion 
is d i f f u s ion c r eep or d i s loca tion c r eep ( Ca r te r , 1 9 7 6 ) . If one make s  the 
reas onab le a s sumption tha t o the r depe ndent s te p s  ( i f i ndeed they exi s t  in 
mel t s )  in th e c r eep proc e s s , s uch as gene ra tion of vacanc i e s , are no s l ower 
in  s i l i cate me l t s  than they are in  crystal l i ne s i l icate s , then the h i gher 
rate s  of di f fus ion thro ugh me l t s  mus t lowe r  the creep strength ( or e f fec 
tive vi scos i ty )  o f  s i l icate me l t s  r e la t ive to crys ta l l i ne s i l i c a te s . 
Indeed , Ku s h i ro e t  a l .  ( 1 9 7 6 ) repor t tha t the e f fec tive vi scos ity o f  
ba s a l ti c  ma gma a t  l 3 7 5 - l 4 0 0 ° C and 2 0  k b  may b e  a s  low a s  3 0 - 5 0  po i se s ,  in 
contra s t  to e ffec t ive vi s c o s i ti e s  of the order of 1 0 2 0  po i s e s  for dun i te 
( Car te r a n d  A v e  L a l l e ma n t ,  1 9 7 0 ; Po s t ,  1 9 7 3 ,  1 9 7 7 ) . 

The rheologic properties  o f  a mul ti phase aggregate are controlled . 
domi nantly by the flow properti e s  o f  the pha se that provides the s truc tural 
framework . The mo s t  abundant pha s e  ( typ i c a l l y  o l ivi ne in har zburgite s )  
forms the s truc tural f ramewo rk for mo s t  geome tri e s  o f  polycry s tal s .  In 
partia l l y  mo l ten ma te r i a l , though , the me l t  wil l provide the struc tural 
framework , i f i t  is  pene trative l y  d i s tributed along gra in bound a r i e s  and 
i f  it compr i se s  a vol ume frac t ion large enough ( 1 0 %  or more ? )  to i so l a te 
gra i n s  o f  the s o l i d  pha se s  from one ano ther . Hyper s o l i dus har zbur g i te 
tha t c ontains very l a r ge vol ume frac t ion s ( 3 0 %  or  mo r e )  o f  s i l i cate me l t  
c an de form by " c ry s tal mus h  flow " ( " polygen ic flow " o f  Th ay e r  a n d  Ja c k s o n , 
1 9 7 2 ) , in which the me l t  accommodate s the s tra in by bulk flow . 

Expe r ime nts on hydro s ta ti c  me lting o f  gran ite ( B ra c e  e t  a l . , 
1 9 6 8 ;  Me h n e r t  e t  a l . , 1 9 7 3 )  and hyper so l idus de formation exper iments on 
per ido t i te ( A v e  L a l l e ma n t  and Car t e r ,  1 9 7 0 ;  B o u d i e r  and Ni c o l a s , th i s  
vol ume ) indicate that s il icate me l t s  do pene trate the ho s t  rock , both along 
gr ain boundari e s  and through fine l y  spaced frac ture s ( s ee F i g . lD of A v e  
La l l e ma n t  a n d  Ca r te r ,  1 9 7 0 ) . In  Me h n e r t e t  a l . ' s  ( 1 9 7 3 )  exper imen ts , 
grain -boundary me lting wa s ini ti ated a t  mul tipha s e  node s  and in ter fac e s  
( e . g . , quar t z / feld spar boundar i e s ) ;  a s  the vo l ume frac tion o f  the me l t  
increa s e d , the th ickne s s  o f  the me l t  rema ined greater at  mul t i pha s e  in te r 
fac e s  than along bo undarie s be tween gr ain s o f  the s ame pha s e . Gra nitic 
me l t s  are h i ghl y vi s cous , though , and thei r behavior alon g gra in boundar i e s  
i s  probably qui te d i f ferent from the behavior o f  b a s a l ti c  me l ts . I ndeed , 
in view o f  the low vi s c o s i ty obser ved by Ku s h i r o  e t  a l .  ( 1 9 7 6 )  for 
ba s al tic magma , one wond e r s  whether any me l t  but the th i nne s t  coating a l ong 
gra in bound ar i e s  would be retained during s y n te c t o n i c  partial fus ion o f  
man tle peridotite , and thus whe ther " c ry s ta l  mush flow " wo uld b e  a common 
mod e o f  f l ow o f har zburgi te tec ton i te . 

A smal l percent o f  gra in -boundary me l t  p erha ps  w i l l  pro fo und l y  
a f f ec t  d e fo rma t ion proce s s e s  in another way , howe ver . One mechan i sm o f  
deforma t ion by pre s s ure sol ut ion i s  c reep by grain -bo undary d i ffusion 
( Cobl e  creep ) . Grain -boundary-d i ffus ion creep apparentl y contribute s  
l i ttl e to to tal s train under mo st geologic cond i t ion s ( S t o c k e r  a n d  A s h b y , 
1 9 7 3 ) , s i nce de formation o f  c r y s tal l i ne s il i c a te s  i s  typ i cal l y  domi nated 
by di s l o c a tion - c reep at in termed i a te to high temp era ture s and moderate 
stre s s e s , and by Nabarro creep ( l attic e di f fu s ion ) at  high tempe ratur es 
and low s tre s se s . At hyper sol i dus  tempera ture s ,  though , gra in -boundary 
di ffus ion is e f fective l y  enhanced by f ive orders of magn i tud e ( Ho fm a n  a n d  
Maga r i t z , th i s  vol ume ) . The s ingul ar increase in the rate o f  gra in
bounda ry d i ffus ion at the me l ting tempera tur e  p erhap s i s  suf f i c i ently l arge 
to permit "magma tic pre s s ure sol ution " to domina te the flow mechani sms . 
Ma gma tic pre s s ure sol ution i s  conc eptua l l y  identical  to pre s s ure so l ution 
of quar t z i te s  by aqueous s o l ution s ( H .  Di c k ,  1 9 7 3 ,  oral c omm . ; see the 
exc e l l en t  d i s c us s ion by E l l i o t t , 1 9 7 3 ) , the on l y  d i f fer enc e being the 
d i s t inc t ion be twe e n  s i l i cate me l t  and me tamorphic fluid as the transporting 
age nt . 
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A c hange in  domi nant d e formation mechani sms should cause a change 
in s trength of a rock . Pre l imi nary expe r iments  at c on f ining pre s s ure 
( G o e t z e , 1 9 7 7 )  d emo n s trated no dras tic weakening ( w i thin an order of 

magni tude ) o f  hype r s o l i dus per i do ti t e  containing up to 10  vo l ume perc ent 
of mel t ,  compared to s ubsol idus per ido t i t e . However , s inc e d i f fus ional 
f l ow s hould be r e l atively favored over d i s l oc a t ion creep a s  s tre s s e s  and 
strain rates are lowe red to approach tho s e  of natural de formation 
( S t o c k e r  and A s hb y , 1 9 7 3 ) ,  Goet z e ' s  exp er iments do not prec l ude magmatic 

pre s sur e  s o l ut ion as  a domi nant flow mechan ism of  na tura l ly de formed 
har zburg ite ( Go e t z e , 1 9 7 7 ) . At the very l e as t ,  gra in-boundary-di f fu s ion 
creep by magmatic pr e s s ur e  solution should b e  expec ted to dominate to 
larger gra in s i z e s than predicte d  by S t o c k e r  a n d  A s hb y  ( 1 9 7 3 )  for sub 
sol idus gra i n-boundary-d i f fus ion c reep . 

Partial me l t  along gra in boundarie s o f  crysta l l i ne s i l icate s w i l l 
a f fe c t  the proc e s s  o f  grain-boundary migrat ion , but in what way i s  
dependent o n  s ever a l  fac tor s .  I n  parti a l l y  fu sed al loys and c eramic s ,  one 
important fac tor i s  the d i s tribution of the me l t : i f  mel t i s  d i s tr ibuted 
along gra i n  bounda r i e s a s  sma l l  s pher ical  drop l e t s  ( a s  one would expect 
for me l t s  who s e  inter fac ial e nergy agai n s t  the so l id pha s e  is greater than 
hal f the inter fac ial ener gy o f the s o l i d - so l id grain boundary ; see Ki ng e r y  
e t  a l . , 1 9 7 6 ,  p .  2 9 0 - 3 1 4 ) , the me l t  drop l e ts a c t  a s  any d i s pe r s ed partic l e s  
a long gr ain boundarie s woul d , t o  i nh ib i t  gr ain-boundary migration ( B u r k e , 
1 9 5 9 ; G l e i t e r  a nd Ch a l m e r s , 1 9 7 2 ,  p .  1 4 3 -1 4 6 ) . 

I f  mel t "we ts "  the gra in boundary ( a s  one would expec t for mel t s  
who s e  inter fac i a l  ener gy aga i n s t  the so l id pha s e  i s  l e s s  than hal f the 
i n ter fac i a l  energy o f the so l id - so l id gra in boundary ) , the af fe c t  of me l t  
o n  gr ain-boundary migra t i on depend s  o n  o ther fac to r s  ( B ur k e , 1 9 5 9 ) : Dur ing 
growth of one gra in at the expens e  of its ne ighbor by migra tion of the i r  
common boundary , t h e  rad i us o f  c urva ture o f  t h e  fac e o f  the growing grain 
i s  nega tive ( a s  viewed from i n s ide that grain ) and tha t of the shr inking 
gra in is po s i tive . The contr ibution that th e large d i f ference in rad i i  of 
c urvatur e  o f  the two gra i n s  mak e s  to the dr iving force for gra in-boundary 
migrat ion w i l l  be large ( s ee  Co t t e ri l l  and Mo u l d ,  1 9 7 6 , p .  2 7 1 - 2 7 4 ; 
Ki ng e ry e t  a l . , 1 9 7 6 , p .  4 5 2 ) . A mel t that coats the gra in boundary w i l l  
tend to round both grain s , however , and w i l l  give both gra ins a po s i tive 
r ad ius o f  c urvature . Thus , the dr iving force for grain-boundary mi gra tion 
wi l l  be reduced in the p r e s enc e o f a good " we t t i ng " age nt . 

Gra in growth in the pre s ence o f a grain-boundary fluid pha s e  by 
s o l u t i on -p r e c ip i ta t i o n  can be f a s te r  o r  s l ower than grain-boundary mi gra
t ion , agai n d epending on s everal  fac tor s ( B ur k e , 1 9 5 9 ;  G l e i te r  and 
Ch a lm e r s , 1 9 7 2 , p .  1 4 3 - 1 4 4 ; Ki n g e r y  e t  a l . , 1 9 7 6 , p .  4 0 7 -4 1 3  and 4 9 8 - 5 0 1 ) . 
For exampl e ,  polycrysta l l i ne hal i te undergoe s  no grain growth at tempe r a 
tur e s  be low s everal hundr ed degrees  centigrade , b u t  s a l t  c r y s ta l s  in a 
cold-pre s s ed aqueous s l urry o f  sod ium chlor ide do undergo gra i n  growth . 
In c ontras t ,  gra in-growth in partia l ly f us ed , h i gh - a l umina c eramic i s  
s lower than i n  a l umina c eramic that i s  s intered i n  the sol id - s tate 
( B ar l e t t  a nd Sc hwar t z w a l d e r , 1 9 4 9 , c i ted in  B u r k e , 1 9 5 9 , p .  1 1 5 )  . . Va l l o n  
( in L l i b o u tr y , 1 9 7 1 ,  p .  1 6 )  r epor ted that the s i z e  o f  ice c r y s ta l s  i n  a 
temperate alpine g l ac i er wa s sma l l e r  ( pr e s umabl y bec au s e  o f  lower growth 
rates ) , the h i gher the local  water con tent . Lower rate s of grain growth 
in the pres enc e of grain-boundary me l t  are observed in sys tems that conta in 
two s o l i d  pha s e s  tha n  in the co rre sponding sys tems that contain j us t  one 
o f  the two s o l id pha s e s  ( G l e i t e r  a n d  Ch a l m e r s , 1 9 7 2 , p .  1 4 4 ) . The above 
obs erva t ions s ugge s t  tha t  grain growth by sol id-prec i p i tation i s  control le d  
by t h e  kinetics  o f  d i s s o l ut ion and mas s  transport through t h e  me l t ,  o f  
compo nents from the so l id pha s e s . S inc e the prob l em o f  sol ution-pre c i p i 
ta tion i s  beyond the s c o p e  o f  thi s  paper , I r efer the r eader t o  papers  by 
Ru t t e r  ( 1 9 7 6 )  and D ur n e y  ( 1 9 7 6 )  for further di s c u s s ion . 
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I n  the absence o f  pertinent exper imental data on the k i ne t i c s  o f  
mel ting and me l t- tran s f e r  in  p er i do t i te s , I must re l y  o n  Me r c i e r  and 
Ni c o l a s ' s  ( 1 9 7 5 )  inte rpr eta tion of textur e s  in ul trama f i c  xeno l i th s . 
Me rc ier and Nico l a s  i nferred tha t  ul trama f i c  xenol i th s  that have proto
granul ar texture ( large gra i n  s i ze ,  uns tra ined or ne arl y  un s tra ined 
mineral s ,  and o l ivine gr ains having gen tly c urved bounda r ie s )  recrys tal 
l i zed i n  the pre s enc e of me l t .  Thus , I conclude tha t par tial  fus ion o f  
per ido t i t e s  can promote grain growth through sol ution-prec i p i tat ion . 

Impos ing a deviator i c  s tre s s  on · a  partia l l y  fus ed perido t i te wi l l  
al te r  the d i s tr �bution o f grain-boundary me l t ,  through mechanical and 
thermodynamic e f fe c t s , and may thereby c ontro l pre ferr ed d i r ec tion s o f  
gra in growth . The hydr o s ta ti c pre s s ure o f  the me l t  Pm can never exceed 
the l e a s t  pr inc ipal compre s s ive s tr e s s  0 3 on the rock by more than the 
tens i l e  s trength o f  the rock ; o therwi s e ,  the mel t  w i l l  e scape from the 
rock by " magmafracting " ( anal agous to hydro frac ting ; Yo d e r , 1 9 7 6 ) 1 3 . Thus 
Pm wil l be l e s s  than 0 1 , and the mel t wi l l  tend to be s quee z e d  from grain 
bounda r i e s  normal to 01 to grain boundar i e s  normal to 0 3 ( F i g . 1 2 ;  for 
exampl e s  see Ode , 1 9 5 7 ;  Ny e , 1 9 6 7 ;  or Durne y , 1 9 7 6 ) . 

Trace of foliation 

plane defined by preferred 

orientation of melt pockets. 

f - - - - - - - -

Oi Q  

F i g . 1 2 . Migra t ion o f  partial  
me l t  i n  an idea l i zed stre s s ed 
pol ycry s tal . Other factors be i ng 
equal , me l t  ( shaded regions ) i s  
forced from gra in boundar i e s  at 
h igh angl e s  to maximum princ i 
pal compr e s s ive stre s s  0 1 . 
Fol i a tion d e f i ned by mel t  
pocke t s  paral l e l s  0 1 , i n  contra s t  
to " so l id - s ta te " fol ia tion 
( de f i ned by f l a ttened o r  sheared 
porphyro c l a s ts or  tabular nee
b l a s t s  tha t r ema in c r y s ta l l i ne 
duri ng de forma t ion ) ,  whic h 
typica l l y  l i e s  at h igh ang l e s 
to 01 . 

Thermodynamical e f fe c t s  wi l l  
comp l i c ate the p i c tur e . The s l ope o f  
the p e r ido t i te s o l idus i n  temperature
pr e s s ure space i s  po s i tive for me l ting 
that produc e s  wate r - under s a turated 
mel ts ( " dry " me l ti n g )  and is nega t i ve 
for water - s a turated me l t s  ( " we t "  
me l ting ; see Yo de r , 1 9 7 6 , p .  4 - 2 0 ) . 
I n te r face s normal to 0 1 w i l l  be a t  a 
s l i ghtly hi gher pr e s s ur e  than tho s e  
norma l t o  0 3 . Dur ing " dry " me l ting , 
gra i n  boundar i e s  normal to 0 3 should 
have a s l i gh tl y  lower me lting tempera
tur e  than tho s e  normal to 0 1 . Thus , 
during " dry " syntec ton i c  me l ting , 
gra in boundaries  norma l to 0 3 should 
me l t  pre ferentia l l y  over tho s e  norma l 
to 0� , and one might there fore expec t 
" dr y  grain boundary me l ts to be 
pre ferential ly a l i gne d in gra in 
boundar i e s  normal to  0 3 ( i . e . , i n  the 
s ame o r i entation as expec ted from 
mechan ical con s i deration s )  . 

During " we t "  mel ti ng , 
however , gra in boundar i e s  normal to 
01 should have a s l i ghtly l ower mel t 
i ng tempera tur e  than tho se norma l to 
0 3 . Thus d ur i ng " we t "  synte c tonic 
mel ti ng , grain boundari e s  normal to 
01 should mel t  preferent i a l l y  over 
tho s e  norma l to 0 3 . I f  the k inetic s 
o f  tran s fer o f  me l t  are s low re l ative 
to the rate o f  mel t ing , one would 
expec t grain -boundary me l t s  to be 
preferential ly a l i gned i n  gra i n  

1 3  S e e  Ny e a nd Ma e ( 1 9 7 2 )  f o r  an example o f  t h e  s imi lar probl em o f  
r el a ti n g  t h e  mean s tr e s s  i n  tempera te ice t o  the pre s sure on inter
granul ar wate r . 
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boundarie s no rmal to 0 1 ( i . e .· ,  perpendi cular to the o r ientation e xpected 
from mechani c a l  c o n s ideration s ) . Indee d , experime n t s  on  s tr e s sed ice ( for 
whi c h  d Tm/dP is a l s o  ne ga tive ) a t  its me l ti n g  temperature show tha t  
" le n se s " o f  wate r a r e  pre f erenti a l l y  a l i gned normal t o  0 1 ( Ny e  a n d  Ma e ,  
1 9 7 2 ) . On the o ther h and , i f  the devi a to r i c  s tre s s  for c e s  the me l t  to 
migr a te quick l y  f rom s i te s  o f  fo rmat ion ( fa c e s  normal to 0 1 ) to f a c e s  
normal t o  0 3 , r a p i d  d i s s o l ution along f ac e s  normal t o  0 1 a n d  r a p i d  pre 
c i p i ta t ion o f  me l t  o n to f ac e s  normal to 0 3 could quickly cause  gra i n s  to 
become e longa te par al l e l  to 0 3 dur ing " we t "  syntec ton i c  par t i a l  fus ion . 
I n  tha t  c a s e , one wo uld expec t pha se s tha t c on tr i b ute d i s propor tionate l y  
mor e  t o  the me l t  ( i . e . , c l i nopyroxene and o rthopyro xe ne f o r  tho le i i ti c  
me l ts ) t o  become more e lo ngate than r e l a t ive l y  r e fr a c tory pha s e s  ( typi c al l y  
o l i vi n e  i n  tho le i i ti c  me l ts ) . 

C o n c l us i o n s  

In a f i e ld a r e a  conta i n i ng b o th pyrome tamorphic a n d  d e format ion 
texture s ,  there are only three way s  i n  p r i n c i p l e  to d emon s trate that 
pyrome tamo rphi sm wa s synte cton i c : l )  accur a te d e te rminat ion of the 
equiva l enc e of the ab s o l ute ages of me l t ing and deforma tion ; 2 )  demo n 
stra t ion that t h e  s tre s s  f ie l d  tha t  c a u s e d  the d e forma tion a l s o  caused 
pre fe rred or i entation of  forme r par t i a l  me l t  and i nd i g e nous d i ke s ;  and 
3 ) iden ti f i c ation of de forma t ion te xture s un ique to pyrome tamorph i c  
de forma tion . The fir s t  approach i s  gene r a l ly imprac ticable , in  v i ew o f  
the uncer ta i n t i e s  i n troduced b y  the po s t -de formational therma l h i s to ry . 

The second approach , the s ub j e c t  o f  the paper by B o u di e r  a n d  
Ni co l as ( th i s  vo l ume ) a nd di scus sed in  t h e  previo us s e c t ion o f  thi s  paper , 
i s  curr e n t l y  the o n l y  prac t i c ab l e  approach . Howeve r , i t s  use fulne s s  w i l l  
ge ner a l l y  b e  l imi ted t o  rock s i n  whi c h  l a r ge percentage s o f  me l t  have bee n  
trapped . In  such rock s , inter fac i a l  energy e f fe c t s  could not ha ve ove r 
whe lme d the e xpe c te d  me chan i c a l  contro l o f  pre ferred o r i entat ion o f  me l t  
pock e t s .  I n  add i t ion , the greate r the percen ta ge o f  p ar ti a l  me l t ,  the 
more l i k e ly the me l t  wa s und e r s a tura te d  wi th r e s p e c t  to wate r . S i nc e  the 
slope o f  the me l t i ng ·curve of wa ter -unders atur a te d  me l t s  i n  P-T space i s  
po s i tive , the the rmodynamica l l y  favored s i te s  for me l ting ( gr a i n  boundar i e s  
norma l t o  0 3 ) w i l l  be i n  harmo ny wi th the me chanic a l ly favored s i te s  for 
c o l l e c t i on of me l t  ( pl a ne s  normal to 0 3 ) .  

