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ABSTRACT

D uring  L eg  109 o f  th e  O cean  D rilling P rog ram , ab o u t 100 m  o f  se rp en tin ized  p e rid o tite s  w ere  drilled  on  th e  
w es te rn  w all o f  th e  M .A .R . ax ia l rift v a lley , 45 km  so u th  o f  th e  K ane F ra c tu re  Z o n e . T he p re se n t s tu d y  rep o rts  
p e tro log ica l and  m ineralog ical d a ta  ob ta in ed  from  29 sm all p ieces o f  th ese  u ltram afic  ro ck s , includ ing  ab o u t 609? 
se rp en tin ized  h arzb u rg ites , 26%  se rp en tin ized  lh erzo lite s , 14% se rp en tin ized  d u n ite s , and o ne  sam ple  o f  olivine 
w eb s te rite . M odal an a ly ses show  th a t all th ese  ro ck s a re  p lag ioclase-free fo u r-p h ase  p e rid o tite s  eq u ilib ra ted  in th e  
sp inel lhe rzo lite  fac ies. T h e  e s tim a ted  av erag e  m odal co m position  o f  th e  sam p le  se t is abo u t 80%  o liv ine , 14% opx , 
5%  c p x , and  1% sp ine l, th a t is , a  cp x -p o o r lherzo lite .

T h e  w ell developed  p o rp h y ro c la s tic  s tru c tu re s  and  m ineralogical ch a ra c te r is tic s  o f  th ese  ro c k s  ind ica te  th e ir 
affinity w ith  the g roup  o f  residual m an tle  te c to n ite s , am ong  th e  ab y ssa l p e r id o tite s . F e a tu re s  typ ica l o f  m agm atic 
cu m u la tes  a re  lacking.

T he high con ten ts  in A120 3 o f  th e  cp x  (av erag e  5.4% ) and  o f  th e  opx  (av erag e  4 .3% ) p o rp h y ro c la s ts , th e  low C r#  
o f  th e  sp inels (average 22 .9% ), and  th e  ra th e r  high co n ten t in m odal cpx  (ab o u t 5% ), ind ica te  a  m o d era te  p ercen tag e  
o f  m elting , o f  the o rd e r o f  10% -15% . S ite  670 perido tites p lo t c lo se  to th e  leas t d ep le ted  m an tle  ro c k s  co llec ted  in 
th e  o cean s in m ost d iag ram s u sed  lo  define th e  average  tre n d  o f  the ocean -floo r p erid o tites .

M ic ro p ro b e  tra v e rse s  a c ro ss  th e  co res o f  th e  exso lved  opx  and  cpx p o rp h y ro c la s ts  p e rm itted  th e  reca lcu la tio n  
o f  th e  m agm atic  com p o sitio n s o f  th e se  p y ro x en es: th e  “ p rim itiv e”  opx  w ere  eq u ilib ra te d  at ab o u t 1300°C, p robab ly  
a t the end  o f  the m ain  m elting  ep iso d es , w h ereas th e  “ p rim itive”  cpx show  lo w er eq u ilib ra tion  te m p e ra tu re s , at 
ab o u t 1200°C, reflecting a  m o re  com p lex  th e rm a l h is to ry . T h e  su b so lid u s evo lu tio n  is w ell re c o rd e d , from  1200°C to 
abo u t 950°C, by th e  exso lved  p y ro x en es  and th e  o liv ine and  sp inel p h ases . U nusu a lly  high b lock ing  tem p e ra tu re s , 
close to  1000°C, ind ica te  th a t th e  p e rid o tite  body  w as co o led  v e ry  rap id ly  b e tw een  1000°C an d  th e  beginn ing  of 
se rpen tin iza tion .

O xygen  fu gacities, ca lcu la ted  fo r  10 kb and  a t th e  b locking te m p e ra tu re s  in d ica ted  by th e  o liv ine/sp inel 
g eo th e rm o m ete r, a re  c lo se  to  th e  u sua l fugacities ca lcu la ted  in o cean ic  p erid o tite s  a n d  basa lts (o f  th e  o rd e r  o f  IO-10 
to  IO-11, on th e  Q F M  buffer).

S ite  670 perido tites hav e  co m p o s itio n s c lo se  to  th o se  o f  th e  p erid o tite s  co llec ted  in th e  K ane F ra c tu re  Z on e  a re a , 
and  o b v io u sly  belong to  th e  m o d era te ly  d ep le ted  m antle  p erid o tites  w hich  ch a ra c te r iz e  ab y ssa l p e rid o tite s  co llec ted  
aw ay  from  m antle p lum es and  o cean ic  islands. In  p a rticu la r, th ey  differ from  th e  highly re s id u a l harzbu rg ites  
co llec ted  along  th e  M .A .R . o v e r  the A zo res  bulge.