The focus  o f ·  · th i s  f i n a l  s ec t i on i s  the thi r d  approach , b a s e d  
so l e ly on  t h e  texture s o f  r e s i dual ( non-me l ted ) pha se s . Because  o f  the 
pauc i t y  o f  exper ime n ta l  data o r  pertinent o b se rvation s on natural p e r i do 
t i te s ,  the d i s c u s s ion o f  de forma tion me chani sms a nd me l t i ng i n  the previous 
s e c t ions i s  the b as i s  for my specula tio n s  o n  textur e s  expec ted from pyro 
me tamorphic de forma t io n : 

l )  The e d g e s  o f  c l i nopyroxene gra i n s  i n  some per i doti te xe no l i th s  
have a s po ngy appearanc e tha t K l e e ma n  e t  a l . ( 1 9 6 9 )  and Pi k e  a n d  S c h w a r z m a n  
( 1 9 7 7 )  attributed t o  corro s io n  d ur i ng p ar t i a l  me l t i ng . I f  partial  fus ion 

o c c urred whi l e  the rock wa s s tre s s ed , one might e xpec t to f i nd a pre ferred 
o r i e nt a t ion o f  the spongy bor d e r s  of re s i dual c l inopyroxene . 

2 ) A gra i n -b oundary me l t  tha t c o a t s  mo s t  gr a i n  boundar i e s  wi l l  
" i n s ul a te " mo s t  gra in bounda r i e s from d evi a to r i c  s tre s s e s  tha t  are any 
greater than tho s e  the me l t  i t se l f  c an s uppo r t . Devi a tor i c  s tre s se s  wi l l  
b e  concentrated along the rema i ning gra in boundari e s  at p o i n t - to - po i n t  
conta c t s  wher e n o  me l t  i s  p r e s en t . Thus , f o r  a give n  devi a to r i c  s tr e s s on 
the entire aggregate , one s ho ul d  exp e c t  a greate r  chanc e of local  s tr e s s  
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concentrat ion s  i n  a parti al l y  fused po lycry s ta l l i ne aggrega te ( i n which 
the me l t  c oa t s  boundar i e s ) tha n i n  a s ub s o l i dus po l ycry s ta l l i ne a ggrega te . 
S i nce l o c a l  s tre s s  concen tra tions wi l l  produc e l o c a l  s tr a i n  concentration s ,  
one s hould expec t tha t recry s ta l l i z a t ion w i l l  oc cur at  lowe r va l ue s  o f  
to t a l  s train o f  th e rock ( a l tho ugh a t  the same va l ue o f  l oc a l  s tr a i n )  i n  a 
hyper s o l i dus ro ck than i n  a s ub s o l idus rock . In  add i t i on , the tendency 
for recrys tal l i z a tion to oc c ur a t  grain bounda r i e s  rather th an i n  the 
inte r i or o f  gra i n s  s hould be enhanc ed . 

3 )  For a give n  amount o f  to tal s tra in ,  a hype r so l i dus perido t i te 
wil l appear " l e s s  d e formed " th an a s ub so l idus perido t i te . For exampl e ,  
Ge o r g e  ( 1 9 7 5 , 1 9 7 7 )  found tha t harzbur g i te tec ton i te wi th trapped inte r 
s t i t i a l  me l t  from t h e  Troodo s o ph io l i te h a s  weak pre ferred or i enta tions 
o f  o l i vi ne c ry s ta l lographic axe s  and appear s a l mo s t  unde formed in  th in 
section , even i n  s pe c ime ns tha t  di splay a prono unced fo l ia t ion d e f ined by 
f l a ttened or thopyroxene and s pine l  gra i n s . The " d e forma t ion " or flow o f  
inte r s t i t i a l  me l t  i s  not re corded b y  the pro duc t s  o f  po s t - te c ton ic 
c ry s ta l l i z a t ion of  the mel t .  Thus , if  the  me l t  a c commodate d  much of  the 
s tr a i n  d ur i n g  " cry stal mush f l ow " , the now- s o l i d  ro ck prese rve s l i tt l e  
textur al e vi denc e o f  i t s  s tr a i n  hi s tory . 

4 )  S inc e magmatic pre s sure s o l ution and prec i p i ta tion i s  mer e l y  
ano the r  type o f  d i f fu s ion cree p , i t wi l l  prod uc e textur e s  ana l o gous to 
pre s s ure shadows in d e formed quar t z i te s  ( E l l i o t t ,  1 9 7 3 )  or gra in-bo undary 
denuded zone s in me tal s ( Gi t t u s , 1 9 7 5 ,  p .  2 7 - 2 8 ) . One s ho ul d  expect the 
pre s enc e of pre s s ure shadows at  the long e nds  o f gra i n s  in an y s tron gly 
fol iated per i do t i te who s e  gra i n s  bear l i ttl e evidenc e of  d i s location
creep de forma t ion tex ture s .  Pre s s ure shadows i n  o l ivine wo uld probably be 
subtl e fea ture s ,  s i nce me tamo rph i c  o l i vine is rare l y  zoned compo s i tiona l l y  
and i s  re l ative l y  f r ee o f  i nc l us ion s o f  o ther pha s e s . However , pr e s s ure 
s hadows in the pyroxe ne s s hould be more obvi o us for two r e a son s : a )  the 
pyroxene s  tend to be compo s i tion a l l y  i nhomo ge neous and to contain more 
inc l us i on s ( wi tne s s  the " c l o ud e d " appearanc e of the pyroxe ne s a s  ob serve d  
in th in s e c tion i n  p l ane pol a r i z e d  l i ght ,  c ompare d t o  o l ivine ) ; a nd b )  
the peri te ctic  compo s i t ion i n  the OL -EN- D I  s y s tem i s  d e c i dedly more 
pyroxe ne - r i ch than the bulk comp o s i t ion of the typ i c al a l p i ne - type 
harzbur g i te or l he r z o l i te ( Yo de r , 1 9 7 6 , Chapte r s  2 and 4 ) , and s o  the 
pyroxe ne s ( e sp ec i a l ly c l i nopyroxene ) contribu te d i s proportionate l y  more to 
me l ting ( and the r e fore to repre c i p i ta t ion ) tha n  doe s o l ivine . 
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A MODE L F OR PART IAL ME LT I N G O F  UPPER MANTLE ROC KS BY L OCAL 
INSTAB I L I TY AND ITS CYCLICAL STRE S S - RELIEF 

H .  Koi de 
Brook lyn C o l l e ge o f the Ci ty Un ive rs i ty o f  New York 

Brook l yn , New York 1 1 2 1 0  

S .  Bhattacha r j i *  
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P rin ce ton Uni ve rs i ty 
P rince ton , New Je rsey 0 8 5 4 0 

Ab s t r a c t  

Deep and inte rme di ate e arthquakes indi cate me ch an i cal ins tab i l i ty 
o f  the uppe r man tle rock s . Ve loc i ty ani sotropy o f  e l as t i c  wave propa gation 
also  s ugge s ts tha t  ma ntle rock s can s us tain di f fe rent i a l  s tre s s  and s tre s s  
gradi ents  at  l e as t ove r a short time interval . Re le ase  o f  thos e s t re s se s  
due t o  s udde n reduc tion o f  ri gidi ty , vo l ume expans ion due to local 
inhomogene i ty ,  and lowe ri ng of ri gi di ty due to dehydration o f  hydro us 
minerals or phase tran s fo rmation s c an induce ons e t  of parti al  me ltin g  o f  
uppe r mantle materi als . 

The e s timation o f  s tre s s  aro un d  inhomogene i ti e s  o r  po cke ts o f  
pre s s uri z e d  f l ui d  o f  various aspect rati os indi cate s  tha t a thin , lenti 
cular or sphe roidal inhomo gene i ty induce s th e gre ate s t  pre s s ure re duc tion 
around its tips . The maximum the rmo-me chani cal s tre s s  ( crmax ) due to phase 
trans formation around such inhomogene i ti e s  o r po cke ts of p re s s uri zed 
fluids  i s  ob taine d by : 

0max 

whe re s t re s s  re le ase ( cr t )  by vo l ume expansion ( � V � )  due to phase tran s 
formation i s  cr t = 8/D [ l - v ( G ' /G ) k ' � V ' ] , v and G are Po i s son ' s  ratio and 
ri gidi ty o f  mantle , K '  and G '  are b ulk mo dul us and rigidi ty of inhomo 
gene i ty or inclusion , D and b are coe f ficients , 0L i s  the l i thos tati c 
s tre s s ,  T i s  the s he aring s tre s s  acros s the plane o f  inhomogene i ty or 
inc lus ion at infini ty . 

A mode l for deve lopme nt and prop agation .of physical inhomogene i ti e s  
( fracture s or f l aws ) in  the upper mantle , an d po s s ible ons e t  o f  parti al  

me l ting and i t s  transport by cyc li cal s tre s s  re lease i s  pos tul ated . Theo
re tical  equations and example s are pre s e n te d  to show that phase trans forma
tions o f  s tabl e  and metas table pha s e s  in areas o f  tectonic instab i l ity and up
per mantle thermal anoma l i e s  can produce rapid volume change and reduc tion o f  
rigidity in upper mant l e  rocks . Such change s can propagate further phys ical 
inhomogene i t ie s , pockets o f  part ial  me l t  and vo lat i l e s , and create condit ions 
for rapid or explo s ive emplacement o f  vo l a t i l e - r i ch magma s and d iatreme s . 

* Pre sent addre s s : Brookl yn Col lege o f  the City Univers i ty o f  New York , 
Brook l yn , New Yo rk 1 1 2 1 0  
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I NT RODUC T I ON 

Ac tive ridge - ri ft systems , in traplate hot spots , te ctoni cally 
active region s s uch as  i s l and arcs and s ubduc tion zone s are are as o f  magma 
genera tion by partial me l ting o f  the upper mantle , magmati c upri se or 
di api ri sm and vol c an i c i ty .  The p re s ence o f  vo latile s like C0 2 , H2 0 ,  e tc . , 
has been thought to p l ay an important role in me lting proce s s e s , se gre ga-
tion and emplacement of magmas from the upper mantl e  in subduc tion zone s 
( Lamb e r t  a n d  Wy l l i e , 1 9 6 8 ; Ku s h i ro , 1 9 6 8 ;  Wy l l i e , 1 9 7 l a ; Egg l e r , 1 9 7 5 ) . Var
ious petrological , geochemical and geophy s ical mode l s  for equi l ibrium and dis
equ i l ibr ium me lt ing o f  upper mantle crystall ine material s , ro le  o f  f luids and 
magma gene ration proce s se s  are e xce l le n tly reviewe d by Wy l l i e  ( 1 9 7 lb )  and 
Yo d e r  ( 1 9 7 6 b ) . 

Re cently the pre s e nce o f  i nte rs titial  f l ui ds ( s uch as C 0 2 and H2 0 )  
has a ls o  bee n  attribute d  to the phy sical characte r i s t i c s  o f  the low-
veloc ity zone , which repre sents the inhomogeneous nature of the mantle 
( A n d e r s o n ,  1 9 6 2 ;  Wy l l i e , 1 9 7 l a ; B r e y a n d  Gr e e n , 1 9 7 6 ; E g g l e r , 1 9 7 6 ) . Phys ical 
and chemical· inhomogene i t i e s  o f  varying magnitude s in the upper mantl e  
have b e e n  estab l i s hed from geophysical  ( B u l l e n , 1 9 4 7 ;  A n de r s o n ,  1 9 6 2 ) , geo
chemical and i sotopic stud i e s  ( Ha r t  e t  a l . , 1 9 7 0 ; Ha r t , 1 9 7 6 ; O ' Ni o n s  and 
Pan k h u r s t ,  1 9 7 4 ; Se h i l l i n g , 1 9 7 5 ;  Sun and Han s o n , 1 9 7 5 ; and other s ) . 
1 9 7 5 ; Sun and Han s o n , 1 9 7 5 ; e tc . ) . 

Uppe r mantle rocks common ly s how various degre e s  o f  fracturing . 
In Gri f f i th ' s  theory ( 1 9 2 5 )  o f  frac ture propagation , frac tures , c racks or 
f l aws are phy s i cal i nhomogene i ties  o r  i nc l us ions in a rock . Gr i g g s  a n d  
Han din ( 1 9 6 0 )  sugge sted that after such homogene i t i e s  exis t , release of  s tre s s  
( i . e . , stored e l a s t i c  energy )  from the f l aw or crack can propagate addi
tional cracks , and shear mel t ing can generate deep- s eated earthquakes . 
Gri ggs  a nd B a k e r ( 1 9 6 9 )  e xpanded thi s concept and con s i de red the ene rgy 
requi red to me l t  a mas s from a p ropaga tin g  c rack . 

The s tre s s  re li e f  hypothe s i s  and ge ne ration o f  magma b y  partial 
me lting o f  the uppe r mantle were con s i dered by Yoder ( 1 9 5 2 ) , Uffe n ( 1 9 5 9 ) , 
Uffe n a n d  Je s s op ( 1 9 6 3 ) , and e l aborate d by Yo d e r  ( 1 9 7 6 a ;  1 9 7 6 b )  . 

B o t t  ( 1 9 6 5 )  and Rob e r ts  ( 1 9 7 0 )  empha s i z e d  that to produce an 
appreci able amo un t of parti al me l ting requ i re s  l arge s tress di f fe rences 
wh ich c anno t norma l ly be mai n tained if large plas ti c  creep occurs in the 
uppe r mantle . Howeve r ,  as de formation by p l a s t i c  c reep is ge ne ra l ly a 
s l ow process  ( Car te r a n d  A v e  La l l e m an t , 1 9 7 0 ) , hi gh e l astic  s tre s s  can be 
ma intained ove r  a short time pe ri od .  Man tle mate rial  can de form e l astic
ally i f  there i s  expan s ion by  vo lume change or i f  there i s  loss  
o f  rigidity due to phase trans formation . Under s uch conditions l arge 
s tres s di ffe rences  can be maintaine d ,  at leas t local ly , for a time dura tion 
sufficient for formation and rapi d propagation o f  fracture s o r  inhomo
gene i ti e s  wi th ge ne ration o f  e arthquak e s  and local me l ting spots ( Ko i de , 
1 9 7 4 ; Ko i de a n d  B h a t t a c h ar j i , 1 9 7 4 ) . 

In th i s  pape r we wi l l  pre s ent bri e fly the theoretical bas i s  and a 
few examp l e s  o f  phas e  trans formations o f  stable and metastab l e  pha s e s  which may 
trigger mechanical instab i l i ty in the upper mantle . We wi l l  show that the 
magni tude of s tre s s  re lease by rapi d phase tran s formation s and nucleation 
and concen trat ion o f  s tre s s  a round mantle inhomoge ne i tie s have the poten-
ti al to produce deep- s e ated fracture s ,  deep- focus e arthquake s ,  the ons e t  of 
mel ting and propagation of f luids through grain boundar ies and existing 
ani sotrop i e s . 
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S T RE S S  RE LEAS E BY RA P I D VOLUME CHAN G E  RELAT E D  TO PHASE TRANS F ORMAT I ON 

Many type s o f  phase trans formation can oc cur i n  the mantle . Due 
to the rel ative motion of  the l i thosphe ric  p l a te an d the mantle , mate r i a l s  
cro s s  phase s tab i l i ty boundar i e s . They may not , however , tran s form con ti n
uous ly at the equi librium dep th . Nuc leation o f  the new phase originate s  
i n  re l ative ly sma l l  are as a t  apprec i ab l e  devi ation f rom equi l ibrium 
( Va i s n y s  a n d  Pi l b e am , 1 9 7 6 ) . As the phase tran s fo rmation i s  gene rally 
accomp anied by a l ar ge vol ume change , d� fferenti al vo l ume chan ge caus e s  
s tre s s  di s turbance alon g  the boundary be tween the phas e - trans forme d  portion 
and the ne arby unchanged mantle mate ri a l  ( Fi g . 1 ) . The pha s e - trans formed 
por ti on may cons i s t  o f  an i nhomo gene ous region , an i nc lus ion , f l aws or  
fracture s o f  di f fe rent mechanical  properties from the s urroundi ng mantle 
mate r i a l , or a pha s e  wi th phy s i c al prope rties ( s uch as shearing s tren gth ) 
di fferent from the s urrounding mantle mate r i a l . 

In addi t i on to the vol ume o f  the phase - tran s forme d region , i ts 
shape has a s i gni f i cant e f fe c t  on the s tres s di s turb ance and me chani cal 
ch aracte ri s ti cs around i t  ( Ko i d e , 1 9 7 4 ; Ko i de and B h a t ta c h a r j i , 1 9 7 5 a ) . 
However , the s tre s s  di s tribution of  the i nhomogeneous re gion or inclus ion 
can be adequate ly e s timated if the i nc l us ion is as sume d to be o f  the shape 
of a spheroid of var ious aspe c t  ratios . 

The exact analyti cal s ol uti on for s tati s tical s tr e s s  di s tribution 
i n  and around a sphe ro idal i nc lus ion embe dded i n  an i n f i n i te homogeneous 
e la s t i c  body has been ob tained by Edw a r d s  ( 1 9 5 1 ) . Koi de ( 1 9 7 0 , 1 9 7 2 ) , 
B h a t t a c h a r j i  a n d  K o i de ( 1 9 7 4 ) , and Ko i de a n d  B h a t t a c h a r j i  ( 1 9 7 5 a )  have 
deve lope d the so lution into forms more conveni en t  for calcul ation of s tres s 
and have app l,i ed  the s olution to s tudy the deve lopment o f  various fracture 
patterns and to fracture propagation around di api r  i n trus i on s  in the 
e las tic l i thos phe ri c p l a te . 

The comple te equation for s tre s s  dis tribution a round a phase 
trans forme d i nc l us ion or i nhomogene i ty i s  h i ghly complex ( Ko i de , 1 9 7 0 ) ; an 
approximate value of maximum s tres s a t  the tip c an be de te rmined from the 
equation given by Ko i d e  ( 1 9 7 6 ) . S tres s ( oT ) at the tip  o f  an i nhomogeneous 
s po t  or inclus i on wh ich ac ts on the man tle ho s t  in a transverse di re ction 
i s  obtained from the equation : 

the coe f f i c i ent D 2 TI  + 4 ( 1 - v ) K '  
S G 

+ 
G '  1 6  ( 1- v ) -
G 

( 1 )  

( 2 )  

whe re S i s  the aspe c t  ratio o f  the i nhomo gene i ty ,  G and v are respec tive ly 
ri gidi ty and Poi s son ' s  ratio o f  the mantle , K '  and G '  are bulk modul us and 
ri gidi ty of the i nhomogene i ty a fte r phase tran s fo rmation , 6 V ' is relative 
vol ume change o f  the i nhomo genei ty by the phase trans formation , and oL i s  
l i thos tati c s tre s s  ( Ko i de , 1 9 7 0 , 1 9 7 6 ) . The f i r s t  term o f  equation ( 1 )  
expre s s e s  the magn i tude o f  s tre s s  re lease ( o t = o T - oL ) .  The s tre s s  
release ( ot ) oc curs b y  vo l ume expans ion due to phas e  tran s formation i n  a 
tr ans verse  di re c tion . 

In th e c as e  o f  an e xtreme ly thin lenticul a r  or ob l a te s haped 
inhomo genei ty ,  the f i r s t  te rm of equation ( 2 )  be come s  negli gible , because 
the aspect ratio ( S )  is ve ry l a rge . Thus , as the shape e f fe c t  ( dete rmined 
by aspect rati o )  be come s negli gib l e , the coe f fi c ient D become s a lmo s t  
cons tant . 
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For an inhomo gene i ty o f  ve ry sma l l  a s pe c t  rati o , the tran s ve rs e  
s tre s s  ( o T ) o f  equation ( l )  c an b e  e xp re s se d  as : 

2 ( G- v  G ' ) 

( 1 - v ) . ( K ' + 4 G '  / 3 )  

The maximum value o f  s tre s s  re lease ( O t = oT - o L ) by vo l ume 
change due to phase trans formation o f  a l arge , narrow i nhomo ge ne ous zone 
of the mantle c an a l s o  be e s t imated by equation ( 3 ) . 

( 3 ) 

In many c a se s , the e l as ti c  con s tants o f  the pha s e - trans forme d 
mate r i a l s  or i n c lus ion a re not known . The e l a s t i c  cons tant o f  the phas e 
trans forme d  i nc lus i on or z one i s  c ommonly as s ume d t o  be almo s t  equal t o  the 
s urro undin g man tle mate r i a l  ( C ase I in Tab le l ) . Thus whe n G '  = G i n  
equation ( 3 ) , 

2 ( l  + \! )  
3 ( l  - v )  

S tre s s  di s tribut ion a t  the t i p  o f  a th in le nti cular or s phe roi dal me l te d  
ro ck z one o r  i nc l us ion c an b e  cal culate d  b y  using the s ame s o l utions . 

( 4 )  

Ano the r pos s i b l e  case i s  a ph ase trans fo rmation i n  which the 
inc lus ion is f luid a fte r tr ans format ion ( G ' = O )  ( Ca s e  I I  in Tab le l ) . The 
equation ( 3 ) , for such a case , can be e xp re s s e d  as : 

?:!i__ !'o. IJ ' + 0 ·  
1 - V  L ( 5 )  

The s tre s s  i n duced by the volume chan ge o f  the s phe ro i da l  
i nc lus io n  o r  i nhomo gene i ty due t o  phase trans fo rmation i s  obtain e d  b y  the 
thre e dimen s i on a l  the ory o f  e l a s ti c i ty ( Ko i de , 1 9 7 0 , 1 9 7 2 ; Ko i de an d 
B h a t t a c h a r j i , l 9 7 5 a ) . 