INTRODUCTION

T here  is growing evidence tha t extension a t oceanic spread­
ing cen te rs is accom m odated by tw o main processes: magmatic 
activity , and tectonic stretching o f  th e  lithosphere. T he funda­
m ental differences in morphology observed  a t fast and slow 
spreading cen ters probably reflect the balance betw een these 
tw o processes. A t fast spreading cen ters, the m agm a budget is 
high and m agm atism  alone is continuous enough to  accom m o­
date extension  by addition o f new m aterial at the  axis. A t slow 
spreading cen ters, surface magm atism is obviously less contin­
uous, and extension is accom m odated a t least p ro  parte  by 
tecton ic  stretching and extension o f  th e  lithosphere. Along the 
M .A .R . axis, short wavelength variations in th e  magm atic/ 
tecton ic  activity  w ere recently docum ented a t 23°N (K arson et 
al., 1987), indicating a great variability in m agm a supply vs. 
tecton ic  extension  a t slow spreading rates.

1 D e tr ic k , R ., H o n n o re z , J . ,  B ryan , W . B ., Ju te a u , T . ,  e t  a l . ,  1990. P roc. 
O D P , ¡n ii. R e p ts ., 106/109: C o llege  S ta tio n , T X  (O cean  D rilling  P rogram ).

2 G ro u p e m e n t d e  R e c h e rc h e  “ G en èse  e t  E v o lu tio n  d e s  D o m ain es  O céa­
n iq u e s ,”  U n iv e rs ité  d e  B re ta g n e  O cc id en ta le , 6 A v en u e  L e  G o rg eu , 29287 B rest 
C e d e x , F ra n c e .

3 E c o le  N a tio n a le  S u p é rie u re  des  M ines  d e  P a ris , C e n tre  d e  G éologie 
G én é ra le  e t M in iè re , 35 ru e  S a in t-H o n o ré , 77305 F o n ta in e b le a u  C e d e x , F ran ce .

As a co n seq u en ce , deep p lu ton ic  rocks o f  th e  crust and 
serpen tin ized  p erid o tites  from  th e  m antle  can  be exposed on 
the  ocean  floor, no t only  at ridge/transfo rm  in tersec tions or 
along frac tu re  zo n es, b u t also in n o n frac tu re  zone settings 
along slow sp read ing  ridge segm en ts (see Ju teau , C annat, and 
Lagabrielle , th is  volum e). T he ex ac t m echanism  o f exposure 
o f  these  deep-level rocks rem ains con troversia l. In  any case, 
th e ir  o u tc rops on the  o cean  floor p rov ide  un ique w indow s into 
the  subaxial u p p er m antle  and th e  p rim ary  m agm atic products 
th a t conso lidate  at dep th .

M ost m odels fo r the  fo rm ation  o f  ocean ic  c ru s t propose 
th a t a  m olten  basa ltic  fraction  is ex trac ted  from  the  m antle and 
em placed  a t m id -ocean ic  ridges, to  fo rm  th e  various rocks of 
the  c ru s t. R ecen t stud ies  in th e  N o rth  A tlantic O cean have 
show n th a t regional varia tions in b asa lt chem istry  correspond 
to  varia tions in th e  m odal an d  chem ical com position  of 
frac tu re  zone and  nonfrac tu re  zo n e  m antle  perido tites from 
the sam e reg ions (D ick e t a l., 1984; M ichael and Bonatti, 
1985), and m ay be  ascribed  to th e  am oun t o f  basaltic  m elt that 
has been  ex trac ted  from  the perido tites.

T he aim  o f  th is p ap e r is to  exam ine how  m odal and 
m ineralogical ch a rac te ris tic s  o f  th e  m an tle  perido tites cored at 
S ite 670 com pare  w ith  th o se  o f  o th e r  m antle  perido tites from 
th e  M .A .R . in th e  N o rth  A tlan tic  and  fit w ithin the regional 
trends. It is a lso  o u r pu rpose  to  get som e insights on the
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therm al h is to ry  and degree  o f  partia l m elting  experienced  by 
th ese  rocks during their ascen t and  em placem en t on the ocean 
floor.

GEOLOGICAL SETTING
Site 670 is located  at 23°10.00'N , 45°01.93'W  in 3625 m of 

w ate r, on  th e  sloping w est w all o f the m edian  valley . It lies 
a b o u t 45 km  south  o f th e  K ane F ra c tu re  Z one and 5 -6  km  to 
th e  w est o f th e  M .A .R . axis (K arso n  e t a l., 1987) (Fig. 1). The 
floor o f  th e  m edian valley ea s t o f  Site 670 belongs to  a 
ba thym etrica lly  and m agnetically  “ ano m alo u s”  ridge segm ent 
ex tend ing  from  abou t 23°08'N to  23°18 'N . In  th is segm ent, the 
cen tra l m agnetic anom aly  appears  sh ifted  to  th e  w est, and the
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F ig u re  1. G eological and s tru c tu ra l sk e tch  m ap o f  th e  M .A .R  axial 
v a lley  from  22°40'N  (bo ttom ) to  th e  in te rsec tio n  w ith  th e  K ane 
F ra c tu re  Z on e  (top). T h e  m ain  s ite s  d rilled  du ring  L egs 106 and  109 
a re  ind ica ted . P erid o tite  and  g ab b ro  o u tc ro p s  and  n eo v o lcan ic  zones 
m ain ly  a f te r  subm ers ib le  su rv ey s (K arso n  and  D ick , 1983; K arso n  et 
a l .,  1987). B a th y m etry  and tec to n ic  fe a tu re s  from  D e trick  e t al. (1985), 
P u rdy  and D etrick  (1986), and  P ockalny  e t a l. (in  p ress).

volcan ic  ax is is d eep  and poo rly  defined, com pared  to  its 
developm ent fu r th e r  to  th e  n o rth  o r  to  th e  sou th  (Purdy e t al., 
1978; D e trick  e t a l . ,  1985). In  a d d itio n , se ism ic stud ies have 
show n th a t a  d ra s tic  ch ange  in  c ru s ta l th ick n ess  occurs along 
th is seg m en t, fro m  a  “ n o rm a l”  c ru s ta l th ick n ess  to  the 
so u th , to  a  th in n ed  c ru s t to  th e  n o rth  (D etrick  and P urdy , 
1980; C o rm ier e t a l., 1984). K a rso n  e t al. (1987), w ho 
c o n d u c te d  a su b m ers ib le  su rv e y  a long  the  m edian valley 
b e tw een  th e  K a n e  F .Z . and  S ite  648, in te rp re t th is  zone as a 
“ zero -o ffse t tr a n s fo rm ”  lo c a te d  a t th e  b o u n d ary  betw een  
tw o  m agm atic  ce lls: th e  su b m ers ib le  s tu d y  has confirm ed the 
lack  o f  a  w ell-d ev e lo p ed  m ed ian  v a lley , th e  p resen ce  o f  high 
scarp s and  a sy m m etric a l fau lt-b o u n d e d  b locks acro ss  the 
en tire  a re a , an d  th e  a b sen ce  o f  any  neo v o lcan ic  zone or 
hy d ro th e rm a l a c tiv ity . T o  th e  n o r th , se rp en tin ized  p erido t­
ite s , g ab b ro s , an d  g reen s to n es  a re  the  d om inan t lithologies 
on th e  w est w all o f  the  m edian  valley  (Fig. 1), approaching  the 
K ane F .Z . (B ryan  e t a l., 1981; K arso n  and D ick, 1983; K arson 
et a l., 1987). T o  th e  so u th , M elson  e t al. (1968) have show n 
th a t the m edian  valley  w alls a re  com posed  o f  g reenstones and 
w ea thered  basa lts .

A t S ite 670, se rp en tin ized  p erid o tites  a re  exposed  over 
m ore than  1 km  in  w id th  (K arso n  e t a l., 1987). H ole 670A 
w ashed  th rough  6 .4  m  o f  sed im en ts and drilled 86.1 m into 
ultram afic ro ck s , from  w hich a to ta l o f  6.12 m o f  core was 
recovered .

PETROGRAPHIC DESCRIPTION 
OF THE SAMPLES

W e analyzed  th e  29 sam ples in o u r possession  in thin 
sec tions, u n d e r a regu la r m icro scope , and se lected  9 sam ples 
fo r de ta iled  investiga tion  o f the ir p rim ary  m ineralogy (Fig. 2).
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F igu re  2. S erp en tin e -free  co m p o s itio n s o f  th e  n ine se lec ted  sam ples 
s tud ied  in th is p a p e r , p lo tted  in th e  m odal te rn a ry  u ltram afic diagram . 
T h e  co llec tio n  c o n s is ts  o f  o n e  d u n ite , fo u r h arzb u rg ite s , th ree lherz- 
o lites , an d  o ne  o liv ine  w eb s te rite . T h e  c ro ss  in d ica tes th e  ca lcu lated  
av erag e  co m p o sitio n  o f  th e  w hole sam p le  se t (see tex t). It is a 
cp x -p o o r fo u r-p h ase  lherzo lite . T h e  d ash ed  line  ind ica tes the field o f 
the N o rth -A tlan tic  p e r id o tite s , a f te r  M ichael and  B ona tti (1985). O pen 
sq u a re  an d  b la c k  sq u a re  =  n o rm a tiv e  co m p o s itio n s o f  the T inaquillo  
p e rid o tite  and  p y ro lite  o f  R ingw ood (1966), re sp ec tiv e ly  (taken from  
Ja q u es  and  G reen , 1980). T h e  n o rm a tiv e  co m position  o f the 8 kb 
m elting  po in t is from  T ak ah ash i and  K u sh iro  (1983).

28



P R IM A R Y  M IN E R A L O G Y  A N D  G E O T H E R M O M E T R Y  O F  P E R ID O T IT E S , H O L E  670A

T he c rite r ia  fo r th is  selection  a re  as follow s: (1) adequa te  
rep resen ta tio n  o f  the  4 pétrog raph ie  facies recognized  as 
p ro to lith s  in  th e  29 sam ples o f  serpen tin ized  u ltram afic rocks 
o f  o u r co llec tion  (4 dun ites, 17 harzburg ites, 7 Iherzo lites, and 
1 o liv ine w eb ste rite ); (2) even  distribu tion  o f th e  se lected  
sam p les in th e  co red  section; and  (3) lim ited serpen tin iza tion  
(less th an  78%). T able  1 gives th e  m odal com position  o f th e  9 
se lec ted  sam ples (in ferred  pro to liths: 1 dun ite , 4 harzburg ites, 
3 Ih erzo lites , and  1 olivine w ebsterite ), and the ir approx im ate  
s tra tig raph ie  p osition  in th e  drilled section .