An e xample o f  s tre s s  di s tribution around an i nhomo geneous spot 
o r  i n c l us ion of c oe s i te s urroun de d  by mantle ma te r i a l  due to a vo l ume 
expansion o f  1 0  percent by a phase tran s formation o f  coe s i te�q uart z under 
the comp re s s ive pre s s u re o f  36 kb ( correspo ndin g to a dep th of about 
1 2 0  km , Tab le l )  is shown i n  F i g . 2 .  Smy t h  and Ha t t e n  ( 1 9 7 7 )  have re cen tly 
i den ti f ie d  in c l us ions o f  c ry st a l s  of coe s i te in  gro s pydi te from the Robe rt 
Vi ctor Kimbe r l i te pipe , South Afri c a . The s hape of the inhomo geneous spot 
o r  i nc lus ion of coe s i te i n  the mantle is a s s ume d to be a s tre tched obl ate 
sphe ro i d  or l e n ti c ul a r  p rotube rance o f  aspe c t  ratio 1 : 1 0 0 . The s tre s s  
conto ur s  i n  s uch a c a s e  ( F i g .  2 )  indicate the po te n t i a l  o f  a la rge s tre s s  
re leas e aroun d  the tip . The l arge vo l ume expansion ( Tab l e  l )  b y  phas e  
trans formation a t  or around the t i p  o f  the i n c l us ion , the re fore , can i nduce 
large te n s i le s tre s s  aroun d  i t .  

Al though uni form i s o tropi c compre s s i ve s tre s s  o f  about 3 6  kb due 
to ove rlying l i thos ta t i c  load i s  e xpe cted at a depth o f  1 2 0  km , a 1 0  
pe rcen t vol ume e xpans ion o f  a l e n ti cular inc lus ion o f  aspe c t  r a tio 1 : 1 0 0  
due to phase trans formation theore ti c a l ly has the pote n t i a l  to c re ate a 
maximum ab s o l ute ten s i le s tre s s  as h i gh as  2 0  kb . 

No rock c an sus tai n  s uch h i gh tens i l e  s tre s s , whi ch wo ul d cause a 
la rge deviatori c s tre s s  ( Y o de r ,  l 9 7 6 b ) . The ten s i le s trength o f  the upper 
mantle is e s t imated to be about 0 . 5  kb by Ro b e r t s  ( 1 9 7 0 ) . Any greater re
lease o f  ten s i l e  s t re s s  by rapid pha s e  tran s formation can potent i a l l y  init iate 
ten s i l e  fractur ing from the areas of highe st stre s s  concentration ( F i g s . 1 and 
2 )  and part i a l  me lt ing by pre s s ure r e l e a s e . However , i f  entha lpy o f  me lt ing 
is low ( such a s  �H = 1 3 5  cal/gm) at 0 . 5  kb , pres sure r e l e a s e  would not produce 
apprec iable me lt ing . 
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DEP TH 

( Kin )  

1 0 0  

2 0 0  

300 

400 

TABLE 1 .  The minimum vo l ume e xpans ion o f  a lenticular pe nny-shape d 

in c l us ion abo ut whi ch fr a c ture s or a me l ting spot can form 

in th e pyro l i te mantle . 

P RE S S URE ELAS T I C  PROPE RTI E S  

O F  THE MANTLE 

Ri gidity Po i s son ' s  

Ratio 

( Kb )  G (Mb )  

- 3 1  0 . 6 4 2  0 . 2 6 6 

-6 4  0 . 6 74 0 . 2 85 

- 9 8 0 . 7 5 6 0 . 2 86 

- 1 3 3  0 . 8 71 0 . 2 8 3  

FORMATION OF MELTING SPOT 

I N  THE OCEANI C  COND I T ION 

THE MINIMUM VOLUME E XPANS ION 

TO INDUCE TE NS ION ( % )  

Case I Case I I  

4 . 2  1 . 8  . .  

7 . 9  3 . 4  

1 0 . 8  4 . 6 

1 2 . 8  5 . 5 

FORMATION OF MELTING S POT 

IN THE SH IELD CONDI TION 

·,. 
REQU I RE D  THE MINIMUM REQUIRE D  THE MINIMUM 

MELTI NG S TRE S S  VOLUME ME LTING S TRE S S  VOLUME 

DEP TH TEMP . PRES S . RELEASE EXPANS ION ( % )  TEMP . P RE S S . RELEAS E  EXPANS I ON ( % )  

(Km) ( o C )  ( Kb )  ( Kb )  Case I Case I I  ( o C ) ( Kb )  ( Kb )  case I Case I I  

1 0 0  1 1 5 0  - 4 . 5  2 6 . 5  3 . 6  1 . 5  860 - - - -

2 0 0  1 4 2 0  - 2 3  4 2  5 . 2  2 . 2  1 2 0 0 7 . 5  5 6 . 5  

3 0 0  1 5 70 - 3 4  6 4  7 . 0  3 . 0  1 4 2 0  2 3  75 · '  

4 0 0  1 6 80 -4 4 89 8 . 6  3 . 7  1 5 70 ' 34 9 9  

Case I :  E l as ti c cons tants o f  i n c lus ion are e qual to tho s e  o f  the mantl e . · 

Case I I : Th e in cl us i on i s  fluid a f te r tran s i tion . 

The val ue s for pre s s ure , te mperature and e l a s t i c  mo dul i  are a fte r Clark and 
Ringwood ( 1 9 6 4 ) . The me l ting pre s s ure s  of dry pyro l i te are a f te r  

Ringwood ( 1 9 75 ) . 

No te : Compre s s i onal pre s s ure i s  indi cate d with ne gati ve s i gn .  
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- - - -

7 . 0  3 . 0  

8 . 3  3 . 5  

9 . 5 4 . 1  
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Fi g .  l .  S chemati c di agram o f  
a n  inclus ion o r  inhomo geneous 
spot s howing are a s  of s tre s s  
re le ase ( hatche d are as ) by 
vo lume e xpans ion . 

F i g .  2 .  Deve lopme nt o f  maximum 
s tre s s  aro un d  the tip o f  a penny
shape d o r  thin lenticul ar inclu
s ion o f  aspect ratio 1 : 1 0 0 , which 
has unde rgone a vo l ume e xpans ion 
o f  10 pe rcent due to coe s i te+ 
quart z phas e tran s fo rmation unde r  
li thos tat i c ,  comp re s s i ve pre s s ure 
of 36 kb ( co rre sponding to a 
depth o f  about 1 2 0  km) . The 
contours indicate the di s tribution 
of maximum compre s s i ve s t re s s  
componen t  ( ne gative and i n  kb ) . 
The bulk modulus and ri g idi ty o f  
quart z  are re spe ctive ly 0 . 3 7 7  Mb 
and 0 . 4 4 3  Mb ( A k i m o t o , 1 9 7 2 ) . 
The Poi s son ' s  ratio and ri gi di ty 
o f  the mantle are as s ume d to be 
0 .  3 and 0 .  6 5  8 l.fu re spective ly 
( af te r  B u c h e r  and Smi t h , 1 9 7 1 ) . 

The propagatio n o f  e l as ti c  
fracturin g can b e  extreme ly fas t 
under the above man tle conditions 
( Gr i g g s  an d Handi n , 1 9 6 0 ; Orowa n ,  
1 9 6 0 ) ; re lease o f  s tored e l a s t i c  
s t re s s  in ro cks b y  s uch s udden ten s i le 
frac turing c an gene rate earthquake s .  

In F i g .  3 ,  the coe s i te +  
quar t z  tran s fo rmat ion curve 
( Ta k a h a s h i , 1 9 6 3 ;  B o y d ,  1 9 6 4 ; A k i m o t o ,  
1 9 7 2 ) , the s o l i dus o f  e c logi te ( I to 
and Ke nn e dy , 1 9 7 1 ) , an d the oceanic 
geothe rm ( C l ar k  and Ringw o o d , 1 9 6 4 )  
are s uperimposed . I f  the transi tion 
o f  coe s i te+quart z  occurs at point A 
( i . e . , under 3 6  kb l i thostatic pre s 
s ure and at about l 2 4 0 ° C ,  corre spond
i ng to approximate ly 1 2 0  km dep th ) , 
the pre s s ure i s  re leased (A+A ' ) around 
the tip of the inclus ion ( F i g . 2 ) . 
Al though the tempe rature may be 
s l i ghtly lowe red momentari ly due to 
adiabati c expans ion , the l i ne A+A ' 
cro s s e s  the s o l i dus at  abo ut 1 3  kb 
compre s s i ve pre s sure , an d the s udden 
pre s s ure re l e ase c an ini tiate me l ting 
around the tip of the inclus ion 
( hatched area in F i g . 2 ) . I f  coe s ite i s  
not pres ent in suf f i c i ent quant ity as an 
inhomogene ity in the upper mant l e , such 
tran s formation may not result in a general 
me lting proces s .  

The re l a tion be tween shape 
ratio of the sphe roidal inc l us ion and 
magni tude o f  maximum pos s ible s tre s s  
re lease i s  shown in Fig . 4 .  In th is  
calcul ation a sphe roi dal inc l us io n  of  
s pine l is  a s s umed to  unde rgo phase 
trans formation i n to o l i vine with a 
vol ume e xpans ion o f  1 0 . 8  pe rcent 
( A k i m o to  a n d  Fuji s aw a , 1 9 6 8 ;  A k i m o t o , 
1 9 7 2 ) . 

The s t re s s  re lease due to 
phase trans formation is minimal for a 

Fi g .  3 .  The coe s i te+quart z  tran s i tion 
( a f te r  Ta k a h a s h i , 1 9 6 3;  B oy d ,  1 9 6 4 ; 

A k im o to , 1 9 7 2 )  basalt-ec logite phas e  
re lation ( a fter Ito a n d  Ken n e dy , 1 9 7 1 ) , 
and the ocean i c  ge otherm ( a fte r C l a r k  
and R i n gw o o d ,  1 9 6 4 )  are s upe rimposed . 
EC : e c lo g i te : PL-EC : p l agiocl ase ; 
GA-GR : garne t granul i te ;  BA : basal t ;  
TZ : tran s i tion zone . The line A+A ' 
indicate s the path o f  s tre s s  re lease 

� 

! "� by phas e trans formation at the tip o f  
the inc lus ion . 
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F i g .  4 .  Theore ti cal va l ue s  o f  
maximum po s s ible s tre s s  re l e ase due 
to a vo l ume e xpans i on o f  1 0 . 8  pe r- · 
ce n t  ( a fte r A k i m o t o  a n d  Fuji s aw a , 
1 9 6 8 ;  A k i m o to , 1 9 7 2 )  for the phase 
tran s i ti on s pine l+o l i vine . The 
magni tude of the maximum pos s ib le 
the rma l ten s i le s tre s s  re lease ( kb )  
i s  s hown as a function o f  the shape 
ratio of oblate - s pheroidal-prol ate 
inc lusi o ns . · The bulk modul us and 
ri gi di ty of o l i vine are a s s ume d to 
be re spec tive ly , 1 . 6 3 Mb and 0 . 8 3 
Mb ( a f te r Kum a z aw a  a n d  A n de r s on , 
1 9 6 9 ) . The Poi s son ' s  ratio an d 
ri gidi ty o f  the man tle are as s ume d 
to be 0 . 2 8 3  Mb and 0 . 8 7 1  Mb re spe c
tive ly ( afte r  C l ark  a n d  Ri n gw o o d ,  
1 9 6 4 ) . I f  s uch a h i gh the rma l 
ten s ile s tre s s  re l e ase o c c urs , one , 
or the fo l l owin g combination o f  
ene rgy di s s ipation pro ce s s e s  may 
take pl ace in the uppe r mantle : 
fracturi n g ,  phase trans formation , 
fl uid mi gration , di f fus ion and 
plas ti c flow ( in orde r  of time rate ) . 

s phe r i c a l  i n c l us ion but incre a s e s  
w i th the aspe ct ratio f o r  both pro
late and oblate inc lusion s ( F i g .  4 ) . 
The magn i tude o f  s tre s s  re lease at 
the tip o f  an ob late in c l us ion i s  
l arge r than a t  that o f  a prol ate one 
and maximum s tre s s  re le ase occurs at 
the tip o f  a ve ry thin , obl ate or 
lenti cul ar inc lus ion . Our e s timation 
s hows that for such an extreme ly thin 
inclus ion , s tre s s  re lease be come s 
almos t con s tant beyond a certain 
aspe ct ratio . 

The maximum pos s ible s tre s s  
re le a s e  due t o  spine l+o l i vine tran s i 
tion i s  e s t imated theoretically to be a -
bout 1 2 0  k b  ( F i g . 4 ) . I f  spinel+ol ivine 
tran s i tion can o ccur unde r l i tho-
s tati c compre s s ive s tre s s  of about 
1 2 0  kb in the mantle ( A k i m o to  a n d  
Fuj i s awa , 1 9 6 8 ;  Ri n gw o o d ,  1 9 7 5 , 
p .  4 0 3 ) , the s tre s s  at the .tip o f  the 
phase - trans forme d i n c l us io n  wo ul d 
become p racti cally ze ro ( i . e . , the 
ten s i l e  s tre s s  virtual ly equa l s  the 
l i thos tatic load) . 

As f racturing in rocks can 
occur unde r ve ry sma l l  tens i l e  s tre s s  
( B r a c e � 1 9 6 4 ) , frac ture s c a n  form 

when s tre s s  re lease by phase tran s 
forma tion ( i . e . , tens i l e  s tre s s ) 
wo uld j us t  ove rcome the l i thostatic 
s tre s s . 

A p o s i tive increment o f  s uch 
a s tre s s  di f fe renti a l  is mos t  l ike ly 
to  occur in are as o f  te cton i c  ins ta
bi l i ty .  Thi s  can trigge r  the ons e t  
o f  local parti a l  me l ti n g  b y  the 

propagation of fracturing th rough grain boundari e s  and i n te rconne cting the 
zones o f  we akne s s e s  ( s uch as l en s e s  o f  me l t ) , which also s how a h i gh de gree 
of interconne c te dne s s  durin g e xpe rimen tal partial me l ting of pyro l i te ( Wa ff 
a n d  B u l a u , 1 9 7 7 ) . The pre sence o f  i nte r s ti ti a l  g l a s s  in py roxeni te from 
Wi l l i ams , Ari zona ( Pi k e  a n d  Schwar zman , 1 9 7 7 )  s ugge s ts that me l ts form 
along grain boundarie s . S uch i n te r s ti ti a l  f l ui ds can act as " Gri ffi th ' s " 
inhomogene i ties or inclus ion s wh ich become e f fe c ti ve loci  for s tre s s  
concen tration . S a v a g e  ( 1 9 6 9 )  h a s  shown that when s tre s s  a f fe cts the me l t 
ing proces s ,  len se s o f me l t  te nd to propagate pe rpendi c u lar t o  the di re c
t ion o f  minimum tens ion . The " l iquid-bonded aggregate " concept o f  rock 
melt ing along grain boundari e s  has been d i s cus sed by Yo de r ( l 9 7 6b ,  p .  1 6 4 ) . 

Whe re inhomogene i ti e s  o r  f luid inc lus ions o f  various aspe ct ratios 
exi s t  in the uppe r  man tle ( as di s c u s s ed late r ) , our analys i s  indi cates that 
the inhomogenei ty or  in c lus ion wi th l owe s t  aspe c t  ratio i s  the probable 
locus for the ini tiation of fracturing and the ons e t  of loc al me ltin g . 
Thus , the magn i tude o f  a c tual ten s i l e  s tre s s  re lieve d ,  i s  in actua l i ty , 
much le s s  than the theore ti cal maximum val ue s  shown in Fig . 4 .  
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Yo de Y' ( 1 9 7 6 b ,· p .  1 6 2 )  has sugge s te d  that the ve ry f i r s t  me lt may 
actually begin wi th inclusions or involve minor pha s e s ' interstitial  to the 
ma j or phase s . I f  l arge vol ume changes by phase trans formation s o f  me ta
minor pha s e s  cont inue ( shown earl ier ) , me lt ing can initiate from 
inclus ions or minor pha s e s  and proceed with cyc l ical proce s s  o f  stre s s  
concentration and tens ile  s tre s s  re l i e f  ( di s cus s e d  l a te r ) .

-
Howeve r ,  with

out the space requi s i te for vo l ume e xpans ion , me l ting will s top . The rate 
at which the devi atoric s tre s s  i s  re lieve d  l arge ly de te rmine s whe the r thi s  
me l tin g continue s  or free zes . Interes tingly , zone s o f  fro zen me l t  can act 
as furthe r inhomogene i t ie s  o r  paths along whi ch future propagation o f me lt 
c an oc cur ( B h a t ta c h a Y' j i  an d Koi de , in preparation ) .  

S T RE S S  RE LEASE BY THE RE DUC T I ON OF R I G I D I TY RE LATE D TO PHASE T RAN S F O RMAT I ON 

In ri dge ce nters , s ubduction zone s , an d i ntrapl ate are as o f  
conve ctive plume uprise , di f fe re nti al s t re s s  i n  the man tle can be main
taine d ove r a con s i de rable pe riod o f  time , and re duction o f  ri gidi ty due 
to phase trans formation c an produce s ubs tanti a l  s tre s s  re lease un de r shear 
de formation ( Fi g s . 5 and 6 ) . Vai s n y s  a n d  Pi l b e am ( 1 9 7 6 )  have shown that 

� phase trans formation in a re gion o f  man tle 
mater ial  that is initially in locally stab l e , 
me chanical mot ion can induce extens ive shear 
de fo rmation as s ociated wi th a the rmal catas tro
phe . 

Fig . 5 .  S chematic 
di agram o f  an inc l us ion 
or inhomogenei ty s howing 
areas of stre s s  re lease 
( hatched ) by re duc tion 
of rigidity due to a 
phase change under 
she aring s tres s .  . . . " 
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The fracturing from inc lus ion s or 
inhomogene ous spots in the man tle due to phase 
trans format ion would re duce the apparen t 
ri g i di ty o f  ro cks as fracture zone s be come 
s i gn i fi can t ly we ake r un de r she aring stre s s , 
e s pe ci a l ly when i t  i s  a s s o c i ated with a the rmal 
catas trophe . The re duc tion o f  ri gidi ty and 
Youn g ' s  modul us o f  rocks have a l s o  been ob se rve d 

F i g . 6 .  Deve lopment 
o f  maxi mum s tre s s  
re le ase aroun d the tip 
o f  a penny-shape d  or 
thin lenticular f lui d 
inclus i on or fracture 
wi th pre s s uri zed f l ui d  
( o f  aspect ratio 1 : 1 0 0 )  
due to me lt ing under 
the compre s s ive l i tho
s tatic p re s s ure of 2 5  
kb and 0 . 5  kb she aring 
stre s s . The bulk 
mo dulus and rigidi ty 
o f  the inc l us i on or 
fracture are ,  re spe c
tively , 0 . 6 4 5  Mb and 
OMb . The Poi s son ' s  
ratio and ri gi di ty o f  
the man tle are 
as s ume d as  0 . 3 and 
0 . 6 5 8  Mb re spective ly .  
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with Phase trans 
forma tion in expe r i 
ments ( Vo l a P o v i c h  
an d  GuY'Vi c h , 1 9 5 7 ) . 

To tal los s  
o f rigidi ty may occur 
in the case o f  s o l i d+ 
f l uid trans formation 
( i . e .  , G '  = 0 )  . For 
s uch a phas e  tran s 
fo rmation , inhomo
gene i ti e s  o r  inclu
s ions c an be con s i d
e re d  as we ak zone s , 
or as frac ture s 
fi l le d  with f l ui d . 
S tre s s  re le ase by 
she ar de formation 
gene ral ly occurs near 
the tip of the frac
ture boundary ( Fi g .  
6 ) . Howeve r , whe n 
vo lume e xpans ion due 



to phase tran s formation to fluid (me l t )  i s  l arge , the stre s s  re l e a s e  
magn i tude al so incre a se s . 

The  e f fe c ts o f  the add i tion a l  s tre s s  r e l e a s e  due to vo lume exp an 
s ion by me l t ing should be con s idered for man tle material  which has unde r -
gone phase trans formation b y  shear deformat ion . The max imum s tr e s s  (0:  ) 

. . f h "  h d 1 
max 

on the boundary of an lnc lus lon or rac ture w l C  c an pro uce vo urne 
chan ge ( due to me l ting as  we l l  as shear deformation ) can be expre s sed by 
the equa tion ( Ko i de , 1 9 7 2 , 1 9 7 6 ) : 

= 1/2  ( 0t + ( 6 )  

where stre s s  release  by vo lume expans ion ( 0 t ) i s  0 = 
t 0 -

T O L ' and stre s s  
concentration coe f f ic ient ( b )  i s  

b 8 ( 1  - G ' /GI{ ( 2  - \) )  "TT 
+ 4 ( 1  - \! )  G '  } ( 7 )  

s G 

In e quation ( 7 ) , G '  i s  the r i g id i ty a fter phas e  tran s format ion . 

I f  the inhomogen e i ty or inclus ion 
tion , r i gidity G '  = 0 ,  and b = 8 8/ ( 2 -v ) n .  
stre s s  can cause h igh stre s s  concentration 
or frac ture . 

become s f l u id a fter tran s forma
There fore , even a sma l l  shearing 
around a fluid- f i l led inclus ion 

According to the Gri f f i th theory of frac ture s ( Gr i ffi th ,  1 9 2 5 ) , 
new fracture s are formed whe re the max imum s tre s s  ( CJm ) exceeds the ten s i le 
s trength o f  materia l s . Al though Gr i f f ith ' s  energy cr iteria ( Gr i ffi th , 
1 9 2 1 )  are not directly appl icable under compre s s ion , the ten s i l e  s tre s s  
criteria c an d e sc r ibe the propagation o f  crac k s  under compre s s ion ( B r a c e  
a n d  B o mb o l a k i s , 1 9 6 3 ) . 