T h e  m odal ana ly ses p resen ted  in T able 1 w ere ob ta ined  by 
coun ting  a m inim um  o f 1000 p o in ts  p e r  thin sec tion , on a  grid 
spacing  o f 0.05 m m . T he m ineral phases taken  in to  acco u n t 
are o liv ine (ol), o rtho p y ro x en e  (opx), c linopyroxene (cpx), 
and C r-sp inel (sp) fo r th e  prim ary  phases , and se rp en tin e , 
b a s tite , ta lc , trem o lite-ac tino lite , and m agnetite fo r the sec ­
o n d ary  phases . R eco n stru c ted  prim ary  m odes w ere calcu la ted  
w ith  th e  follow ing conventions:

1. M esh -tex tu red  se rpen tine  and assoc ia ted  m agnetite 
g ra ins w ere  assigned  to  prim ary  olivine.

2. B astite  p seudom orphs and associa ted  talc w ere a s ­
signed to  p rim ary  opx.

3. T rem o lite-ac tino lite  c lu s te rs  o r rim s w ere assigned to 
b o th  p rim ary  cpx  and opx.

4. M agnetite  developed  a t th e  m argins o f  C r-spinels w as 
a ssigned  to  p rim ary  spinel.

T he p rim ary  m ineralogical m odes w ere ca lcu la ted  a ssu m ­
ing no volum e in c rea se  during serpen tin iza tion . A s pointed  
o u t by  severa l au th o rs , th is assum p tion  is p robab ly  no t true. 
T h u s, th e  reco n s tru c ted  com positions overes tim ate  olivine 
and o p x , and  un d eres tim a te  cpx . This m eans th a t th e  p rim ary  
m odal com positions p roposed  in T able 1 g ive a  m inim um  
estim ate  o f th e  cpx  co n ten t in th e  perido tites. A n estim ated  
cpx co n ten t ca lcu la ted  for a  volum e increase  o f  30% during 
se rp en tin iza tio n  is a lso  show n in T able 1.

B ecause  o f  th e  p o o r ra te  o f reco v ery  (1.2%—17%) and the 
sm all size o f  th e  sam p les, th e  relationsh ips betw een  these  
v arious pé tro g rap h ie  facies along th e  core section  a re  no t w ell 
v isib le . H o w ev er, th e re  is no system atic  d is tribu tion  o f  these 
facies a t th e  sca le  o f  th e  drilled hole. T he cpx appears to 
c o n cen tra te  in c lu s te rs  1-10 m m  acro ss , in a ssoc ia tion  w ith 
opx. T h ese  cpx-rich  c lu s te rs  are  e longated  in th e  fo lia tion  o f 
th e  sam ples and  a re  found all th rough  the co red  section . T hin  
sec tio n s including such  c lu s te rs  yield the m ost Iherzolitic 
com positions.

A ll th e  stu d ied  sam ples a re  tec ton ites: elongate  spinel and 
opx  g ra ins define a  fo liation  and a lineation , o ften  visible

d irec tly  on th e  co red  sec tion  (PI. 1, F ig. 5). U n d er m icro­
scope, the  m icro stru c tu re  o f  th ese  perid o tites  is o f  the “ elon­
gated  p o rp h y ro c lastic”  ty p e  (M ercier and  N ico las , 1975). A 
deta iled  study  o f  th e  m icro stru c tu res  and  associa ted  fabrics 
developed  in th ese  rocks is given in C anna t e t al. (this 
volum e). H ere  is a b rie f  descrip tion  o f  th e  nine sam ples 
se lected  fo r m icroprobe analysis:

Serpentinized dunite (Sample 7R-1, 7-10 cm)
T his rock  is m ainly m ade o f  o liv ine grains appearing as 

residual co res o f  p rim ary  p o rp h y ro c las ts  (up to  2 mm in size), 
o r recry sta llized  grains (0 .2 -0 .4  mm in size), isolated by a 
m esh-tex tu red  n e t o f  se rpen tine . U n du la to ry  ex tinctions are 
com m on. T w o sm all cpx c ry s ta ls  (<  0.3 m m ) a re  v isible, one 
o f  them  exhibiting  thin opx exso lu tion  lam ellae. T iny (0.1 mm) 
redd ish -b row n spinel c ry s ta ls  a re  scarce .

Serpentinized harzburgites (Samples 4R-1, 19-21 cm;
5R-2, 9 2 -9 4  cm; 5R-2, 142-145 cm; 7R-1, 17-18 cm)