The equation for the c r ite r ion for me lt ing c an be wri tten a s  the 
equa tion of c r i terion for fracture formation from Gr i f f i th ' s  inc lus ion or 
inhomogeneity ( Ko i d e , 1 9 7 2 )  in wh ich PJt > , repre sent ing mel t ing pre s s ure 
( as  a func tion of temperature ) i s  sub s t i tuted for the ideal ten s i le 
strength o f  a rock 

2 ( P ( t ) - cr )  
m L 

b P ( t )  - CJ 
m L 

( 8 )  

The refore , the propagat ion o f  me l t ing spots may be descr ibed by the analogy 
o f  the propagation o f  fractur e s  through grain boundaries  and the proce s s  o f  
interconnec tedne s s  o f  l e n s e s  o f  me l t  b y  fracture s .  

D I SCUS S ION 

Vo lume changes caused by pha s e  trans forma tion , whethe r sol i d- so l i d  
or so l i d - f l uid , migration o f  pha se trans format ion z o n e s  wi th me l ting , and 
magma fo rmation in the upper mantle have con s iderable e f fec t on the 
e l evation of the crustal surface and on tecton ic di sturbanc e s  in the 
earth ' s  crus t , depending on how the volume expans ion i s  accommodated . 
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Var ious model s  re l ated to the tectonic e f fects  o f  pha se tran s i 
tions and vol ume change s within the f i r s t  1 0 0  km o f  the mantl e have been 
di scu s s ed and summar i z ed by Wy l l i e  ( 1 9 7 lb ,  p .  2 3 3 - 2 5 3 ) . The minimum 
volume expans ion nec e s s ary to initiate fracturing , s tre s s  release  and 
probabl e onset of mel ting around a thin l inear or sphero idal i nc l u s ion or 
inhomogene i ty for depths o f  1 0 0  to 4 0 0 km in the mantle has been e s timated 
from pre s sure , tempe rature and e l a s tic modu l i  data from the pyrol i te model 
of C l ar k  and Ri n gwo o d  ( 1 9 6 4 ) and R i ngw o o d  � 1 9 7 5 ) ( Table 1 ) . 

In the c a s e  o f  a so l id - f luid trans fo rmation ( Case I I )  , the 
required minimum volume expans ion can be cal cul ated from e quation ( 5 ) . In 
the case of a s o l i d - s o l i d  trans formation ( Ca s e  I ) , the rigidity and bulk 
modulus o f  the inc lus ion or inhomogene ity mus t  be known to calcul ate the 
volume expans ion that can produce me l ting or fracturing . In thi s  c a s e  i t  
i s  a s sumed that the e la s t i c  propertie s of  the inc lusion a r e  practically 
the s ame a s  tho se  of  the  surrounding mantle mate r ial . As mentioned 
earlier , the ri gidity of the inc lu s ion i s  o ften re duced at the time of 
pha se trans forma tion s ; hence for many so l id - so l id pha se  tra n s formation s ,  
the magnitude of s tre s s  release should be be tween C a s e  I and C a s e  I I  
( Table I ) . 

Volume expans ion greater than 4 . 2 percent by so l id - so l i d  pha se 
tran s formation ( C a s e  I )  c an cau s e  frac tur ing at a depth o f  1 0 0  km ( Tabl e  
I ) . Bec ause mel t ing c aus e s  l arger s tre ss  rele a s e , vo lume expans ion by 
me l ting greater than 1 . 8  percent can form frac tures at 1 0 0  km . 

Under the oceanic crus t , at 1 0 0  km depth , the e s t imated tempera 
ture i s about 1 1 5 0 ° C  ( C l ar k and R i n gw o o d ,  1 9 6 4 ) and the mel ting pre s s ure o f  
pyr o l i te i s  about 4 . 5  kb ( R i n gw o o d ,  1 9 7 5 ) . Therefore , a vo lume expans ion 
above 1 . 5  percent should initi ate propagation of a mel ted inclus ion ( Case 
I I ) , and a volume expansion above 3 . 6  percent should c ause a mel ting spot 
at the tip o f  the inclus ion in Case I . However , under the Shield , the 
tempe rature is too low to produce me lting of dry pyro l i te at  such a depth . 

As example s ,  we c a lcul ate that the tran s i tion o f  coe s i te+a -quartz 
with about 10 pe rcent vo lume expan sion and j ad e i te + quartz+albite wi th 
1 9 . 8  percent vo lume expan s i on ( c alcula ted from C l ar k , 1 9 6 6 )  c an trigger 
propagat ion o f  frac ture s and the onset o f  me lting at depths be tween 75 -
1 0 0  km . 

The spine l+ol ivine tran s i t ion re sulting i n  a volume expans ion of  
1 0 . 8  percent a t  a depth o f  3 0 0  km can initiate partia l  me l ting . The 
fosterite + pyrope+e n s tatite + spine l tran s i t ion with 5 . 2  percent vo lume 
expan sion which occurs at 2 0 - 2 5  kb pre s s ure , corre spondi ng to a depth o f  
7 0 - 8 0  km , a n d  about 1 1 0 0 ° C  ( Ma c Gr eg o r , 1 9 6 4 ) c a n  al so tr igge r on set of  
local me l ting through the propagation o f  fracture s along grain boundaries  
and exi s ting c rack s . It  i s  i ntere s t ing that Ito  and Ke nn e d y  ( 1 9 7 1 ) , from 
the i r  experime n tal study , no ted a sudden volume expan s ion of abo ut 4 per
cent for the tran s i tion o f  plagioc l ase  e c logite to garne t granu l i te und er 
a pre s s ure o f  1 9 - 2 3  kb at 1 2 0 0 ° C ,  and a s udden vo lume expans ion o f  about 
4 . 9  percent from g arne t granul i te to basa l t  under a pres sure of 1 1 - 1 3  kb 
at 1 2 0 0 ° C ( F i g . 3 ) . 

Areas  i n  the mantle o f  upr i s ing conve c tion currents , the rma l 
plume s ,  or d iapirs of  subduc tion zone , a l l  under adiabatic cond i t ion s ,  are 
the mo s t  favorabl e s i te s  for fractional me l ting by phase tran s formation 
( Gr e e n  and R i n gw o o d , 1 9 6 7 )  and s tre s s  release , a s  the l i thostatic pre s s ure 
can be re leased more read i ly . Thus , in areas of upri s ing currents or 
diapir s ,  man tle mate r ial i s  more likely to be l e s s  v i s cous ( a  non-Newtonian 
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crys tal mus h  or Newton i an me l t )  or p l a s t ic compared to the surrounding , 
mor e  e l a s tic , sol id mantl e mate r ia l . 

An example o f  the nature and e f f ec t  o f  s tre s s  r e l e a s e  i n  areas o f  
vi scous d i apiric  upri se i s  shown i n  F i g . 7 .  H i gh P o i s son ' s  ratio ( 0 . 4 )  and 
reduc ed r i gidi ty ( 0 . 5  Mb ) values we re used to repre sent a vi scous core o f  a 
diapir o r  a r i s ing current . Al l other parame te r s  for calculations are 
identic al to F i g .  2 .  

' 
�0 

F i g . 7 .  Deve lopment o f  
maximum s tr e s s  rel e ase 
around the tip o f  a thin 
l enticular i nc l u s ion or 
inhomogene i ty o f  aspe c t  
ratio 1 : 1 0 0  which has 
undergone a vol ume 
expan s i o n  o f  1 0  p ercent 
due to coe s i te�quart z  
trans i ti on under a 
compre s s ive pre s s ure o f  
3 6  Kb . The Po i s son ' s  
ratio and apparent 
rigidity of the l e s s  
vi scous mantl e are 
a s s ume d a s  0 . 4  and 0 . 5  
Mb respective ly .  Other 
parame te r s  are the same 
as i n  F i g . 2 .  

The re s u l t s  ( F ig . 7 )  indi c a te that 
the magn itude of the s tre s s  release  is some 
what decreased due to the reduc tion o f  
rigidi ty , but the e f fec t s  o f  the reduc tion o f  
l i thospheric load due to d i ap i r i c  ri se 
dominate , creating an increa s ed poten-
tial for me l t ing by stre s s  concentrat ion , and 
the propagation of me l t  from the top of the 
d i ap i r  by gravi tational i n s tab i l i ty ( Ramb e rg , 
1 9 7 2 , F i g . 1 0 ) . The vi scous s train rate 
( c reep ) or the ra te of upr i se of the d i ap i r  

o r  current i s  a l s o  an  impor tant contro l l ing 
fac to r . The e f fe c t  i s s imi l ar to Gree n and 
Ringwood ' s  mantle pyrol i te mode l  of frac tion
al me l t ing ( 1 9 6 7 )  under adiabatic co nd i tions . 

Phase equi l i br i a  s tud i e s  sugge s t  
that under h i gh pre s sure hydrous mineral s 
( amphibo l e , mus covi te , phlogop i te ) break down 

be l ow the s o l i dus , and dehydration tempera 
ture become s l owe r with increas i ng pre s s ure 
( Wy l l i e , 1 9 7 l b ) . The bre akdown of such 

mi ne ra l s  and concentration o f  wate r i n  th in 
f i lms in  i ntergranular boundar i e s  o r  l oc a l 
i zed pockets  may deve lop we ak zone s o f  
reduced e f fective r i g idi ty in  the upper 
mantle at the l e ve l  whe re the hydrous 
mine ra l s  be come un s table . 

The di scharge o f  vo l at i l e s f�om the 
deepe r leve l s  of the mantle and the i r  conc en
tration i n  thin f i lms along gra in bound ari e s  
c a n  a l so d r a s t i cal l y  reduce the e f fe c tive 
r i gidi ty o f  the surround ing mantle mate ria l . 

Dehydration o f  hydro u s  mineral s c an occur i n  the s i nk i ng s l ab o f  a 
s ubduc tion zone under h igh pre s s ure and low temperature cond i tion s . 
Al though me l ting a t  lower tempe rature i s  unl ikely , propagation o f  fluid
f i l led fracture s can read i l y  occur ( s ee  be low ) . Th i s  cre a t e s  cond i t ions 
favorabl e  for the migration o f  volat i l e s  a long e x i s t ing and newly formed 
pas s ages . 

Gr e e n  a nd Radc l i ff ( 1 9 7 5 )  have s hown that c o 2 -rich fl uid may 
exsolve , pre c i pi tate , and concentrate along crys t a l  defects  an d grain 
boundar i e s  o f  mant l e  rock s dur i ng i ncrea s i n g  de formation . Fran c i s  ( 1 9 7 6 ) 
ha s a l s o  shown tha t  inte rs titial amphibole in  l her zol ite zenol i th from 
Nun ivak I s l and , Alaska , wa s formed by i n f i l tration of a lk a l ine fluids  i n  
the upper mantl e . The s e  obse rvatio n s  sugge s t  that the di s charge o f  vol a 
t i l e s  or f l u i d s  into gra in boundar i e s  o r  s tr e s s  re l e a s e d  frac ture s i s  
s i gni f ic ant i n  mantl e de formation . The c on tinuous proce s s  o f  propagation 
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o f  fluid - f i l l ed crac k s  o r  pockets o f  me l t  by frac tur ing wi th maximum s tre s s  
conc entration a t  the tip fol lowed by s tre s s  release ( i . e . , cyc l i c a l  s tre s s 
e s  and fa i l ur e s )  can , the re fore , be a n  important proce s s  fo r magma gene ra
tion ( Uffe n , 1 9 5 9 ; Y o d e r , 1 9 7 6 b )  in regions of r i s i ng temperature and 
tectonic in s tabi l i ty as we l l  as in i t s  migration in  the direc tion of s tres s 
re lease . 

A MOD E L  F O R  P RO PAGA T I O N  O F F LU I D - F I L L E D  F RAC TURE S B Y  PHA S E  TRAN SFORMAT I ONS 
IN THE U P P E R  MANT LE 

An area o f  controve r sy still surround s the initial  s ta ge o f  me l t  
formation through the proce s s e s  o f  coale s c enc e  a n d  me l t  removal from the 
as theno s phe re ( Fe do to v ,  1 9 7 5 ; Yo d e r , 1 9 7 6 b ) . The mo s t  important remai ning 
problem concerns the migration of me l t  from the a sthe no sphe r e  ( Tur c o t t e  and 
A h e r n , 1 9 7 7 ) . Wh i l e  many c o n s i der that me l ts from the upper mantle r i s e  as 
l a rge drop s ( B e l o u s s o v , 1 9 6 6 ;  Ri ngw o o d , 1 9 7 4 ) , o the r s  think that at  leas t 
bas ic magma ri se s to the s urface in long ma gma channe l s  or co l umn s with 
th e base a t  depths of several tens o r  hundred s o f  k i l omete r s  ( Fe do to v , 
1 9 7 5 ) . 

I f  a swarm o f  micro - f ra c ture s and gra in bounda r i e s  f i l led wi th 
vo lati le s and me l t ,  c ry s ta l -mush f i l led w i th inte r s ti t ial fluid , or sma l l  
pockets  o f  me l t  are formed a s  i nhomogene i ti e s o f  a we ak zone o f  l owe r  
e f fec tive r i gidity , the y may become impor tant pas s age s f o r  me l t  migration 
due to man tl e deformation . 

Rock me chanic s expe r iments ( Mo g i , 1 9 7 1 ) have a l so s hown that the 
concen tra t ion of micro- frac ture s in a weak ( shear ) zone leads to the 
deve lopment of l arge bri ttle frac ture s under confining pre s s ure . The 
propagation o f  fluid- f i l l ed frac tur e s  in the mantle , whi ch is s imi l a r  to 
bri t t l e  frac ture propagation unde r confin i ng pres sure ( Br a c e , 1 9 7 2 ) , i s  
e s senti a l l y  c on tro l led b y  e f fe c tive s tre s s  ( Oe ) :  that i s , no rma l  tec tonic 
s tre s s  minus frac ture fluid pre s s ure . 

When swarms o f  fluid - f i l led frac ture s formed in the upper mantl e 
due to pha se change s become co nnec ted by cyc l i c  s tr e s s  rel i e f  into a 
continuous s y s tem for a ve r tic a l  di s tance ( h )  ( F ig . 3 ) , the e f fe c tive 
s tre s s  ( oe ' )  a t  the uppe r tip of the pro pagating frac ture can be expre s se d  
as 

o ' 
e ( 9 )  

where oe i s  the e f fective stre s s  at the 
. lowe r  end , � p  i s  the d i fference i n  dens i ty 

be twe en the fluid and the ho s t  mantle rock , 

F i g . 8 .  Diagrama tic s k e tch s howing the 
probable propagation of fluid - f i l led 
frac ture s i n  the upper mantle due to 
phase and volume change ( s ) . oe ' and oe : 
the e f fec tive s tre s s  at  the upper and 
lowe r  tips re spec tive ly o f  the fl uid
f i l led fracture ( s ) , h :  the vertical 
exte nt of  a con tinuous frac ture zone or 
frac ture swarm , and � p : the d i f fe renc e 
in  den s i ty be tween the fl uid and the ho s t  
man tle rock , and g :  ac c e l e ra tion due to 
gravity . 
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and g i s  acc e l e ration due to gravity . 

As the man t l e  rock i s  denser than the f l u i d  ( i . e . , magma with 
vol atil e s )  i n  the frac ture sy s tem , f ra c ture s  ( wi th fl u i d )  propagate upwards 
because of  higher e f fe c t ive s t r e s s . The upwa rd propagation of  fluid- f i l l e d  
frac ture s  i s  a c c e l e ra ted a s  th e verti cal  d i s tance ( h )  o f  frac tur e s  become s 
large r � Thus rapid concentration o f  thin f i lms o f  pre s sur i z e d  me l t  or  
vo l at i l e s  ( such a s  c o 2 1 H 2 0 )  in  weak , shear or deep faul t z o ne s  can l e ad 
to the s hatte r i ng o f  more rigid , surroundir1g rock s wi th nume rous fl uid
f i l led fracture s . I f  fluid pre s sure i n  frac ture zones under shear i s  
l owe red due t o  d il a tancy , more fl uid f l ows into deep f aul t o r  she ar zones  
( Fran k ,  1 9 6 5 ; Nur , 1 9 7 2 ) . Thus the acce l e rated propagation o f  pre s s ur i ze d  
frac ture s w i t h  increa s i ng l e ngth a n d  h i gher e f fe c tive s tre s s  can l e ad to 
rapi d  or e xp l o s ive empl acement o f  vol a t i l e - r i ch ma gma s and diatreme s . 

Rapid br ittle fracture propagation , rather than vi scous diapiric 
upri se , is  mor e  l ike ly to result whe n  the pre s sure o f  the par t i a l l y  me l ted 
mush wi th incre a s i ng vo l a t i l e  content at the roo f approache s o r  exc eeds 
the l itho s ta t i c  load . Rate s o f  upr i s e  o f  such parti a l l y  me l ted ma te r i a l s 
from the low ve loc i ty l aye r o f  the upper mantle or f rom the potentia l l y  
un stabl e ho tter boundary zone compri s ing both mantle and l owe r l i tho sphe r e  
are contro l l e d  pr imari l y  by compre s s ive a nd d i f fere ntial s tre s s e s  i n  the 
upper man tle , f l uid pre s s ure , e f fec tive k i nematic vi s co s i ty and rate and 
vo lume supply of the f l ui d . I sl and arc , s ubduc tion z o ne and p l a te col l i 
sion boundary are mo s t  sui ted for the deve l o pment o f  such cond i tio ns . 

The e f fe c t s  o f  the diapiric and forc e ful upr i se o f  parti a l l y  
me l te d  man tle ma te r i a l  on  the e l a s t i c  l i tho s pheric p l a t e  a nd the deve lop
me n t  o f  frac ture geometry i n  bo th o c e an i c  and con tinental c rus t due to 
diapi r i sm have bee n  d i sc u s s e d  earl ier ( B h a t t a c h a r j i  a n d  Ko i d e , 1 9 7 5 , 1 9 7 6 ; 
Ko i d e  a n d  B h a t ta c h a rj i , 1 9 7 5 a ,  1 9 7 5 b ) . 
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TELE SE I SM I C  TE CHN I QUE TO LOCATE MAGMA 
I N  THE C RUST AND UPPER MANTLE 

H . M .  Iyer and R . M .  S tewart 
U . S .  Ge ological S urvey 

3 4 5 Middle f ie l d  Road 
Men l o  P ark , Ca l i forni a 9 4 0 2 5  

Ab s t r a c t  

Re l a ti ve trave l t ime re s idual s ,  me a s ured us i ng a large number o f  
tele s e i smi c P -wave s recorded i n  three vo l c an i c  area s  ( Long Valley and The 
Ge yser s , Cal i forni a ;  Ye l l ow s tone National Park , Wyoming ) , show that s e i smic 
compre s s i onal veloc itie s are l ower by 5 to 1 5 %  i n  large vol ume s bene ath 
each area . In  Ye l l ows tone the tel e s e i smic delays  are about 1 . 5  sec  i n s i d e  
the c a ldera . They a l so r ema in h i gh over a 1 0 0 -km wide are a around the 
caldera . Th e spatial  d i s tri bution o f  the d e l ay s  and the i r  magni tud e s  
indica te the pre s ence o f  a l a r ge body o f  l ow-ve l o c i ty mate r i a l  wi th hor i 
z on tal d imen s ions c orre sponding t o  the s i ze o f  the caldera ( 4 0  k m  x 8 0  km) 
ne ar the sur face and exte nding to a dep th of about 1 5 0  to 2 5 0  km under the 
caldera . U s ing ray trac ing and inver s ion te chnique s ,  it is e s t imated tha t 
the compr e s s ional ve l o c i ty ins i de the anoma lous body i s  lower than the 
s urrounding rock by 1 5  to 2 0 %  in the upper crus t ,  and by 5 %  in the upper 
mantle . In Long Val l e y  and The Geysers  the d e l ays are about l s ec with 
a spatial d i s tribution for te l e s e i sms from di f ferent a z imuth s tha t  i nd i 
cates the pre s ence o f  a l ow-velo c i ty body i n  the upper crus t . The diame te r  
o f  t h e  body i n  each a r e a  i s  e s timated t o  be about 1 0  k m  and t h e  ve l oc ity 
contr as t  to be l owe r tha n  normal by 10 to 1 5 % .  Re cent vo l c an i s m ,  s ur fac e 
geo the rmal phenomena , h i gh hea t flow , and gravi ty da ta s ugge s t  tha t ho t 
rock i s  pre s en t  under the s e  are as ,  and the l ow s e i smi c veloc i t i e s  are 
pre s umabl y caused by the ho t rock . However , l aborato ry data demons tra te 
that to obta in the obse rved 1 0  to 1 5 % reduc tion in compr e s s ional wave 
veloc i tie s ,  compl ete or par tial  me lting o f the rock is re qui red . Henc e , we 
pos tul ate that the l ow veloc i ty bod i e s  at Long Va l l e y , The Geyser s ,  and 
Ye l lows tone are magma ch amber s  re spon s i b l e  for the obs erved vol c ani sm . 

I n t r o duc t i on 

S e i smic technique s are idea l l y  s u i ted for dete c ting and del i ne a 
ting zone s o f  partial  me l t . Both P -wave s and S -waves c an be expected to 
travel through magma t ic mate r i a l  wi th lower than norma l ve loc i ti e s . Atte n 
uation i s  l ik e l y  t o  o c c ur for bo th typ e s  o f  wave s and may be particularly 
severe for S -wave s ( Kub o ta a n d  B e r g , 1 9 6 7 ;  Ma tumo t o , 1 9 7 1 ) . Both a c t i ve 
and pas s i ve s e i smi c techniques can be used to e xplore magma chamber s  and 
part i a l l y  mol te n  zone s in the crus t and uppe r  mantle of the e arth . I n  
t h e  active te chn i que , c on tro l l ed s e i smic sourc e s  s u c h  as  explos ions and 
Vibro s e i s  are used to c arry out conventional r e fraction and r e f l e c tion 
survey s .  Un for tunate ly this powe r ful techni que h a s  been used ve ry l i ttle 
in the Uni ted S ta tes for geo therma l and vo l c anological  s tudi e s , pre s umably 
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because i t  i s  very expen s i ve . The technique c a l led "deep s e i smic 
so unding " h a s  bee n  e x te n s ive ly used i n  the US S R  to s tudy the deep s truc ture 
of vo l canoe s in the Kamchatka area ( U tna s i n e t  a l . , 1 9 7 6 ) . I n  the pa s s i ve 
se i smic te chnique ear thquak e s  are u s ed a s  s e i smic s o urce s . Loc a l  and 
reg ional ear thquak e s  can b e  used to s tudy par t i a l  me l ts in the c r us t ,  and 
d i s tant e ar thquake s  ( te le s e i sms ) are u s e ful to d e l i neate magma bod i e s  i n  
th e c r u s t  and upper mantle . In thi s  paper w e  shal l d i s c us s  on l y  the 
te le s e i smic te chni que o f  explor ing for magma . 

Our ma in intere s t  i n  part i a l  mo l ten zone s i s  i n  conne c tion wi th 
e f forts  to s tudy heat sourc e s  in geothermal are a s  and i s  part of the U . S .  
Ge ol ogical  S ur ve y ' s  s e i sm i c  mon i tor ing program o f  geothermal a re a s . Iy e r  
( 1 9 7 5 )  found tha t te l e s e i smic P-wa ve s  recorded b y  a USGS s e i smi c ne twork 
in Ye l low s tone Na tional Park wer e  s i gn i fic antl y d e l ayed as they traveled 
under the Yel lows tone caldera . S te ep l e s  and Iy e r  ( 1 9 7 6 a , b ) s tudi ed te l e 
sei sms i n  Long Va l l e y , Cal i fornia ( a  po te n t i a l  geo thermal are a )  and fo und 
P-wave d e l ay s  ther e , though pre s en t  i n  a muc h le s s  s pe c tacular fashion than 
in  Ye l l ows tone . S te ep l e s  and Iy e r  ( 1 9 7 6 b )  and Iy e r  and Hi t c h c o c k  ( 1 9 7 5 ) 
have a l so found tha t a s imi lar phenomenon may b e  pre sent a t  The Gey s er s , 
Cali forn ia ,  the only p l a c e  i n  the Un ited S ta te s  where geo thermal e l e c tr i c  
power i s  c urrently b e i n g  gene rated . I n thi s  paper we s ha l l  b r i e f l y  d i s c us s  
the te l e se i smi c technique t o  l o c a te and d e l ineate magma bodi e s , and the 
ob servat ions and the i r  interpretation at Long Val l e y , Ye l lows tone , an d The 
Geyser s .  The Gey s e r s  re sul t s  are pre l iminary and we shal l di s c u s s  them 
only b r i e f ly . 

T h e  Te chn i qu e  

The ma i n  adva n tage o f  u s i ng te l e s e i sms t o  l o c a te magma i n  the 
c r u s t  and upper man t l e  a r i s e s from the fac t that te l e s e i smic wave s trave l 
to the r e cording s ta t ion a lmo st verti cal ly from underne a th . Thus , i f  a 
record ing s ta t ion loc a te d  in  a vo lcanic are a dete c ts an a noma lous veloc i ty 
decre a s e  for te l e s e i sms from s e veral  a z imuths , the ma te r i al c a us i ng the 
anoma ly c an b e  c o n s tr a i ned to a cone bounded by the rays . The anoma lous 
increase or decre a s e  i n  ve l oc i ty encountered by a se i smic ray a l ong it s 
tr ave l pa th i s  e s timated by a q uan t i ty termed th e trave l time r e s idual , 
whi ch i s  obtained by subtr a c t i ng from the ob s erved trave l time ( TO )  b e twe e n  
the s ource and recording s tati on a theor e t i c a l  time ( TT )  compute d from a 

known e a r th mode l . The de fini t ion o f  trave l time re s i dual c an be repres ent
ed by the fol lowing equatio n :  

R TO - TT ( 1 )  

The observed trave l time TO i s  s impl y  the di f ference be tween the 
arr i val time a t  the recording s ta t ion o f  the appropr iate se i smi c pha se ( in 
the pre sen t c a s e  the P-pha se whic h i s  the f i r s t  arr i val ) and the or i gi n  
time o f  the s e i smi c event as  determine d  b y  the Nat ional Earthquak e I n forma 
t ion Service o f  the U . S . Geo log ic al  S urvey . To c a l c ul ate the theoretical  
trave l t ime ( TT ) , the  ava i lab l e  i n forma tion on the s ta t i on coordinate s and 
th e coordinate s o f  the earthquake hyopcenter are used to compute the 
angul ar d i s tanc e ( 6 )  be twe en the s ta t ion and eve nt i n  d e gr ee s . The trave l 
time TT i s  the n c a l c u la te d  from the trave l t ime tab l e  u s i ng 6 and the event 
depth . .  The choic e of the ac tual trave l time tab l e  is re l a tive ly unimportant 
as  l o ng a s  th e s t udy i nvo l ve s  i nte rpre tation of var i ation of re s idual s in  
a sma l l  are a . I n  prac t i c e  we have found i t  conven i en t  to use the trave l 
time table for P -p ha s e s  comp i l ed b y  H e r r i n ( 1 9 6 8 a ) . R contain s ,  i n  add i 
tion t o  the crust and ma ntle e f fe c t s  under i nve s ti gation immedi ate ly 
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bene a th the re cord i n g  s ta t ion , e f fe c t s  due to mi s lo c a t ion o f  hypoc e nter o f  
the even t , error s i n  o r i g i n  time and anoma l o us veloc i ty s truc t ure along 
the p a th of  propaga ti o n . I n  order to mi nimi z e  contr ibutions f rom both 
source and p a th e f f e c t s  to the re s i dua l R, we compute a q ua n t i ty c a l l e d  
re l a tive r e s i dual ( RR )  . I t  i s  a s s umed tha t there i s  a t  l e a s t  one s e i sm i c  
s ta t ion i n  our ne twork wh i c h  doe s n o t  " s ee " a ny a noma l y  und e r  i t  and c a n  
b e  con s idered t o  b e  a " norma l "  s tation . Re l a t i ve re s i dual RR i s  obta i ned 
by s ubtrac ting from the o b s e r ved re s i d ua l R a t  a ny s ta tion the r e s i dual 
RREF at the re ference s ta tion . 

RR R - RREF ( 2 ) 

The s p a t i a l  var i a t ion o f  the f in a l  number RR over a s e i smic ne t 
work for even t s  from var ious a z imuth s a n d  d i s ta nc e s , con ta in s t h e  required 
i n forma t io n  o n  the ve loc i ty s truc ture i n  the crust and upper ma ntle under 
the network . No te th at a pos i t i ve value of RR ( de l a y )  me ans tha t  the 
s e i s mic ray reaching the s ta t ion is s lowed down by trave l through mate r i a l  
with lowe r  than no rma l ve l oc i ti e s . The te l e s e i smic re s i dual te c hn i q ue 
outl i ne d  here h a s  be e n  e x ten s i ve ly us ed in se i smo l o gy to s tudy regional 
crust and upper ma n t l e  s tr uc ture ( Try g g v a s on , 1 9 6 4 ; B o l t  and Nu t t l i , 1 9 6 6 ; 
Iy e r  and He a ly ,  1 9 7 2 ) .  For a comprehe n s i ve l i s t  o f  r e f e r en c e s  on s tud i e s  
us i ng travel time s o f  se i smic wave s s e e  Ha l e s  a n d  H e r r i n  ( 1 9 7 2 ) . We s h a l l  
d i s cu s s  the me thod o f  inve r t i n g  th i s  type o f  da ta , us i ng qua l i ta t i ve and 
quan t i ta ti ve te chnique s  to del i ne a te the shape and s truc ture o f  anomalous 
bod i e s , i n  th e d i s c u s s ion o f  spe c i f i c  c a s e  h i s to r i e s  g i ve n  be l ow .  

C a s e H i s to r i e s 

Long  Val l e y ,  C a l i fo r n i a 

Long Val l ey c a l dera , a 1 7  x 3 2 km e l l i p t i c a l  d epre s s ion l o c a te d  
o n  the e a s t  front o f  the S i e rra Nevada about 3 0  k m  s o u th o f  Mono Lake , i s  
a c o l l ap s e  f e ature formed a s  a re sul t o f  vo l uminous rhyo l i t i c  a s h  f l ow 
eruptions which o c c ur r e d  about 0 . 7  m . y .  a go ( B a i l e y  e t  a l . , 1 9 7 6 ) . The 
pr e s e n c e  of s ur fa c e  ge o therma l phenome non and h i ghe r than norma l h e a t  f low 
( L a c h e n b r u c h  e t  a l . , 1 9 7 6 ) s ugge s t  that a magma chamb e r  may b e  pre sent 
und er the Long Va l l ey c a l dera . S te e p l e s  a n d  Iy e r  ( 1 9 7 6 a , b )  a na l y z e d  te le 
se i smi c data co l l e c te d  a t  Long Val l e y , us ing a po r tab l e  s e i sm i c  ne twork 
dep loyed i n  th e are a for n i ne wee k s  in 1 9 7 3  to re cord microearthquak e s  a nd 
s e ismic no i s e . The fo l l owing thr e e  f i gur e s  tak en from S te e p l e s  a n d  Iy e r  
( l 9 7 6 a )  s umma r i z e  the ma i n  f i nd i n g s . 

F i g .  1 i s  i n tended to show tha t the re g ion outs i d e  the Long 
Va lley c a l dera is normal . The average r e l a t i ve re s i d ua l s ( ba s e d  on 3 or 
mor e  r e ad in g s ) w i th r e s pe c t  to r e ference s ta t i o n  LVC ( shown by tri angl e ) 
for events along three a z imuth s are shown a t  e a c h  s ta t i o n . Note tha t for 
the so uthe a s t  and nor thwe s t  a z imuth s we ha ve ear thquake s o urce s at . 
d i s ta nc e s  i n  the range o f  2 0 to 9 0  degree s ( 1  degree = 1 1 1 . 1 9 km) , whe rea s , 
for the so uthwe s t a z imuth the events o c c ur wi th i n  a di s tance r ange o f  8 5  
to 9 5  degre e s . I n  te rms o f our s tudy this  me an s tha t for so uthe a s t  and 
northwe s t  a z imuth s the an g l e s  of inc i den c e  a t  the s u r f ac e , me a s ure d from 
verti c a l , o f  the se i smi c rays vary from 15 to 35 degree s , wherea s ,  for th e 
s o uthwe s t  a z imuth the ang l e s  o f  eme r gence are i n  a narrow r ange around 1 6  
degr ee s . The ma i n  f e a ture to note i n  F i g . l i s  that the r e l a t i ve re s i dua l s  
are quite sma l l  outs ide the Long Va l l ey c a l dera , thus j us t i fy i ng o u r  c ho i c e  
o f  LVC a s  t h e  re fer en c e  s ta tion . F i gure s 2 a a nd b show r e l at i ve r e s i dua l s  
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F i g .  1 .  Re lative r e s idual s a t  s tation s s urrounding the 
Long Val ley c a ldera. Re ference s tation LVC , shown by tr i 
angl e , i s  a t  Cas a D i ablo Mountain . The s ho r t  radial l i ne s 
from the s tations s how the three primary a z imuths o f  the 
te l e s e i sms us ed . Caldera bo ungary , from geological evi 
denc e , i s  shown by dashe d  l in e s . The two l ong l ine s s how 
Hi l l ' s  ( 1 9 7 6 ) re frac tion pro f i l e . Fi gure i s  taken from 
S te e p l e s a n d  Iy e r  ( 1 9 7 6 a ) . 
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Fig .  2 .  Aver age r e l a t i ve re s i dual s i n s ide and j us t  outs ide Long 
Val l ey c a l dera . Dot s  indic ate s tation location s where the re s i dual 
va l ue s a re s hown in s e cond s . The val ue s are corre c ted for ve loc i ty 
s truc ture i n  the top 6 km o f  the crus t .  Zone s wher e  de l ay s  exceed 
0 . 2 5 s e c  are hachured . ( a )  Northwe s t  tele s e i sms , ( b )  Southe a s t  
te l e s e i sms . F igure adapte d  from S t e e p l e s  a n d  Iy e r  ( 1 9 7 6 a ) . 
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a t  caldera s ta t ions for event s  along the northwe s t  and s outhe a s t  a z imuths , 
respective ly .  The se val ue s have been correc te d  for surface e f fe c ts using 
a model for the upper 6 km of  the crust obtained by Hi l l  ( 1 9 7 6 ) from a 
se i smi c re fraction e xp er imen t .  The corre c t ion i s  - 0 . 2  sec a t  a l l  s tation s 
exc ep t one locat ion over the Owen s Rive r Val l e y  where the val ue i s  - 0 . 3 5 
sec . The main featur e s  to observe i n  F i gs . 2 a  and b are the zone s o f  
pos i tive re s i dua l s  ( de l ays ) in which the val ue s  are 0 . 2 5 sec . The s e  zone s , 
indi cated by the hachure d region s i n  the f igure s ,  occur on the s ide s o f  the 
caldera oppo s i te to that whe re the s e i smic rays enter the caldera . In 
othe r  words , the z one o f large delays occur s  i n s ide the caldera near the 
southea s t  boundary for northwe s t  events and ne ar the northwe s t  boundary 
for the southea s t  e vents . As we shall show below, the most l ik e l y  cause o f  
th i s  reversal o f  the spatial pattern o f  de lays  for source s  a t  oppo s i te · 

a z imuth s i s  a low-ve lo c i ty anoma ly deep under the center o f  the caldera . 

Caldera · 

bound a r y  
C a l dera 

boundary  

10 

1 5 � 
20 

F i g . 3 .  A model  for the 
l ow-ve loc i ty body under Long 
Val ley caldera a s s uming a 
1 5 %  decrease . Heavy l ine s 
i nd i c a te re quire d path 
l ength s  of rays to produc e 
the ob serve d de l ay s  a t  the 
s ur face . Veloci ties  outs ide 
the s tippled zone s are 
normal . The c i r c l e  is a 
s e c tion a l  view o f  a sphere o f  
1 4  k m  d i ame te r requi red to 
contain the anoma lous rays . 
F i gure adapted from S te e p l e s  
a n d  Iy e r  ( l 9 7 6 a ) . 

F i gure 3 shows an approximate northwe s te r l y  vertical cros s - sec tion 
of the Long Va l l ey caldera in which the ray paths for eve n ts in oppo s i te 
a z imuths are shown . The delays ob se rved at  the s ur face ( corre c ted for 
ne ar-sur f ac e  e f fects ) are conve r ted i nto equivalent pa th l engths in a 
med i um i n  which the P-wave ve loc i ty i s  lowe r than normal by 1 5 % . The s e  
path l engths  a r e  s hown b y  the he avy l i ne s  in the f igure . The rays along 
wh ich the de lay s are ne gl i gib l e  confine the anomalous ray path s  to within 
the s tippl ed zone in the f i gure . From the r e fraction surve y  by H i l l  ( 1 9 7 6 )  
i t  i s  known that anoma lous low-ve loc i ty zone doe s no t occur above 7 km in 
the crus t ,  and the interac tion of the normal rays that reach s tation LVE and 
LVM outs i de the c aldera on the nor thwe s t  and s outhe a s t  s i de s , respective l y ,  
( se e  F i g . 3 )  s hows that the low-ve l oc i ty zone occur s  above 4 0  k m  depth . 

U s i n g  the se contr a ints , the maximum dime n s ion s o f  the body c an be re s tr i c ted.  
The 15%  ve loci ty decrease which we have a s s ume d make s  the di ame ter o f  the 
anoma lous body smal ler than the diame ter o f  the ava i l able zone . I f  we use 
5% ve loci ty contra s t  the anoma lous ray paths become much large r  than the 
zone bounded by the s tippled band s . Henc e , we concl ude that the actual 
ve loc i ty decrease i s  somewhere betwe en 5 and 1 5 % . The pro j e c tion o f  
the body i n  a hor i zontal p l ane i s  almo s t  directly under the po s t-ca ldera 
r e s urge n t  dome of about 1 0  km d i ame ter in the central part of the we s tern 
hal f of the cal dera . 

From the vo l c an i sm ,  heat flow , and surface geo the rma l phenomena 
i n  Long Va l ley it se ems re a s onable to a s s ume tha t the low-ve l oc i ty body i s 
the magma chamber which i s  the geothermal heat source . As we shal l s how i n  
the s e c t i o n  on interpretation o f  low-ve l oc i ty data , it i s  di f f i c ul t  to 
unique l y  e s t imate from P -wave ve loci ty reduc tion a lone the s tate o f  partial 
mel t  in th e magma ch ambe r . 
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Ye l l ows tone Nat i o n a l  P ar k , Wyoming 

The s pe c t a c ul a r  ge o the rma l phenome na for wh i ch Ye l l ow s tone i s  
wo r l d  famo u s  i s  a re s ul t o f recen t vo l c a n i s m . The vo l c a n i c  e vo l ut ion o f  
Ye l l ows tone i s  d i s cu s se d  i n  detai l b y  Chri s t i an s e n  and B l ank ( 1 9 7 2 )  and 
summar i ze d  by Ea to n e t  a l . ( 1 9 7 5 ) . Ac cording to them , the mo s t  re cent 
e p i so de o f  vo l c an i sm in  Yel lows tone began about 1 5 0 , 0 0 0  year s a go , and the 
yo unge s t  f l ows are on l y  about 7 0 , 0 0 0  year s  o ld . The exi s tence o f  a 
vo l uminous Qua te rnary rhyol i te p l a te a u , a large col l ap s e  c a l d e ra ( 7 0  km x 
4 5  km) , and the o ngo i n g  eviden c e  for h i gh conduc tive a nd conve c t i ve h e a t  
flow ( Mo r gan e t  a l . ,  1 9 7 6 ; Four n i e r  e t  a l . , 1 9 7 6 )  provide adequa te evi d en c e  
tha t a he at s o urce i s  s t i l l  p r e s e n t  under Ye l lows tone . Ind i r e c t  e vi dence 
from o ther ge ophy s i c a l  data s uch a s  gravi ty a nd aeromagne t i c  data a l s o  
i nd i c ate s  tha t  ma gma may b e  p r e s e n t  i n  the upper c r u s t  und er Ye l lows tone 
( s e e  Sm i t h  e t  a l . ,  1 9 7 4 ; Ea ton e t  a l . , 1 9 7 5 ; B h a t t a c h ar y y a  and L e u , 1 9 7 5 ) . 

A pre l iminary s tudy o f  P -wave delay s from data c o l l e cted us ing a 1 2 - s ta t io� 
te l eme te r e d , s e i sm i c  ne twork in Ye l l ows tone National Park s howe d the 
pr e s e n c e  of a l arge body of l ow-ve l o c i ty ma te r i a l  under l y i n g  the c a l dera . 
The hori z o n ta l  dime n s ions o f  the body we r e  found to be a t  l e a s t a s  l a rge 
as th ose of the c a l d er a , and the body e x te nded to a depth of at l e a s t  
1 0 0  k m  ( Iy e r , 1 9 7 5 ) .  In order t o  obtain a de ta i l e d  de f i n i tion o f  the l ow
ve l o c i t y  body , the s e i smi c ne twork was e x tend ed to have 26  s ta t i o n s  and was  
s upplemented wi th f i e l d  me a s ureme n t s  u s i ng por tabl e  se i smi c s ta t i o n s . 
A s ummary o f  the de ta i l ed f in d i n g s  i s  g i ven be low . 
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F i g . 4 .  Re l a t ive r e s i d ua l s  in  un i t s  o f  hundredth s o f  a s e cond i n  
the Yel low s tone r e g ion a r e  s hown ne ar do t s  wh i c h  ind i c a te s ta t i o n  
l o c a t i on s . Numbe r s  i n  paren the s e s  i nd i c a te n umber o f  val ue s  used 
i n e s t ima t i n g  ave rage whe n  l e s s  than 3 re adi n g s  wer e  avai l abl e . 
The con tour interval i s  0 . 5  se c ( 5 0  un i t s ) . The Ye l lows tone N a t i on a l  
P a r k  boundary i s  shown b y  s tra i gh t  a n d  z i g z a g  l ine s, a n d  t h e  c a l d e r a  
bound ary i s  shown w i th in t h e  park . I s l and P ark c al d e r a  i s  shown i n  
the s outhwe s t  o f  Ye l l ows tone caldera . ( a )  Eve n t s  from the so uthea s t  
a z imuth , ( b )  Events from the northwe st a z imuth . 
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F i gure s 4 a  and b s how the ave rage relative re s idual s for e ve n ts in  
�e d i s tanc e range o f  2 5 to 95  degre e s  and located approximate ly a l ong sou
the a s t  and northwe s t  a z imuth s from Ye l l ows tofle . The val ue s are in un i t s  o f  
hundredth s  o f  a se cond . Re ference s ta t ion s S G  and RPl ( not i denti f i e d  i n  
the fi gure ) , l ocate d  at the nor the a s t  bo undary o f  the Park , a r e  used to 
compute r e l a t ive re s i dual s .  Mo st  of the average s are based on 5 or more 
readings . However , the re are a few s tation s whe re only l or 2 re adi n g s  
are avai lable . The numbe r o f  va l ue s at the s e  station s are ind i c a te d  i n  
paren the s e s . Con tour s o f  average re s idua l s  for southea s t  e ve nts are shown 
in F i g . 4 a . No te tha t  the 0 . 5 s e c  ( 5 0  un i t )  con tour e xtend s  to a d i s tanc e 
o f  about 1 0 0  km o uts ide the caldera boundary in the nor thwe s t  direc tion , 
whe re a s  to the southeas t and northe a s t  the de l ay s  decrease rapidly wi th 
d i s tance . Thi s i s  exa c t l y  the sur f a ce de lay pattern to be e xpec te d  from 
the pre se nce o f  a deep low-ve l oc i ty body s i tuate d und erne a th the caldera . 
The one s e c  ( 1 0 0  un i t )  con tour g i ve s  a n  a lmo s t  f ai th ful s hadow o f  th e 
ca l de r a , the s l i ght northwe s te r l y  o f f se t  from the geologic al ly mapped 
c a l dera boundary being due to the an gle o f  eme rgence o f  te l e s e i smi c  wave s 
( about 2 0 °  to the vertic al ) a t  the s ur face . Note the per s i s te nc e  o f  del ays 
> 0 . 5  s e c  in the southwe s terly d i re ction indi cating tha t a low-ve l o c i ty 
anoma ly i s  p re s ent under the I s land P ark caldera and the Snake River P l a i n . 
Thi s i s  in teres tin g be cause i t  i s  b e l i eved tha t Ye l lows tone i s  the pre s e nt 
day man i fe s tation o f  vo l canism wh ich mi grated a l on g  the S nake River P l ain . 
K-Ar dating o f  rock s by A rm s tro n g  e t  a Z . ( 1 9 7 5 )  shows tha t  vo l c an i sm 
progre s se d  at  the rate o f  approximate l y  2 . 5  cm/yr a lon g the Snake Rive r  
P l a i n  towards Ye l l ows tone . I f  the 0 . 6 5 s e c  de l ay seen about 1 0 0  km to the 
southwe s t  o f  Y e l l ow s tone is any i nd i c a tion , i t  l ook s as i f  low ve l oc i ty 
mate r i a l  may b e  pre sent i n  the deep crus t a nd upper mantle unde r the Snake 
Ri ve r  Plain . 