T he opx po rp h y ro c lasts  m ay  exceed  1 cm  in size. T hey are 
w eak ly  e longated  in th e  fo lia tion  o f  th e  sam ples (PI. 1, Fig. 1), 
and locally recry sta llized  in  po lygonal g rains (<  0.5 mm ). The 
opx  is partly  a ltered  to  b a s tite , trem o lite-ac tino lite , and talc. 
C px occu rs as th in  exso lu tion  lam ellae para lle l to  (100), as 
m illim eter-sized p o rp h y ro c las ts , o r  as sm all recrystallized  
grains (<  0.5 mm ). T he cpx is qu ite  re s is tan t to  a lteration  to 
trem o lite , and no t se rpen tin ized . R edd ish -b row n  Cr-spinels, 
1 -3  m m  long and w ith th e ir  m argins system atica lly  tran s­
fo rm ed  to  b lack  m agnetite , a re  e longated  in th e  foliation plane 
and  o ften  segm en ted . O th e r sm all and verm icu lar spinel 
c ry s ta ls  are a sso c ia ted  w ith loba te  ex trem ities o f the large opx 
po rp h y ro c la sts  (PI. 1, fig. 3). A s in th e  dun ite , the  olivine 
po rp h y ro c la sts  (up to  2 m m  in size) a re  recrysta llized  into 
polygonal g rains (0 .2 -0 .4  m m  in size) and  affected by the 
typ ical m esh-like serpen tin iza tion  including sm all grains of 
m agnetite .

Serpentinized Iherzolites (Samples 5R-1, 2 - 6  cm; 6R-1, 
40-41  cm; 6R-1, 49 -5 1  cm)

T hese  sam ples include cen tim ete r-s ized  c lu s te rs  o f cpx and 
opx  c ry s ta ls , associa ted  w ith  verm icu lar sp inels. T he modal 
ra tio  o f  cpx ranges from  5% to  14.5% (Sam ple 5R-1, 2 - 6  cm), 
o r  6.5%^-19% in th e  p ro to lith s (before serpen tin iza tion ), if  a 
volum e increase  o f  30% during  serpen tin iza tion  is taken  into 
acco u n t. A p art from  th e  large size o f  th e  pyroxene-rich 
c lu s te rs , the  tex tu ra l ch a rac te ris tic s  o f  th e  Iherzolitic  sam ples 
a re  sim ilar to  th o se  described  fo r th e  harzburg itic  sam ples. In

Table 1. Modal analyses of the nine selected sam ples. Primary phases are olivine (ol), orthopyroxene 
(opx), clinopyroxene (cpx), and spinel (spin). Secondary phases are serpentine (serp), including bastite, 
talc and magnetite, and amphibole (amph). The numbers in parentheses indicate the “ dry”  modal 
percentage of the four primary phases, calculated following the conventions indicated in the text (not 
taking into account the volume increase during serpentinization). The modal proportion o f  clinopyrox­
ene, taking this volume increase into account, are shown in double parentheses. Rock types are: H =  
harzburgite; L =  lherzolite; D =  dunite; and W  =  olivine websterite.

S am ple Ol O px C px Spin S erp A m ph
R ock
type

4R-1 (# 3 )  19-21 12.4 (82.9) 5 .2 (12.4) 3 .0  (4 .0) ((4.9)) 0 .6  (0.6) 75.4 3.3 H
5R-1 (# 1 )  2 - 6 15.4 (68.7) 6 .2 (15.3) 12.2 (14.5) ((16.9)) 1.4 (1.4) 57.1 7.6 L
5R -2 (# 1 2 ) 9 2 -9 4 13.0 (79.6) 1.1 (14.0) 3 .0  (4 .9 ) ((6.0)) 1.4 (1.4) 74.9 6.5 H -L
5R -2 (# 1 9 ) 142-145 19.4 (69.6) 11.8 (19.6) 1.0 (3 .0) ((3.5)) 7 .7  (7.7) 57.9 2.0 H
6R-1 (# 6 )  40 -4 1 30.8 (76.0) 4 .6  (14.4) 7 .6  (8 .3) ((9.6)) 1.2 (1.2) 53.5 2.2 L
6R-1 (# 8 )  49 -5 1 27.1 (79.4) 5 .4 (12.3) 6.1 (7.5) ((8.8)) 0 .8 (0.8) 59.2 1.4 L
7R-1 (# 2 )  7 -10 22.1 (99.4) 0 .6  (0.6) ((0.7)) tr 77.3 — D
7R-1 (# 3 )  17-18 12.7 (77.5) 4 .9  (17.0) 2.7 (4 .8) ((5.8)) 0 .7  (0.7) 71.9 7.0 H -L
9R-1 (# 3 )  19-20 10 .6 (12 .0 ) 33 .2  (42.2) 38.1 (45.7) ((46.0)) 0.1 (0.1) 2.9 15. w
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Sam ple 6R-1, 4 9 -51  cm , th e  opx and cpx p o rphy roc lasts  in th e  
c lu s te rs  are  k inked  and p a rtly  recrysta llized  in to  aggregates of 
op x , cpx , and  olivine polygonal grains (PI. 1, Fig. 2). This 
fea tu re  m ay  ind ica te  th a t these  c lusters experienced  partial 
m elting  during  th e ir  h igh-tem perature deform ational h is to ry . 
B esides, th e  c lu s te rs  o f opx , cpx , and verm icu lar sp inel point 
to  an  exso lu tion  o f  th is assem blage from  a fo rm er high- 
tem p era tu re  opx.