Re s ul t s  for the nor thwe s t  e ve nts ( Fi g . 4b ) show a s p ati al de l ay 
patte rn wh ich i s  quite the oppo s i te from that o f  southe a s t  e vents ( Fi g . 4 a ) .  
Th e 0 . 5  s e c  contour e x tends to a di stan c e  o f  about 1 0 0  k m  to the southe a s t  
o f  the c a lde r a  edge , and the one s e c  con tour appear s l ike a n  e lon gate d 
pic ture o f  the c a ldera with a southe a s te r l y  o ff se t .  No te how the delays 
be come qui te sma l l  on the nor thwe s t  s ide o f  the c a l dera in the re gion where 
l arge de l ay s  were seen for the southe a s t  even ts . Ava il a b l e  data s how 
pe r s i s tence of  more than 0 . 5  s e c  delays to the south of Ye l l ow s tone 
Na tional Park , an e f fe c t  whic h may be due to l ow-ve l o c i ty s truc ture in the 
crust and upper mantle under the Snake Rive r  P l a i n . 

A pl aus i bl e  i nterpre tat ion o f  the patterns shown in F i g . 4 a  and b 
i s  that they are not c aus e d  by upper crus tal e f fe cts s uch as  c a ldera f i l l  
but b y  the e xi s tence o f  a deep l ow-ve l o c i ty body underne a th the caldera . · 

To obtain a qua l i tative e s timate o f  the ho ri zontal and ver t i cal  dimen s ion s 
o f  the low-ve lo c i ty body , we have pro j ec te d  the obse rve d  re l a tive re s idua l s  
onto a ve rtical  p l ane s tr i k i ng northe a s t  and pa s s in g  through the cen ter o f  
the c a ldera ( Fig .  5 ) . I n  doi n g  th i s  we mak e  the a d  h o c  a s s ump tion tha t  
de l ay s  a s so c ia te d  w i t h  eve n ts on the caldera s i de o f  a s tation a r e  caused 
by ray path s  thro ugh anoma lous mate r i a l  unde r  the cal dera . Ray s  reach ing 
the s tation are traced backward s  toward the event , and the de l ays are 
p ro j e c ted on the p l ane at a po i n t  who s e  hor i z on tal pos i tion depends on the 
eve n t  a z imuth and the ve r t i ca l  pos i tion depends on the event d i s tance . ( The 
farth er the even t , the s teeper is the an gle of eme rge nce of the s e i smic ray 
at  the s ur face , and the de eper i ts trave l path unde r the c a l dera . )  A 
s phe r i c a l  e arth mod e l  and Herrin ' s  ve l o c i ty di s tr i bution for the cru s t  and 
uppe r  mantl e ( He r r i n , l 9 6 8b )  are a s s ume d in the ray path computat ion s .  We 
wo uld l ik e  to empha s i ze tha t  the ray path computations do no t take i n to 
account the compl i c ate d ve l o c i ty s tr uc ture which we are propo s ing . Thi s  
exerc i se i s  i n tended only to g i ve a n  approxima te i dea o f  the shape and o f  
the low-ve loci ty body under Ye l l owstone . The re sul ts are shown i n  F i g . 5 
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HOR I ZONTAL D I STANCE ( KM ) 

F i g .  5 .  Pro j e c tion o f  r e l a t i ve 
re s i dual s ( shown by n umbers i n  
un i ts o f  ten th o f  a s e cond ) on a 
nor the as t s tr i k in g  ve r t i c a l  p l a ne 
p a s s ing through the center o f  
Yel lows tone caldera ( s ee i ns e t  a t  
the b o t tom le f t  hand co rne r )  . 
Hor i zontal d i s tance from the 
caldera cen ter i s  s hown as negative 
to the no r the a s t and po s i t i ve to 
the s outhwe s t .  Each va l ue i s  a n  
ave rage u s ing ava i l ab l e  d a t a  i n  
ce l l s  o f  1 0  k m  x 1 0  km . Con to ur 
i n terva l  i s  0 . 5  s e c  ( S O  un i ts ) . 
The s ha de d  ve r t i c al column i s  the 
pro j e c t ion o f  the c a l de r a  i n to 
the crus t and uppe r  mantl e . 

in wh ich n umbe r s  are re l a ti ve re s i 
dua l s  i n  un i t s  o f  te n th o f  a se cond , 
averaged ove r  1 0  km x 1 0  km ce l l s . 
The pro j e c te d  re s idua l s , in a gro s s  
sense , give a p i c ture o f  the nor th 
e a s t - s outhwe s t  cros s - s e c tion o f  the 
low-ve l o c i ty anoma l y  under the 
Ye l l ows tone calde r a . Mo s t  of the 
va l ue s  of one sec and ove r  are con 
f ined to the c rus t ,  0 . 7  to one s e c  
are found u p  t o  a de pth o f  abo ut 
1 5 0  km , and the 0 . 3  to 0 . 7  s e c  up to 
2 5 0  km. At depths gre a te r  than 
2 5 0  km the re s i d ua l s  decre a s e  to 
s l i ghtly negative va l ue s .  S ince the 
negative re s idual s are , in ge ne r a l , 
q ui te sma l l  i t  i s  d i f f i c u l t  to b e  
certain whe ther the change i n  s ign 
o f  the re s id ua l s  i s  re a l  or no t ,  but 
the de p th at which thi s o c c ur s  
i nd i c a t e s  the lower de te c table 
boundary of the body . O n  the nor th 
e a s tern h a l f o f  the p l ane the 
po s i tive re s i dua l s  are mo s t ly i n s ide 
the caldera boun dary pro j e c te d  i nto 
the upper mantle . On the southe a s t 
s i de , howe ve r ,  de lays at h i gh a s  
0 . 5  s e c  c a n  b e  obse rved u p  to a de pth 
of 2 0 0  km a s  far a s  1 0 0  km out s ide 
the c a l de r a  boundary . I f  we a s s ume 
that the de l ay s  are d i re c t l y  rel a ted 
to ve loc i ty unde r the c a l de r a  from 
the s urrounding norma l rock , the 
fol l o win g  p i c t ure of the so uthe a s t 
nor thwe s t  cro s s - s e c tion o f  th e low
ve l oc i ty b ody emerge s .  

( i )  A l ar ge ve l o c i ty 
con tras t  from the s urroundings in the 
c r us t  and s ub -crus tal regions , the 
contra s t  b e comi n g  l e s s  with depth a nd 
d i s appe ar i ng around 2 5 0  km . 

( i i )  A pos s i b l e  we l l -de f i ned 
northe a s t  boundary which almos t 
coincide s with the e x te n s i on o f  the 
c a l dera wa l l  i n to the upper mantle . 

( i i i )  An i l l -de f i ned so uth
we s t  boundary wi th indicat ion that 
lowe r - than -normal ve l o c i t i e s  pers i s t  
unde r the S nake River P l ai n .  

A s imi l a r  c ro s s - s e c tion was made a long the nor thwe s t - s outheas t  
direc tion . B e c ause avai l able data for th i s  l i ne were mo s t ly from southwe s t  
events i n  a narrow d i s tance and a z imuth r ange , the de f i n i t ion o f  the body 
wa s poor . The data , howeve r , agree w i th the de f i n i t ion o f  the body along 
the northwe s t  cros s - s e c t ion d i s c u s sed under ( i )  . 
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We would l ike to empha s i ze tha t the e s t imate o f  2 5 0  km depth to 
the bottom o f  the a noma lous body , obtained u s i n g  the cro s s - s e c tion p l o t , 
i s  an appro xima tion and, there fo re, s hould b e  co n s i dered only as a po s s ible 
upper limi t .  Thi s  is be cause the data used to de l i n e a te the deeper p ar t s  
o f  t h e  body a r e  from s tations wh ich are a t  l e a s t  1 0 0  k m  away from the 
c a l de ra boundary, and no .corr e c tions for the contribution to the re s idual s 
from pos s ib l e  crustal thi ckne s s  and s tr uc ture var iations i n  the re gion 
have been appl i e d . Al s o ,  we have not tak e n  i n to con s ideration th e 
re fra c t i on e f fects , i nevi table i n  a complex body o f  thi s  type which we ·prop o s e  here . Us ing an inve r s ion te chn ique fo r mode l in g  the thr e e 
dime n s ional s tr uc ture o f  t h e  c r u s t  a n d  upper mantl e unde r  Ye l lows tone , we 
shall s how be low tha t  the low-ve l o c i ty body c an be seen e ven at a depth o f  
1 0 0  km . Us ing a l l  ava i l able data, our con s e rva t i ve e s t imate for the lower 
l imi t to the depth o f  the body i s  approximate ly 1 5 0  km . 

I t  was pos s i b le to inve r t  the re s id ua l  data from the 2 6  permane nt 
s ta t ions to obtain a thre e -dime n s iona l ve loc i ty mode l of the crus t and 
uppe r ma ntle in the Yel low s tone re gion us i ng a te chn iq ue deve loped by A k i ,  
Ch r i s to ffe r s s o n , and Hus e b y e  ( 1 9 7 7 ) . Thi s  te chn ique requ i re s data from a 
l arge number o f  te le se i sms with good a z imuth a nd d i s tance d i s tr ibution i n  
orde r  t o  p rovide adequate s ta t i s t i c al s tabi l i ty i n  t h e  f in a l  re s ul t s .  
There fore , i t  was not pos s i bl e  to u s e  data from the portable s tations for 
this analys i s .  Thi s  l im i t a t ion re s tr i c t s  the de pth of mode l i n g  to about 
1 0 0  km s in ce the hor i z on ta l  dimens ions of the pe rmanent array were ade quate 
to " see " only up to thi s depth . 
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va l ue s from a l l  s tations for e a ch 
ab sol ute ve l o c i ty c hange from any 

F i g .  6 .  A thre e -dime n s ional 
model for the crus t and upper mantle 
in the Ye l l ow s tone re g ion . The 
numbe r s  s how p e r ce ntage var i a t ion o f  
P -wave ve l o c i ty from an average 
ear th-mode l a t  four me an depths 
indi c a te d  a l on g  th e ordin ate . The 
0 %  con tour is s hown a t  e a ch l e ve l . 
An out l ine o f  Yel lowstone Nat ional 
Park toge ther w i th Yellow s tone and 
I s land Park ca ldera boundar ie s and 
the hor i z ontal s c al e  are s hown a t  
the s ur f a ce . The ve r t i c a l  s cale 
is arbi trary . 

Fi gure 6 shows re s ul t s  o f  
the thre e - dimen s ional inve r s ion in 
the form of a s h e l f -di a gram . The 
program compute s hor i zontal vari a 
t i o n  o f  ve l o c i ty in 4 layer s locate d  
a t  depths 0 to 2 0 ,  2 0  t o  4 0 ,  4 0  to 
7 0 ,  and 7 0  to 1 0 0  km . Ve lo c i ty 
var i ations are plotte d  on hori zontal 
" she l ve s "  loc a ted a t  the me an depth 
o f  e a c h  layer . The numbers repre 
sent percenta ge change in ve loc i ty 
from the i n i tial l ayer ve lo c i ty .  
Because we are u s i ng re lat ive 
re s i d ua l s  wi th respe c t  to a re fer
e nc e  r e s idual obtained by ave raging 

e ven t ,  the n umbers do no t re f l e c t  an 
s pe c i f i c  ear th mode l . Thus , the z e ro 
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contour s hown i n  the figure doe s not indic ate that ve loci tie s are h i gher 
than the norma l e a r th o n  one s ide and lower than normal on the o ther s ide 
in an ab sol ute s e n s e . Ra the r ,  it is only a gui de l ine to i n d i c a te the 
re l a tive change s in ve l o c i ty o cc urring ac ro s s the hor i z ontal p l ane . The 
fol lowing obs e r vations c an be ma de from F i g . 6 .  

( i )  The h i ghe s t  ve loc i ty contr a s ts occur i n  the top 2 0 km o f  the 
crust as indicated by the va lue s  s hown at the ave r age l e ve l  of 10 km in the 
she l f  d i agram . The ve l o c i tie s within the c a l de r a  seem to be le s s  than the 
s urrounding ve l o c i t i e s  by about 1 5 ¢ . 

( i i )  Ve loc i ty con tra s t  de cre a s e s  to about 7 %  be twee n  2 0 and 1 0 0  
km dep th s . 

( i i i )  The area w i thin the ze ro con tour , an approxima te i nd i c a tor 
of the hori zon ta l s i ze o f  the low-ve l o c i ty body at var ious depth s , seems 
to be muc h l arger in the l ower crust and upp e r  man tle than the caldera 
s i z e . 

The re sul t s  di scus s e d  above us ing the cro s s - s e c tion and she l f 
di agrams ( F i g s . 5 and 6 )  taken to ge the r  g ive u s  a conceptual pi cture o f  the 
s hape and dime n s i on s  o f the l ow-ve loc i ty body and the ve loci ty con tr a s t  
with in i t . One que s tion w e  are unabl e  t o  answer us ing te l e s e i sms i s  the 
dep th to the top of the low- ve loc i ty body . In the abs e nc e  o f  a de tai l e d  
re fract ion survey acro s s  Ye l l ows tone , we c an o n l y  spe cul a te on  th i s  us ing 
o ther avai l ab le geophy s i c a l  da ta . Two l i ne s  o f  evide nce are ava i l able to 
us . Sm i th e t  a l . ( 1 9 7 4 )  notice a l a ck o f earthquake s at  de pth s  gre ater 
than 5 km un der the Ye l l ows tone calde r a . Pi t t  and We a v e r  ( or a l  commun i 
cation)  have no t ob serve d  e a r thquake s deeper than 8 km . Sm i t h e t  a l . 
( 1 9 7 4 ) sugge s t  that the ab sence o f  deep er e a r thquake s c an be e xp l ained by 
abnormal pore pre s s ure s and tempe ra ture s f avoring s tabl e  s l iding i n s te a d  
of  bri ttle fracture . I t  i s  qui te po s s ible  that inc r e a s e d  pore pre s sure s 
are caus e d  by a high de gre e o f  partial  me l t  and a s s o c ia te d  fluids  at  depths 
greater than 5 km under the Ye l l ows tone c a l dera . If we a s s ume that the 
l ow-ve l o c i ty body i s a mani fe s ta tion o f  p ar t i a l  me l t ,  the l ack of deeper 
ear thquake s may be an ind i cation tha t the top of the l ow-ve l o c i ty ma te r i a l  
i s  loc ated deeper than about 5 km . 

Sm i t h  e t  a l . ( 1 9 7 4 )  and B h a t t a c h a ry y a  a n d  L e u ( 1 9 7 5 )  have e s tima 
te d the depth to the Curi e is o therm under the Ye l l ows tone region by 
spe c tral ana ly s i s  o f  re s i dua l ae romagn e t i c  anoma l i e s . Smi th e t  a l . 
e s tima te the depth o f  the Cur i e  iso the rm to be about 1 3  km b e l ow the 
s ur face under the Ye l l ows tone caldera . They sugge s t  tha t  a s s uming a Curie  
Po int temperature of  5 7 5 ° C  i t  i s  po s s ib l e  to  obtain a con di tion of  parti a l  
me l t  f o r  wate r - s a turated gran i te at  the ind i c a te d  depth o f  1 3  km . 
Bhattacharyya and Le u have contoure d the s p a t i a l  vari a t ion o f  depth to the 
Cur i e  iso therm in Ye l lows tone . The i r re sults  show that depths  to the Cur i e  
i s o therm are 8 to 1 0  k m  in mos t  o f  the s outhe a s tern ha l f  o f  Ye l l owstone 
National Park , i n c l ud i ng the c a l de ra , and 10 to 15 km in the northwe s tern 
hal f .  The r e  is  a c l e a r  re gion in  the centra l part o f the caldera whe re the 
i s o therm i s  mo s t  sha l l ow ( 7  to 9 km ) . Thi s  re gion almo s t  c o i n c i de s  w i th 
the lower s e i smic ve loc i tie s foun d  i n  the upper crust ( F i g . 6 )  . 

From the above s tudie s we con c l ude that the top o f  the l ow
ve l o c i ty b ody is at a dep th of 5 to 1 3 km under the Ye l lows tone caldera . 
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The G e y� e r s , C a l i fo rn i a  

Th e Geyser s are a i s  very intere s ting from several points o f  view . 
The Geyser s - Clear Lake vo l c anic fie l d  i s  young ( 2 . 5  to 0 . 3  m/yr ) and ove r 
l i e s  rock s o f  the Franc i s c an a s sembl age and Gre at Va l ley sequence ( He a rn ,  
Do nne l l y ,  a n d  Go ff ,  1 9 7 6 ) . The h i gh he at flow i n  the re gion and pre s e nce 
o f  a l arge , almo s t  c ircular , ne gati ve gravity anomaly have be en interpre te d 
as due to a s hal low, crustal ma gma chambe r ' ( Is h e rw o o d ,  1 9 7 6 ) . · The Geysers  
i s  one  o f a few dry - s tre am ge othermal sys tems in  the wor ld and th e only 
pl ace in the Un ited S ta te s  where e l e ctric power is being ge nerated from 
geo thermal e ne r gy . 

Pre l iminary re sul t s  us ing te le s e i smic re s idual data co l l e c ted by 
a s e i smic ne twork o perated by U . S .  Ge ological S urve y  indi cate tha t delay s  
greater than 1 sec may b e  pre sent ove r  The Geyse r s -Clear Lake vo l can ic 
f ie l d  in  the re g ion de fined by the gravi ty anomaly ( Iy e r  and Hi t c h c o c k , 
1 9 7 5 ) . The data are not adequa te to delineate in de tail the magma body .-' i f , 
indeed , the de l ay s  are due to a magma body . We have compl e ted a detai l e d  
te l e se i smi c  s urvey using a portable ne twork in the are a t o  see i f  a ma gma 
chamber i s  pre se n t  under The Gey s er s -Cl e ar Lake vo lcanic f i e l d . 

I n te rpre t a t i o n  

I t  i s  required to interpre t a de cre ase o f  c ompre s s ional ve l o c i ty 
o f  about 1 0 %  in the upper cru s t  i n  the case o f  Lon g Va l l ey ( and probabl y  
The Gey ser s ) and in  th e l ower crust and mantle in the c a s e  o f  Yel l owstone . 
Wave ve l o c i tie s in rock s depend upon temperatur e , s tre s s , mine ralogy , chem� 
stry , fabric , crack and pore propertie s ,  and the natur e  of fluid i nc l u s 
ions . Varia tion o f  any o f  these  quant i t i e s  wil l cause a ve loc i ty change . 
In e s timating the extent to wh ich the s e  po s s ible c ause s may a c tual ly ac
count for observed vel oc i ty decre ase s ,  we con sider fir s t  so l id , uncracked 
or s l i gh tl y cracked rock s . 