Olivine websterite (Sample 9R-1, 19-20  cm)
T he un ique  sam ple o f  w ebste rite  in ou r collection  is nearly  

devo id  o f  se rp en tin e  (2.3% , and abou t 15% secondary  am phib ­
ole). T his fresh  ro ck  (PI. 1, Fig. 4) is m ade o f  a  roughly  equal 
n um ber o f  cpx  and opx po rphy roclasts  (Table 1), w hich a re  
k inked  and  recry sta llized  in to  sm all polygonal neoblasts. 
Sm all and  in te rstitia l olivine c ry s ta ls , p lastically  deform ed and 
displaying subgrain  boundaries, cem ent th e  py roxene  phases , 
along w ith  ra re  euhedra l C r-spinel grains. It is c lea r th a t this 
w ebste rite  w as invo lved  in th e  h igh-tem perature  p lastic  defo r­
m ation affecting th e  surrounding  perido tites.

B ands o f  analogous p lagioclase-free olivine w ebsterite  
w ere d escrib ed  in residual perido tite  sam ples from  the K ane 
and Is ias  O readas F rac tu re  Z ones, and w ere in te rp re ted  as 
trap p ed  m elts c ry s ta llized  “ in s itu ”  (D ick e t a l., 1984). T able 
2 gives th e  m odal com positions o f these  olivine w ebsterite  
sam ples, com pared  w ith o u r olivine w ebsterite  Sam ple 9R-1, 
# 3 ,  w hich ap p ea rs  to  have  th e  h ighest co n ten t in py roxenes 
and D i/E n ra tio , and is ra th e r close to  the K ane F .Z . sam ple 
com position .

ELECTRON MICROPROBE ANALYSES 
OF THE PRIMARY PHASES 

Analytical conditions
T he m icrop robe  analyses p resen ted  in T able 2 w ere p e r­

form ed by E . B erger, M . C . F o re tte , and G. F ro t, using the 
au tom atized  C A M E B A X  m icroprobe of th e  E cole  des M ines 
de Paris. E ach  value quo ted  in T able 2 w as ob ta ined  by  the 
double  m easu rem en t m ethod p roposed  by M arion and V an­
n ie r (1983). A naly tical conditions w ere as follow s:

Silicates:
Program  320. H .T . =  20 kv. I =  16 nA. F o u r spec trom eters 

u sed  (P E T , L IF , T A P , TA P). C ounting tim e (w ith one un it =  
10 s): F o r  N a, M g, S i, T i, C r, and M n, 4 units. F o r  AÍ, C a, and 
F e , 6 un its. F o r  N i, 12 units.

Spinels:
Program  302. H .T . =  20 kv. I =  14 nA , excep t fo r M n and 

Si fo r w hich I =  42 nA. F o u r spec trom eters u sed  (L IF , L IF , 
PE T , TA P). C ounting  tim e: F o r AÍ, 1 unit. F o r  C r and M g, 2

Table 2. M odal analyses o f two olivine websterites collected in 
the North Atlantic Ocean (after Dick et a l., 1984), and 
com parison with the modal composition of Site 670 olivine 
websterite, Sample 9R-1, 19-20  cm (# 3 ).

L o c a lity O liv ine E n s ta tite D iopside Sp inel

K an e  F ra c tu re  Z o n e  
A l l  96-1-3 20.8 43.1 34.3 1.8

Is ias  O read as  
F ra c tu re  Z o n e  

1011/76-60-52 28.8 53.2 17.3 0.7

H o le  O D P  670A 
9R-1 (# 3 )  19 -2 0  cm 12.0 42.2 45.7 0.1

un its . F o r  V, F e , Z n , N i, and  T i, 6 un its . F o r  M n and Si: 12 
un its.

A dditional m icro p ro b e  ana ly ses on  tw o highly deform ed 
harzburg ites (sam ples 4R-1, 2 7 -3 0  cm , and 8R-1, 2 -4  cm) 
w ere  perfo rm ed  in B re s t using  th e  au tom atized  CA M EBA X  
m icroprobe , eq u ipped  w ith fo u r  spec tro m e te rs . This addi­
tional se t o f d a ta  co n ce rn s  specifically  the  in terstitia l cpx 
c ry s ta ls  found  in th e  sh ea r b ands o f  th e  m ost strongly de­
fo rm ed  sam ples (see C anna t e t a l., th is  volum e).

RESULTS
T he analy tical d a ta  fo r th e  n ine se lec ted  sam ples are 

p resen ted  in T able  3 , along w ith  th e  ca tion ic  form ulas o f the 
m ineral phases and som e rem ark ab le  ra tio s  o r param eters. 
T ab le  4 is a sum m ary  o f th e  values o f  th ese  chem ical param ­
e te rs  fo r th e  fou r p rim ary  p h ases  in each  o f  th e  nine sam ples. 
T ab le  5 gives overall averages o f  th e  chem ical param eters for 
th e  sam e phases (ol, opx , cpx , and sp) in th e  eight serpenti­
n ized  perido tites an d  in the o liv ine w ebste rite .

Olivine

T he olivine com position  is fairly  co n s tan t in the nine 
se lec ted  sam ples (T ab les 2 and  3; Fig. 3). T here  are no 
significant core/rim  v a ria tions. In  the  o liv ine w ebste rite , Fo 
(91.03% ) and N iO  (0.41% ) a re  slightly  h igher than  in the 
serpen tin ized  d u n ite , harzb u rg ites , and Iherzolites (Fo: 
90.A % -90.95% , N iO : 0 .37% -0 .40% ). T h ere  a re  no  system atic 
com positional v a ria tions b e tw een  th e  olivine from  these last 
th ree  pétrographie  fac ies (Fig. 3).

Orthopyroxene

T h ere  are no sy s te m a tic  com p o s itio n a l v a ria tions be­
tw een  th e  opx  fro m  th e  fo u r p é tro g rap h ie  fac ies  (se rpen ti­
n ized  du n ite , h a rz b u rg ite , lh e rzo lite , and  w e b ste r ite ; T ables 
3 and  4 ; F ig . 4). T h e  W o c o n te n ts  ran g e  from  1.73% to  2.92% 
(2.21%  in th e  w e b s te r ite ) . T h e  E n  c o n te n ts  range from  
87.07%  to  88.85%  (88.59%  in th e  w eb ste r ite ) . T he A120 3 
co n ten ts  range fro m  3.33%  to  5 .67%  (4 .17%  in the  w eb ste r­
ite). T h ere  is a  good  positive  c o rre la tio n  b e tw een  th e  W o and 
A120 3 c o n ten ts , an d  th e  co m p o s itio n a l v a ria tio n s  betw een 
tw o gra ins o f th e  sam e  sam ple  o ften  ex ceed  th e  varia tions 
o b se rv ed  b e tw een  opx  c ry s ta ls  from  d is tin c t pé trographie  
fac ies . T he rim s o f  so m e p o rp h y ro c la s ts  a re  slightly  depleted  
in AÍ, C r, and W o c o n te n ts , b u t th is  co re /rim  v a ria tion  is not 
o b se rv ed  in all sam p les . T he sm all po lygonal g ra ins rec ry s­
ta llized  during  th e  p las tic  d e fo rm atio n  o f  th e  sam ples are 
devo id  o f  cpx ex so lu tio n  lam ellae . T h ey  sh o w  slightly  low er 
AÍ and W o c o n te n ts  (and h igher E n  c o n te n ts )  than  the 
o rig inal p o rp h y ro c la s ts .

Clinopyroxene

A s fo r the  o p x , there  a re  no  sys tem atic  com positional 
varia tions betw een  the cpx  o f the  fo u r pé trograph ie  facies 
(T ables 3 and 4). T h e  A120 3 co n ten ts  range from  4.25% to 
6.07%  (5 .39% -5 .73%  in th e  w ebsterite ). T he T i0 2 and N a20  
co n ten ts  are  usually  low. T i0 2 ranges from  0.11%  to 0.25% 
(0 .1 1%—0.13%  in  th e  w ebsterite ), and N a 20  ranges from
0.11%  to  0.22%  (0 .15%—0.16%  in the  w ebsterite ). T here is no 
system atic  co rre la tion  betw een  th e  A120 3, T i0 2, N a20 ,  and 
C aO  co n ten ts  o f th e  cpx . In  one  harzbu rg ite  sam ple cpx 
p o rp h y ro c la s t y ie ld s  a N a20  co n ten t o f  0 .39%  (T able  3). This 
p o rp h y ro c la s t a lso  y ields th e  lo w est A120 3 co n ten t. T he rim s 
o f  m ost cpx p o rp h y ro c la s ts  a re  d is tin c tly  dep le ted  in AÍ and 
C r, w hile Mg and C a  ten d  to  in c rea se . T h e  sm all polygonal 
n eo b las ts  re c ry s ta lliz ed  during  th e  p la s tic  defo rm ation  also 
show  lo w er AÍ an d  C r co n ten ts  th an  the  orig inal po rphy ro ­
c lasts .



P R IM A R Y  M IN E R A L O G Y  A N D  G E O T H E R M O M E T R Y  O F  P E R ID O T IT E S , H O L E  670A

Table 3. M icroprobe analyses of the primary phases o f  the nine selected samples. Each  
section corresponds to one sample. The analyzed phases are: olivine (OL), orthopy­
roxene (OPX), clinopyroxene (CPX), spinel (SP), and one amphibole inclusion 
(Am ph). (C) =  core; (B) =  margin. Inclusions or exsolution lamellae are distinguished 
by the symbol of the host-mineral following the symbol o f the phase analyzed. FeO* =  
total iron (microprobe). FeO and Fe20 3 calculated assuming stoichiom etry, as w ell as 
A1IV and A1VI distribution, m =  100 M g/(M g +  Fe2+ +  Fe3+). M  =  100 M g/(M g +  

i Fe2+). C r #  =  100 Cr/(Cr +  AÍ).