' 

The pre s e nce o f  exte n s i ve vo l canism , surface geo therma l  phe nomena , 
and high heat f low indic ate tha t  h igher- than-normal temprature s are pre sent 
under e ach of the geotherma l areas di scus sed above . Me asurements o f  
temperature derivative s o f  compr e s s iona l  wave vel o c i ty i n  rocks and s in gle  
cry s ta l s  indicate tha t a 1 0 %  ve loci ty de crease require s a temperature 
incre a s e  in e xce s s  o f  1 2 0 0 ° C  ( Si mmo n s  and Wa ng , 1 9 7 1 ; A n de r s o n  e t  a l . , 
1 9 6 8 ;  S t e w a r t  and Pe s e l n i c k , 1 9 7 6 ;  Pe s e l n i c k  e t  a l . , 1 9 7 7 ;  F i e l i t z , 1 9 7 1 )  
Pha se diagrams for lower crustal and upper man tle rock s ( Wy l l i e , 1 9 7 1 )  show 
that a temperature increa se o f  thi s  order would c aus e a large degre e o f  
me l t ing i n  the crus t and mantle . A maximum tempera ture incre a s e  o f  some 
8 0 0 ° C  above normal geothermal temperature s i s  permi tted i f  me l tin g i s  no t 
to occur . Thus , no plaus i b l e  case can be made for a 1 0 %  ve loc i ty decre a s e  
due s tr i c tly t o  temperature e ffects unaccompanied by me l ting . The sens i 
tivi ty o f  ve l oc i ty _ to s tre s s  i s  rather l ow i n  in tact rock s and lower i n  
s ingle cry stal s .  A negl i gib l e  ve l o c i ty change can b e  attribute d to any 
pl aus ible s tre s s  di f ference in the ab sence of cracking or recryst a l l i z at ion . 
We wi l l  deal with th e se phenomena be low . Var ia tion s in mine r a l o gy 
re sul ting in den s i ty change s and chan ge s  in chemi s try as  expre s s e d  by me an 
atomic we ight changes wi l l  a l so a f fe c t  ve loci ty . The se e f fe c ts can be 
e s tima ted using B irch ' s  l aw ( B i r c h , 1 9 6 1 ) . A 1 0 %  ve loc i ty decre a s e  
require s a den s ity decre a s e  o f  the order o f  0 . 2 5 g/cm 3 , o� a n  increase  o f  
mean a tomi c we i ght o f  about 1 . 0 ,  or s ome combination o f  the two . De ns i ty 
reduc tion would re s ul t  in gravi ty decre a s e  and an increase  i n  e le vation i f 
i s o s tatic compensation i s  compl e te . A den s i ty decrease o f  0 . 2 5 g/cm 3 
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d i s tributed over a body the s i ze o f  the Yel low s tone anomaly wo uld result 
in a gravi ty de crease o f  several  hundre d mgal and an e levation incre ase 
approaching 10 km if compe ns ation were complete . An e levation exce s s  o f  
4 0 0  m and a Bougue r  anomaly o f  - 1 0 0  mga l  have been observed i n  Yel lows tone . 
At Long Va lley a de crease  in den s i ty o f  0 . 2 5 g/cm 3 within the low-velocity 
zone ( Fi g . 3 )  wo uld give r i s e  to a gravi ty decrease o f  about 1 0  mgal , wh ich 
i s  compa tib l e  with the observe d  anomaly attributable to a deep body ( Ka n e  
e t  a l . , 1 9 7 6 ) . Thus , the Ye l lows tone ve loc i ty anoma ly canno t reasonab ly be 
attribute d  so l e ly to den s i ty change s ,  whi le that o f  Long Val ley perhaps 
c an be . Insufficient da ta exi s t  at thi s  po int to draw conclus ion s concern
ing den s i ty anoma l i e s  a t  The Ge ysers . As  far as chemical change s are 
concerne d , i n j e ction and subsequent sol idi fi cation of basaltic magma could 
rai se the mean a tomi c we ight of grani i tc rock s by 1 if almo s t  to tal 
replaceme nt occurre d .  Lower crustal rock s are commonly taken to be 
ba s a l tic  and would not s uf fe r  a change in chemi s try be cause of intrusion 
o f  basaltic magma . The upper mantl e , i f  i t  cons i s ted o f  for s te r i te , woul d 
have to have adde d  5 0 %  by we ight o f  ba s a l t i c  material  to have me an atomi c 
we ight change by one . Larger amoun ts o f  basaltic  ma terial  would be 
required for peri doti te s .  It s hould be remembered that mean a tomi c  we i ght 
changes o f  1 le ad to veloc i ty de creases o f  the require d  magn i tude ( 1 0 % )  
only i f  den s i ty i s  cons tant . Thus , the vo l ume o f  bas ic  ma terial  in j e cted 
mus t not only be subs tantia l ;  there mus t  al so be some proce s s  ope rating 
that prevents any incre a s e  in den s i ty as s oc iated with increased mean atomi c 
we i ght . We know o f  no p lausible comb inations o f  mineralogical change s  that 
will s imul taneously c a use higher mean a tomic we i ght and/or de cre ase  de n s i ty 
throughout the wide range o f  temperature s ,  pre s sure s , and compos i tions 
fo und in  the mantle and crus t .  For th i s  reason s uch change s seem an 
unl ike ly sole cause o f the Ye l lows tone anomaly . On a more loc a l i ze d  scale , 
s uch as at Long Val ley , one may sp eculate that perh aps cha nge s in minera
logy due to he ating and fluid c i rcul ation have re s ul ted in a vel o c i ty 
de cre ase . Pre fe rre d  or ientation o f  mine ral s in rocks can lead to ve loci ty 
ani sotropy e xceeding 1 0 %  ( B i r c h , 1 9 6 0 , 1 9 6 1 ;  Pe s e l n i c k  e t  a l . , 1 9 7 4 ) . 
However , s ince there i s  s trong evidence that the magnitude o f  the obse rve d 
te le s e i smic de l ays  are a z imuthally independent , in orde r to expl ain the 
ve loci ty anomaly , one require s an ani sotropy f i gure symme tr i c  about a 
vertical  axi s  wi th ve loc i ty such that wave s arriving near ly ve rtica l l y  
have 1 0 %  lower ve loci ty than wave s tha t trave l hori zonta l ly . I n  Yel low
s tone we have evide nce from Nevada Te s t S i te nuc lear e xplos ions tha t la rge 
de l ay s  are obse rved for s e i smi c wave s that trave l at much shallower angl e s  
t o  the vertical than te le s e i sms ( C . S .  We a v e r , oral commun i cation ) .  Hence 
ani so tropy is an unl ike ly expl anation for the obs erved anomaly .  

The brie f tre atment above de a l s  wi th uncracked o r  s l i gh tly cracked 
ro ck . It has been wel l  e s tabl i shed that introduc ing cracks or vo ids in to 
an e l astic  matri x  wi l l  lowe r ve loci ty ( B i r c h , 1 9 6 0 ;  O ' Co nn e l l  a n d  B u di a n s k y , 
1 9 7 4 ) . S tre s se s  as sociated w i th obs erved volcanism,  combined with high 
f luid pre s sure s in a s c ending l iquids , may po s s ibly con tribute to cracking 
in rocks in the upper crust and could , perhaps , con tribute to the Long 
Val ley ve loc i ty anoma ly . At gre ater depth s , however , the h i gh con fi ning 
s tre s s  and temperature s pre sent would seem l ike ly to e l iminate dry crack s  
thro ugh s impl e  clo sure , creep and heal ing proce s s e s . 

Par t i al Me l t in g . Comb inations o f  the e f fe cts me ntioned above are , 
perhap s , quanti tat1ve ly suffic ient to accoun t  for the ob serve d  low-ve loci ty 
anoma l ie s .  Howeve r , a l l  o f  the e f fe c ts o f  the re cen t vo lcan i sm in the se 
are as depend upon tran s fe r  of hot , chemically  re active material  from the 
mantle to the sur face . In view o f  th i s  i t  seems qui te re asonab l e  to 
explain the ob se rve d anoma l i e s  in terms o f  partial mel ting in the upper 
mantl e and the in j e ction o f  mel t  or a s s o c iate d  fluids into the crust , 
parti cu lar�y in the cas e o f  Ye l l ows tone . Partial mel ting ha s bee n pos tulated 
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as the probabl e  c ause o f  the upper mantle s e i smi c low-ve loc i ty zone by 
s e veral autho r s  ( A n d e P s o n  a n d  Samm i s ,  1 9 7 0 ; Sp e t z l e P  a n d  A n d e P s o n , 1 9 6 8 ;  
Ha l e s  a n d  D o y l e , 1 9 6 7 ) . Thi s  mechan i sm seems to us the mo s t  d i re c t , 
s impl e ,  a nd p laus i b l e  me cha n i sm to exp l a i n  ob s erved P-wave veloc i ty 
decreas e s . 

E ve n  tho ugh exp er imental data on ve loc i ty i n  part i a l ly me l te d  
rocks a re s c arce , the qual i ta t i ve behavior o f  s e i smic wave s i n  par t i a l l y  
me l ted roc k s  i s  f a i r l y  we l l  unders tood . Parti a l l y  me l ted a n d  s atur a te d  
media c a n  b e  cons i der ed a s  two -pha se aggr ega te s . Ga s s m an ( 1 9 5 1 )  and B i o t 
( 1 9 5 6 )  d eve loped equation s for wave velo c ity and atte nuation i n  a porous 
elas tic  med i um in which f l ui d may f low be twee n  por e s . I n  another approach 
to und er s tand ing e l a s t i c  propert i e s  of two -pha s e  aggregate s Es h e l b y  ( 1 9 5 7 )  
cons idered the e f fect  o f  introduc ing an i nc l u s ion into a sol i d  med i um .  He 
showed tha t inc lus ion s  of e l l i p s o i d a l  s hap e produced e f fe c t s  tha t could be 
c alculated wi th r e l a ti ve e a s e . The conc ep ts i n troduced by B io t  and E shelby 
have been amp l i fi ed by many workers ( O ' Co nn e l l  a n d  B u di a n s k y , 1 9 7 4 ; 
Ge e P t sm a  a n d  Sm i t ,  1 9 6 1 ; Ku s te P  a n d  T o k s o z ,  l 9 7 4 a , b ; Wa l s h , 1 9 6 8 , 1 9 6 9 ;  
Wu , 1 9 6 6 ) . The important i nferenc e  that can be  mad e  from ava i l ab l e  
informa tion i s  tha t  d i f fere nt theo r i e s  arrive at many s imi l a r  conc lusions  
tha t  are  important with re spec t to  parti a l l y  me l te d  rock . I n  particular , 

· wave ve locity and attenua t ion in a so l id med i um wi th l i quid i nc l u s ion s are 
predi c te d  to depend upon th e wave ve l oc i ty of the so l i d , compr e s s ib i l i ty 
and vi s c os i ty o f the f l ui d ,  the re lative vol ume o f  the fl uid , the shape s 
o f  the f l ui d  i nc l us ion s , and the freq uency o f  the e l as ti c  wave . The exact 
e f fe c t  of any one of these quan t i ti e s  upon s e i smic wave propagation depend s  
upon the val ue a s s i gned to e a c h  quan t i ty , b u t  the fol lowing gene ra l i zations  
can be  mad e . Wave ve l oc i ty i n  the aggre ga te var i e s  d i P e c t l y  w i th wave 
veloc i ty in the sol i d , i nv e P s e l y  wi th f l uid compre s s ib i l i ty ,  i n v e r s e l y  with 
fl u id concentration and f l a tne s s  o f  the fluid in c l u s ion s . T e s t s  of the 
the or e ti cal pred i c t ions have bee n  mad e  by s everal l aboratory experiment s . 
The l a rge s t  body o f  e xp e r imental data re sul ts f rom e xamining the role o f  
wa te r and hydrocarbon s i n  porous rocks ( Hu g h e s a n d  CP o s s , 1 9 5 1 ; H u g h e s a n d  
Ke l l y ,  1 9 5 2 ; Wy l l i e  e t  a l . , 1 9 5 6 , 1 9 5 8 ) . 

The r e sul ts for s atura ted rocks i n  gene r a l  agree w i th theor e t i c a l  
pred ictions and enabl e u s  to in te rpret r e s ul t s  i n  par t i a l ly me l ted sys tems . 
Me l ti ng e xperime n t s  are hampered by d i f fi c u l ti e s  i nherent i n  s imul taneous 
h ig h  temperature , h igh pr e s s ure me a s ur eme n t s . As a re sul t mo s t  work has 
been done on  non - g eo l o g i c  s y s tems a t  r e l a ti ve ly low temperature , and h i gh 
pre s s ur e  has gene ra l l y  been avo ided . Tak e u c h i  a n d  S i mm o n s  ( 1 9 7 3 )  i nve s ti 
gated comp re s s ional and shear ve loc i t i e s  i n  roc k s  saturated with i c e  and 
water w i th con f i n i ng pre s sure s  to 2 kb . Sma l l  con c en tr a t ion s ( l % )  of f l a t  
crack s l ead t o  a ve l o c i ty d e c r e a s e  o f  3 to 6 %  f o r  compr e s s ional wave s and 
3 to 9 %  for shear wave s a s  the water in  the cracks pas sed from s o l i d  to 
l iquid . Sp e t z l e P a n d  A n de p s o n  ( 1 9 6 8 )  inve s tigated partial  me l ting i n  brine 
sys tems . They found tha t 3 . 5 % l iquid by vo l ume leads to a decrease  o f  9 . 5 % 
in compr e s s ional ve loc i ty and 1 3 . 5 % in shear ve loc i ty and tha t 7 %  o f  l i quid 
cause corre sponding decre a se s of  2 8 %  and 4 0 % .  Me l ti ng and �vood s '  me tal 
ha s been i nve s ti ga ted by Mi z u ta n i  a n d  Kanam o P i  ( 1 9 6 4 ) . The  samp l e  wa s o f  
e ute c t i c  compo s i tion and quanti tative re lations be twe e n  me l t  vol ume and 
ve loc i ty we r e  unde te rmi ned . It was found tha t compre s s ional ve loc i ty 
rapidly decrea sed by 1 0 %  and she ar ve l o c i ty by 4 0 %  a s  the me l ti ng point 
wa s approache d . The to ta l decrease in comp r e s s i ona l ve loc i ty upon comp l e te 
me l t ing wa s 2 0 % . Po k o P n y  ( 1 9 6 5 )  a l so repor ted r e s u l ts for Woods ' me ta l 
who s e  compo s i t io n  wa s n o t  spec i f i ed but was no t e ute c ti c . The ori s e t  o f  
mel ting produced a s harp comp r e s s iona l ve loc i ty decrease and a peak i n  
a tte nua t ion o f  compr e s s iona l wave s . S t o c k e r  a n d  Go r do n  ( 1 9 7 5 )  examined the 
e f fe c t s  o f  par tial me l ting in Cu-Pb and Cu-Ag al loy s o f  varying compo s i 
tion . Sharp veloc i ty decrease  was observed a t  the e ute c t i c  tempera ture 
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for each a l loy a s  me l ting o c c urred . They s howed that ve loc i ty and attenua 
tion i n  the i r  par t i a l l y  me l ted a l loys we r e  f unctio n s  o f  vo l ume frac tion o f  
me l t  and me l t -pock e t  geome try . Mu ra s e  a n d  McB i r n e y ( 1 9 7 3 )  me a s ured 
compre s s ional and s hear ve loc i t i e s , atte nuation , v i s co s i ty , and dens i ty in 
several rock s p a s s ing through me l ting . The behavior o f  ve loc i ty i s  qu i te 
s imi lar to tha t d e s c r i bed for s y s tems above . As partial me l ting comme nc es , 
she ar and compr e s s iona l  ve l o c i ties decrease rapidly . No e s tima te could be 
mad e  of the r e l a t i ve vo l ume o f  f l uid at a given temperature . Thus , for a 
wide spec tr um o f  mate r i a l s e xperiments have d emon strated qua l i tative ly 
s imi lar behavior of wave ve loc i ty when fluid inclus ion s are in troduced . 
The common e f fe c t  o f  parti a l  me l ti ng i n  ma te r i a l s i s  to rapidly decre ase 
ve loc i ty , and the s tudi e s  of  ve loc i ty i n  water sa turated roc k s  ind i c a te 
tha t  the proce s s  i s  domina te d  by the pre s enc e  o f  sma l l  vol ume s o f  fl uid in 
f l a t  incl us ion s . Cons i s tency from experiment to exper ime nt and a greement 
be tween theory and obse rvation i s  le s s  pronounced in the c a s e  of a t tenua
tion mea s urements . In s ummary it  c an be said  tha t the behavior o f  ve l oc i ty 
in  parti a l ly me l te d  s y s tems i s  qua l i ta t i ve l y  we l l  under s tood , whi le 
a ttenua tion is l e s s  so , and that data on phy s i c al proper t i e s  o f  rock s and 
their me lts at h i gh pre s s ure would b e  we l come for q uan ti ta t i ve purpo s e s . 

The ques tion a r i se s , i s  i t  po s s ib l e  to compute the percenta ge o f  
par tial me l t  us i ng me a s ureme nts o f  P -wave ve loc i ty decre a s e ?  A n de r s o n  e t  
a l .  ( 1 9 7 2 )  us ing Wa l s h ' s  ( 1 9 6 9 )  equations for e l a s ti c  wave ve loc i t i e s  i n  a 
two -pha s e  ma ter ial compo sed o f  randomly o r i ented , penny- shaped parti a l l y  
me l ted zone s , plo tte d curve s f o r  compre s s ional and shear ve lo c i t i e s  a s  a 
func tion o f  me l t  concentration for var ious aspect ra tio s o f  the zone s .  The 
ma terial  wa s s uppo s ed to be sol id ol i vine matr ix con taining e l l ipsodial  
pockets  of  basalt me l t .  S inc e we have only P -wave mea s uremen ts , it  can be 
seen from the c urve s ( se e  the ir F i g . 6 )  tha t  a s p e c t  ratio i s  a c r i t i c al 
fa ctor , and e s t imate s o f  partial me l t  percent can vary by almo s t  two orders 
of magni tude for a given ve loc i ty contra s t .  Howe ve r , if i t  is po s s ible to 
obta in P -wave and s hear -wave me a s urements s imul taneo u s l y , theories  such as  
the above can be used to e s timate percen tage of  par t i a l  me l t .  An ideal 
se i smic exper ime n t  des i gned toward s  partial  me l t  e s tima t io ns should invo l ve 
ve l o c i ty and atte nua tion me a s ureme n ts o f  P and S wave s . 

C o nc l us i o n s  

Presence o f  po s i tive P -wave re s idua l s  ( de l ay s ) o f  about 0 . 5  s e c  
in Long Val ley c aldera and the i r  spa t i al var i a tion have bee n  i n terpr e ted 
a s  evidence for the pre sence of a low-ve l o c i ty body under the c entral part 
of the c a l dera . The body i s  appro xima te l y  a sphere o f  about 1 4  km radius , 
and i t s  top i s  at a depth o f  7 km from the surface . 

I n  Ye l lows tone l arge de lays are seen within the caldera and some 
wha t  sma l l er de lays are s e en outside the caldera a s  far a s  1 0 0  km away from 
the bound ary . Qual i tative interpreta tion of the se delays is con s i s tent 
wi th the e xi s tence of  a deep , low-ve l o c i ty body extending to a dep th o f  
1 5 0  to 2 5 0  k m  fran the s ur face . A quan ti ta t i ve invers ion o f  the te l e 
s e i smi c r e s idual d a t a  shows t h a t  a 1 5  t o  2 0 %  de crease o f  comp re s s ional 
ve loc i ty may be  pre sent i n  the upper crus t ,  the contra s t  decre as ing to 
about 3 to 5 %  in the upper man tl e .  The hor i zontal dime n s i on s  o f  the l ow
ve locity body are about the s ame as tho se o f  the calde ra at the top but may 

. be much l arge r  at depth . 

Pre l iminary P - re s i dua l re sul ts from The Geyser s - C l e ar Lake 
vo l c anic fie ld show tha t a low-velo c i ty body may be present underne ath the 
are a  as we l l . 
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Compre s s ional wave ve l o c i ty de crea se  can be caused by var io us 
fa c tor s . Our pre ferred exp l ana tion , i n  view o f  the h i gh heat f low and 
evidence for verti cal transport o f  magma in  the se area s , i s  that the 
vel o c i ty decrease is caused by parti al me l t .  I t  is not po s s ib l e  to 
un iquel y  de termine the de gree of partial me l t  us ing P -wave data alone : 
Howeve r , the te l e s e i smi c de l ay data provide s an impor tan t c l ue i n  unde r 
s tand i n g  the s i ze and s hape o f  magma bod i e s  in  geo thermal areas • 
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5 .  A B S T R A C T S  · O F O T H E R  P A P E R S  P R E S E N T E D  A T  T H E C O N F E R EN C E 

Nd I SO TOP I C  C ONSTRA I N T S  O N  THE PART IAL ME L T I N G  
H I S TORY O F  THE MANTLE AND BASAL T PE T RO G E NE S I S  

D . J .  De P ao l o  and G . J .  Wa s se rbur g  
Divi s ion o f  Geo log i c a l  and P l anetary S c ienc e s  

c a l i fornia I n s t itution o f  Techno logy 
P a s adena , Ca l i forn i a  9 1 1 2 5  

1 4 7 1 4 3 1 1  . . 14 3 
1 4 4  

The decay o f  S m  to Nd ( T l/ 2 = 1 . 0 6 x 1 0  yr ) causes Nd/ 
Nd in a rock r e servo i r  to increase with t ime at a rate proport ional to 

i t s  Sm/Nd . Roc k  type s repr e s e nta t i ve o f  the cr us t and mantl e have widely 
varying Sm/Nd and there fore pre sently po s s e s s  chara c te r i s ti c  1 4 3Ndjl 4 4 Nd . 
Thus 1 4 3Ndjl 4 4Nd of yo un g  i gneo us rock s c an indi c a te i f  they ar e der i ve d  
from t h e  cru s t  o r  mant l e . Re cen t mantl e - de r i ve d  rock s c an b e  us ed to s tudy 
va ria tions o f  1 4 3Nd/ 1 4 4 Nd in the mantl e ,  and the reby de termi ne i t s  chemi 
cal s truc tur e  and the time that hete rogene i t i e s  forme d . 

1 4 3Ndjl 4 4 Nd and Sm/Nd have b e en me a s ur e d  i n  youn g b as a l t s  and i n  
grani t i c  crustal  rocks with a ge s  up t o  3 . 6  AE . Me as ure d 1 4 3Ndj l 4 4Nd are 
g i ven here as  fractional de via tions in parts in 1 0 4 ( sSHUR) from the val ue 
expe cte d  i n  a chrond r i t i c  Sm/Nd r e s e r vo i r  today . A val ue o f  sgHUR = 0 i n  
a r o ck o f  zero age i ndi c a te s  tha t  i t  h a s  be en derive d  from a s o ur c e  which 
ha s rema i ne d  un fr actionated r e l a ti ve to chrondr i te s  ove r  the h i s tory of the 
e arth . sgHuR > 0 i nd i c a te s  a s our9 e with Sm/Nd h i gher than chrondr i ti c , · 

and sCHUR < 0 i nd ic a te s  a s o urce w i th Sm/Nd l ower than chrondr i t i c . 
0 

s �HUR o f  young b a s a l t s  range s f rom 0 to + 1 0 , and i s  dras t i c a l l y  
di f ferent from tha t o f  anci ent conti nental c r us tal ma te r i al . A compo s i te 
of  Nor th Ameri c an shale  h as s&HUR = - 1 4 . 4  wh i l e  Ar chean gran i t i c  rock s fa l l  
i n  the range - 2 5 t o  - 4 0 . Var1 a tions o f  1 4 3Ndjl 4 4 Nd i n  yo un g  ba s a l t s  
i nd i c a te that s i gn i f icant d i f ferenc e s  o f  Sm/Nd are prese rved i n  th e mantl e  
for time s > 1 AE .  Ocean i c  tho l e i i ti c  bas a l ts  a r e  d e r i ve d  from mantl e whi ch 
i s  di s tinct from that y i e l di ng o cean i c  a l k a l i  b a s a l ts ; and there i s  
indicat ion tha t  the man tl e  b e ne a th ocean i c  are as i s  gro s s ly d i f fere nt from 
tha t underlying th e continen t s . Continental ba s al t has s8HUR = 0 ,  
con s i s te n t  wi th devi ation d ir e c t l y  from man t l e  wi th chrond r i t i c  Sm/Nd . 
Ocean i c  tho l e i i te s  h a ve sSHUR % + 1 0 , indi cating tha t the man tl e from whi ch 
the y  are deri ve d  ha s had Sm/Nd rv 1 0 %  gre ater tha n  chrondr i t i c  ave raged 
ove r the age o f the e arth . The chemic a l  l aye r i n g  o f  the man t l e  indi cate d  
b y  the s e  data may have forme d ve ry earl y i n  the earth ' s  h i s tory o r  i t  may 
have e vo l ve d  gradua l ly as a re s u l t  o f  continuing l arge - s ca l e  di f feren t i a 
tio n  proc e s s e s  s u c h  a s  upward tran spo rt o f  ma ter i al t o  form contine n ta l  
crus t . Th i s  p ro b l em wi l l  b e  di s c us sed i n  l i gh t  o f  t h e  N d  i so top i c  data , 
wh ich may p l ac e  s t r i c t  l i mi ts on the timing o f  man tl e d i f fe r en ti ation . 

Alk a l i  b a s a l t s  and nephe l i n i ti e s  have REE patterns which are : 

hi ghly fra c t ionated re l a t i ve to chrondr i te s . I t h a s  be en s ugge s te d  tha t 
the y may be der i ve d  from un ique mantl e regions  wh ich ar e thems e l ve s  h i gh l y  
fractionate d . I f  alk a l i  b a s a l t  i s  d e r i ve d  from an anc ien t ,  frac tionated 
man t l e  s o ur ce , then i t  would be e xpec te d  to have a l arge ne ga t i ve s�HUR 
s imi lar to tha t o f  North Amer i can sha l e . Alkal i b a s a l t  from the mid -
Atl an ti c r idge , howe ve r , ha s s 8HUR = + 5 . 4 ,  ind i c a ting tha t i t  has been 
der i ve d  from a so urce wi th an e s se n t i a l l y  chrondri ti c REE patte rn . Thus 
the REE pattern s o f  thes e  b a s a l t s  mus t be the re s u l t  of fractionat ion occur
ing dur ing parti a �  me l ting and extr a c tion o f  the me l t s  from the mantl e . 
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THE GENE RAT I ON O F  UL TRAMAF I C  AND TRONDHJEMI T I C  MAGMAS ALONG THE 
EAS TERN MARG I N OF THE SOUTHERN AP PALACH IAN BLUE R I DGE 

Je f frey Greenberg and S tephen K i sh 
Depar tmen t o f  Geo logy 

Un iver s i ty of No rth Carolina 
Chape l H i l l , North Caro lina 2 7 5 1 4  

S ince the late Precambrian ri fting o f  the southe rn Appa l ach ian 
B l ue Ridge , th i s  r e g ion was a f f e cte d  by two separate e p i sodes o f  magma tic 
acti vi ty . One was re l a te d  to the r i f t ing and invol ve d  the a s c ent of 
ultrama fi c s  from the man tle , and the o the r , coming much l a te r , re sul ted 
from crustal conve rgence producing h igh soda gran i t i c  i n trus ion s . At 
present , the se i ntrus ions are represente d  by two b e l t s ; that of the 
ul trama f i c s  exte nd s  from Alabama to Maryl and and l ie s  to the northwe s t  o f  
the fe l s i c  pluton bel t .  Dunite s ,  per idot i te s , and more a l te r ed l i thol o 
gi e s  s uch a s  s erpen tinite and soaps tone are i nc luded in the hundreds o f  
B l ue Ridge ultrama fi c s . The l inear trend o f  the fel s i c  pl utons contain s 
outc rops from central Al abama through cen tr a l  Virginia and i nc lude s l arge 
trondh j emi te -granodiori te bodi e s  a s  wel l a s  as s o c i a te d  dikes and s ad i e  
pegmati te s .  

Attenuat ion and the ul timate rup ture o f  the B l ue Ridge 7 0 0  or 
8 0 0  my a go al lowe d the formation and ascent of ul tr ama f i c  diapirs  to a 
pos i tion in  the lower crus t . Y o l i vine petro fabr i c s , i gneous flow and 
recry s ta l l i z a t ion texture s ,  and i so c l inal folding s uppor t the diapiric 
mode o f  i n tr us ion . As a consequence o f  flow , any po s s ible c umul ative 
tex ture s  were obl i terate d . Many o f  the perido t i te s  are characte r i z e d  by 
the a s s o c i a tion o f  for s te r i te ( Fo g 2 average ) wi th var iable amounts  o f  
chromium-d iops i de and bron ze i te ( En g s ave r age ) . H igh Cr/Al spinel i s  a 
minor cons ti tuent . Mineral paragene s i s  indi cate s e ar l y  c ry sta l l i zation 
of the pe r idoti te s unde r  sp i ne l  lhe r z o l i te condi tions wi th s ubsequent 
changes occurring a s  p lagio c lase lhe r zo l i te s tab i l i ty is  attaine d . In the 
spe c i fi c  case of the Web s te r-Addi e  dun i te , incipient par tial  fus ion o f  
spine l  lhe r z o l ite i s  exemp l i f i e d  by c l inopyroxeni te me l t  ve i n l e ts wh ich 
have intrude d acro s s  the primary flow lamination . 

As sociate d  wi th s ome o f  the be tter pre serve d  ultrama f i c  mas s e s  
are marginal rims o f  amphibo l i te , troc to l i te , and fors te r i te -amph ibo le 
plagioc lase rock . Be c ause previous i de a s  have he l d  tha t the so uthern 
Appa lachian ultrama f i t e s  e x i s te d  a s  de formed ophiol i te s , the p l agioc lase  
and amphibo le bearing margins were con s i dered a s  gabbro i c  portion s o f  
ophio l i te s . I t  i s  more likely that the mineralogy and sma l l  vo l ume o f  
the se rock s repre sent o uter zone s o f  relative ly l ow temperature , hydrous 
cry s ta l l i z a tion . No e vi dence curren tl y  e x i s ts for the production o f  
vo lcan ism consanguineou s  with the i n trus ion o f  ul trama f i c  mate r i a l . 
Howe ver , i f  the i n trus ions we re inde e d  generate d  during ri fting , then they 
may b e  re l ate d to parental ma te ri a l  o f  the Catoc tin r i f t  vo l c an i c s  and 
associ ated fe l s i c  pluton s . 

I t was appare ntly no t un ti l the gener a l  time o f  te ctoni c  de forma 
tion tha t  the ultrama f i c s  were emplaced into l a te -Pre cambr i an c l a s ti c s  and 
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alongs ide the b aseme n t  gnei s se s . The i r  pre sent te c ton i c  pos i tion i s  not 
far remove d hori zon ta l ly from the origin a l  frac ture l i ne of i n trusion . 

Te cton i c  de formation i nten s i fied a fter ul trama f i c  empl acement and 
culminated in a dynarno therma l p e ak during which a grea t  vo l ume o f  high 
sod ium fe l s i c  magma was i n tr uded through de formed me tas e dime nt s . It i s  
odd tha t n o  more ma f i c  o r  more potas s i c  i gneous l i thol o gi e s  o f  the s ame 
age exi s t  in the region . In addi tion , no  vo l cani c s  are now pre s e rved from 
the Taconi c  s ubduc tion epi sode . Howeve r , Ordovic i an ben ton i te s  are found 
in the fore land s edime ntary uni t s  of the fol ded Appalachian s . 

A ma j o r i ty o f  the rock typ e s  o f  the sodi c s e ri e s  have Rb- S r  age s 
in the r ange o f  3 9 0 - 4 5 0 my . Al l sample s with the exception o f  a few 
pegrna t i te s  pos se s s  low srB 7jsr 8 6 in i tial ratios ( . 7 0 4 - . 7 0 6 ) . Thi s  fac t , 
to ge ther wi th the l i near arrangeme n t  o f  the p luton i c  bodie s ,  le ads to the 
conc lusion tha t the se rocks were the re sul t o f  partial  me l ting o f  s ubduc ted 
" o c e an i c " mate r i a l  o f  q uar t z  tho le i i te compos i t ion . I t  i s  con c e i vable 
that a rathe r sma l l  degree of partial me l t i ng of quart z  normat i ve e c logi te 
under man tle pre s s ure s could produce the h i gh sodium ,  low c a l c i um  and l ow 
potass ium b ulk chemi s tr i e s  observe d . The e c lo g i te miner a lo gy a l so mi ght 
exp l a i n  the retention o f  mafi c  components from the cry s ta l l i z ing me l t .  



THE ORE T I CAL AND EXPERIME NTAL A S P E C T S  O F  PART IAL MEL T I NG 

M . J .  O ' Hara 
Grant I n s t i tute of Ge o l o gy 

Un ive r s i ty o f  Edinbur gh 
Edinbur gh , S c o t l and EH 9 3 JW 

Conc epts wh i c h  are important to the i nterpr e t a t ion o f  f i e ld 
re l a tions hip s i n  per ido t i te comp l e xe s  wh ich have undergone parti a l  me l t ing 
are l i sted and me thod s of e s tabl i sh ing the c ompo s i t i o n s  of the l iquids 
extr acted are s ummar i z ed . Poten ti a l l y  c on fus i n g  chemi c a l  and f ie ld 
re l a t io n s h i ps may r e s u l t  f rom in te r a c t ion s be twe e n  r e s i dual pe r i do t i te s  
and the p ar t i a l  me l ts a s  they c oo l . Fo s s i l i zed par t i a l  me l ti n g  proce s s e s  
from c on s truc t i ve and d e s truc t i ve p la te mar g i n s ,  and several mi d - p l a te 
envi ronme n t s , are revi ewed toge the r wi th the evidence they y i eld about 
exten t of me l ting and magmas produced . 
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A COMPARI S ON O F  PART I A L  ME L T I N G  PROC E S S E S  B E NEATH HAWA I I 
AND THE S O UTHE RN R I O  G RANDE R I F T  

J . B . Re i d , Jr . 
Q2 1 ,  LASL 

Lo s Al amo s , New Mexico 8 7 5 4 5  

G . A .  Wood s 
School o f  Na tural S c i ence s  

H amp shire Co l l e ge 
Amhe rs t ,  Mas s achus e tts 0 1 0 0 2  

Large s ui te s o f  s pine l lher z o l i te inc lus ion s from S a l t  Lake Crater , 
Hawai i , and Ki lbourne Hole , New Hexico , have been analyzed in deta i l  for 
the ma j or e l ements of the i r four phas e s , and for their modal compo s i t ions . 

The nodule s  o f  e ach sui te were d i vided into three group s - 

"undepl e ted parent " ( A ) , " i ntermedi ate " ( B ) , and " re frac tory r e s i due " ( C )  - 

o n  the bas i s  o f  Cr/ ( Cr+Al+Fe + 3 ) spine l , a parame ter shown to b e  a h i ghly 
sen s i tive mea s ure of a rock ' s re lative degree o f  depletion in fusible 
cons ti tuents ( Re i d ,  1 9 7 2 , EffiS , 5 3 ,  5 3 6 ) . Average bulk compo s i tions for 
groups A,  B and C have been used to de termine hypo the tical me l t  c ompos i 
ti on s a s  f unctions o f  the percentage o f  parti al me l ti ng , and the cho i c e  
o f  paren t a n d  re s i due mate ri a l s . T h e  remarkably close s imi l ar i t i e s  
be tween the contine n ta l  and ocean ic se ttings are shown i n  the fo l lowing 
tab l e . Col umn s  3 and 6 show that s imi lar o l i vine tho l e i i te s  could be 
produc ed with s imi lar degrees of par t i a l  me l ting in e ach case . 

Ki l b ourne Ho l e  S a l t L a k e  C r a t e r  

A c me l t  2 2 %  A c me l t  2 4 % 
A - C A - C  

S i 0 2 4 4 . 5 0 4 4 . 2 8 4 5 . 2 3 4 4 . 4 1 4 3 . 4 4 4 7 . 0 4 
T i 0 2 . 1 1 . 0 1 . 4 5 . 0 8 . 0 3 . 2 4  
A1 2 o 3 3 . 5 4 1 .  0 2  1 2 . 4 4 3 . 7 2 . 9 9 1 2 . 1 3  
C r 2 0 3 . 4 3 . 5 4 . O S . 5 4 . s o . 6 6 
Fe O 8 . 1 6 7 . 5 2 1 0 . 4 0 8 . 0 9 7 . 5 2  9 . 7 9 
MnO . 1 2 . 1 0 . 1 8 . 0 8 . 0 8 . 0 8 
Mg O 3 9 . 1 7  4 5 . 4 1 1 7 . 0 3 3 9 . 4 7  4 6 . 4 6 1 7 . 5 2 
C a O  3 . 6 2 1 .  0 1  1 2 . 8 5  3 . 2 6 . 6 8 1 1 . 2 0  
Na 2 o . 3 5 . 0 7 1 .  3 6  . 3 9 . 0 8 1. 3 4  

To t a l  1 0 0 . 0 0 9 9 . 9 6 9 9 . 9 9 1 0 0 . 0 4 9 9 . 7 9  1 0 0 . 0 0 
•J 

o l i v ine 6 0  7 4  6 0  7 5  
o p x  2 0  2 2  2 4  2 1  
cpx 1 8  3 1 3  3 
s p ine l 2 1 3 1 
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OXYGEN FUGAC I TY OF  THE MANTLE ENVI RONME NT 

Mo to ak i S a to 
U . S . Geological S urvey 

9 5 9  National Cen ter 
Re s ton , Virgin i a  2 2 0 9 2 

Know ledge o f  the range o f  oxygen fuga c i t i e s  preva i l ing in the 
upper mantle i s  e s senti al in conducting par t i a l  me l ting experiments 
de s i gned to s imul ate magma generatio n . Re sults of the dire c t  dete rmi na 
tion o f  the intr ins i c  oxygen fugac i t i e s o f  mineral s o f  mantle or igin by the 
solid-e lectrolyte me thod indi c ate tha t the se miner a l s  probab ly formed i n  
a reducing envi ronment whe re graphi te w a s  s table . In some case s , the 
pre senc e of s ubmi croscop i c  gra ph i te trapped wi thin a mineral was i ndicated 
by a s low downward sh i ft of f 0 2 a t  temper ature s above l l 0 0 ° C .  The auto
reduction pattern was dup l icate d by adding a minute quan tity of syn the tic 
gr aphite to s i licate s  formed in the upper crus t ,  which norma l l y  do not 
show the reduc tion b ehavior . 

In view o f  the meas ur ed f0 2 value s o f  mantle minerals , common 
oc currence o f  graphi te or di amond-in kimber l i te - type nodule s ,  predomi nance 
o f  C0 2 in fluid inc l us ions found in mantle -der ive d  mine ral s ,  and the low 
so l ub i l i ty of C0 2 rela tive to the s o l ubil i ty of H 2 0 in magmat i c  me lts , I 
propo s e  that the oxygen fugacity o f  the uppe r mantle i s  e s sential ly 
bu f fered by the gr aphite -C0 2 sys tem . Wi th incre a s ing dep th , even tua l ly 
the diamond-carbonate sys tem wo uld replace the graphi te - C0 2 s y s tem . 

Parti al  me lting o f  the mantle buffe red by the graphite -C 0 2 s y s tem 
would produce a magma o f  low Fe 3+jFe 2 + ratio . The reaction o f  C with H 2 0 
during the ascen t  o f  the magma wo uld produce C 0 2 and H 2 . Hydrogen wo uld 
e s c ape rapidly toward the sur face because of i t s  very high mobi l i ty ,  
whe reas l e s s  mob i l e C 0 2 wo uld l a rge ly be suspende d i n  the magma a s  h i ghly 
compre s s e d  bubble s and be partly trapped a s  fl ui d  inc l us ion s in l iquidus 
minera l s . Hydro gen would continue to e s cape e ven a fte r carbon i s  exhaus ted, 
as H 2 c an be produced a l s o  by the therma l di s soci ation o f  H 2 0 ,  thus 
accoun ti ng for the ori gin of mo s t  o f  the Fe 3+ in a terre s tr i al magma . The 
hydrogen l o s s  would a l s o  account for the unde rsa tura tion o f  magma with 
respe c t  to H 2 0 in some cas e s . The s trong contra s t  in the oxidation s tate 
be twe en te rre s tr i al magmas and l unar magma s c an be e xplained by a s s uming 
tha t H 2 0 was s c arce in the l unar i nter i or and tha t  the reduction by carbon 
pre domi nate d ove r  the oxidation by hydro gen lo s s  in the dry l un ar magma 
in s p ite o f  probabl e  s imi lar i ty in f0 2 in the sour ce re gions . 
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L I THOL O G I C  D I VERS I TY AND PART I AL FUS I O N  I N  TH E RE D MOUNTA I N , 
NEW Z EALAND A L P I NE P E R I DOT I TE 

John M .  S in ton 
Smi thson i an In s ti tution 

Washington , DC 2 0 5 6 0  

O l i vi ne -orthopyroxene as sembl age s i n  the Red Mountain al pine 
per i doti te range from duni te to o l i vine -orthopyroxenite wi th acce s sory C r 
spine l ( l - 3  vo l . % )  and c li nopyroxene ( l - 5  vo l .  % )  • Compo s i t ional• 
layering i s locally we l l -deve loped ; e l s ewhe re only a pyroxene fol i a t ion i s  
preserved . Mg/Fe o f  s i l i c ate s and spine l s

.
increases  wi th o l i vine/ 

pyroxene ratio regardl e s s  o f  po s i tion in the ma s s . The main compos i tional 
var ia tion s are in Al 2 0 3 ( opx : 0 . 9 - 3 . 6  wt . % ;  cpx : 1 . 0 - 3 . 5  wt . % ; spine l : 
l l - 4 5  wt . % ) and Cr 2 0 3 ( opx : 0 . 1 - 0 . 8  wt . % ) ; cpx : 0 . 2 - 1 . 2  wt . % ;  spine l : 
2 6 - 6 2  wt . % ) . ( Al ) px var i e s  sympathe ti c al ly wi th ( XAl ) spine l  but the se · 
var iable s can be s hown to be  function s  o f  T ,  pos s ibly o f  P ,  and a l s o  o f  
bulk compo s i ti onal vari ations , wher e  T and P re fer to condition s o f  
sub so l i dus equi l i bration . However , l ayering and o ther bulk compos itional 
var i a tions are pre -equi l ibration in ori gin and probably formed during 
partial fus ion . 

Some o f  the layeri ng i s  c l early secondary in o r i gi n ; partially 
transposed e arl ier orientations are  local ly pres e rve d .  Mi crote xture s are 
catac l as ti c or re cry s ta l l i z e d , wi th the mos t  perva s i ve catacl a s i s  in 
pyroxenite layer s .  The evi dence is cons i s ten t wi th an origin of the 
laye ring by for c e ful s egre ga tion of pyroxe ne in near s o l i d  per idoti te . 
Di f feren tial mo vement wi thin the per i doti te mas s  faci l i ta ted layer forma
ti on and conseque n t  sque e z in g  o f f  o f  in te r s ti t i a l  liquid . The l i thologic 
dive r s i ty a t  Red Moun tain c an be accoun te d  for by two proce s se s  opera ting 
during partial fus ion : ( l )  a phy s i c o - chemi c al pro c e s s  whe reby di f feren t 
degree s o f  partial me l ti ng l e f t  a re s i duum var i ably dep leted in Ca , Na and 
Ti , and ( 2 )  a me chanical  proce s s  which tended to s egregate o l i vine from 
pyroxene w ithin the mas s .  
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