4R -1, # 3 2 O ll(C ) O px 1(C) S p l Sp2

S i0 2 41.01 55.41 0.05 0.03
A120 3 0.01 3.86 40.52 41.54
T i 0 2 0.00 0.07 0.12 0.08
C r20 3 0.00 0.90 26.38 26.20
v 2o 3 0.00 0.00 0.15 0.13
F e 20 3 0.00 0.00 2.88 2.36
F eO 8.95 5.83 12.33 11.77
M nO 0.12 0.15 0.18 0.17
M gO 49.39 32.66 17.02 17.50
C aO 0.08 1.25 0.00 0.00
N a20 0.00 0.02 0.00 0.00
N iO 0.40 0.09 0.23 0.25
ZnO 0.00 0.00 0.19 0.21
T o ta l 99.96 100.24 100.05 100.24
FeO * 8.95 5.83 14.92 13.89
Si 1.003 1.912 0.011 0.007
A1IV 0.000 0.088 0.000 0.000
A1VI 0.000 0.069 10.692 10.872
Ti 0.000 0.002 0.020 0.013
C r 0.000 0.025 4.671 4.602
V 0.000 0.000 0.027 0.023
F e3 + 0.000 0.000 0.485 0.394
F e 2+ 0.182 0.168 2.304 2.181
Mn 0.002 0.004 0.034 0.032
Mg 1.799 1.678 5.683 5.796
Ca 0.002 0.046 0.000 0.000
N a 0.000 0.001 0.000 0.000
Ni 0.008 0.002 0.041 0.045
Zn 0.000 0.000 0.031 0.034
T o ta l 2.996 3.995 23.999 23.999
m 90.8 90.89 67.07 69.23
M 90.8 90.89 71.15 72.65
W o 2.44
En 88.68
F s 8.88
C r# 30.4 29.74

5R -1, # 1 O ll(C ) O p x l(C ) O p x l(B ) C p x  1(C) C p x l(B ) S p l(C ) S p l(B )

S i0 2 40.83 55.51 54.72 50.64 50.93 0.07 0.07
a i 2o 3 0.01 3.85 4.17 5.88 5.64 50.18 49.85
T i 0 2 0.00 0.05 0.06 0.13 0.25 0.06 0.03
C r2Ö 3 0.00 0.64 0.48 1.30 1.15 17.07 17.36
V 20 3 0.00 0.00 0.00 0.00 0.00 0.11 0.08
F e20 3 0.00 0.00 0.21 0.49 0.32 1.67 1.60
FeO 9.14 5.97 5.83 2.55 2.73 11.82 12.12
M nO 0.19 0.16 0.15 0.11 0.11 0.15 0.14
M gO 49.20 32.36 32.54 16.56 16.85 18.34 18.09
C aO 0.05 1.33 1.14 21.67 21.56 0.00 0.00
N a20 0.00 0.01 0.01 0.15 0.13 0.00 0.00
N iO 0.38 0.09 0.09 0.08 0.07 0.27 0.26
ZnO 0.00 0.00 0.00 0.00 0.00 0.23 0.25
T o ta l 99.80 99.97 99.40 99.56 99.74 99.97 99.85
FeO * 9.14 5.97 6.02 2.99 3.02 13.32 13.56
Si 1.002 1.920 1.904 1.850 1.856 0.015 0.015
A1IV 0.000 0.080 0.096 0.150 0.144 0.000 0.000
A1VI 0.000 0.077 0.075 0.103 0.098 12.692 12.652
Ti 0.000 0.001 0.002 0.004 0.007 0.010 0.005
C r 0.000 0.017 0.013 0.037 0.033 2.897 2.957
V 0.000 0.000 0.000 0.000 0 .000 0.019 0.014
F e 3 + 0.000 0.000 0.005 0.013 0.009 0.270 0.259
F e 2+ 0.187 0.172 0.169 0.078 0.083 2.117 2.179
M n 0.004 0.005 0.004 0.003 0.003 0.027 0.026
M g 1.797 1.667 1.686 0.901 0.914 5.870 5.810
C a 0.001 0.049 0.043 0.848 0.842 0.000 0.000
N a 0.000 0.001 0.001 0.011 0.009 0.000 0.000
N i 0.007 0.003 0.003 0.002 0.002 0.047 0.045
Zn 0.000 0.000 0.000 0.000 0.000 0.036 0.040
T o ta l 2.998 3.992 4.001 4.000 4.000 24.000 24.002
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Table 3 (continued).

5R -1 , #1 011(C) O px  1(C) O p x l(B ) C p x l(C ) C p x  1(B) S p  1(C) S p l(B )

m 90.57 90.64 90.64 90.81 90.84 71.09 70.44
M 90.57 90.64 90.88 92.02 91.66 73.49 72.72
W o 2.61 2.23 46.07 45.53
En 88.26 88.57 48.97 49.49
F s 9.14 9.20 4.96 4.98
C r # 18.58 18.94

5R 1, # 1 2 O ll(C ) 012(C) C p x  1(C) S p  1(C) S p l(B ) S p2(C )

S i0 2 40.95 41.02 50.80 0.00 0.00 0.09
a i 2o 3 0.02 0.00 5.94 47.56 47.91 47.42
T i 0 2 0.00 0.00 0.14 0.06 0.06 0.05
C r2Ô 3 0.00 0.00 1.13 19.45 19.15 19.76
V20 3 0.00 0.00 0.00 0.10 0.12 0.10
F e 20 3 0.00 0.00 0.93 2.87 2.55 2.54
FeO 8.99 9.00 2.22 10.45 11.39 11.01
M nO 0.09 0.24 0.11 0.15 0.14 0.15
MgO 49.54 49.53 16.84 18.81 18.42 18.55
C aO 0.05 0.04 21.66 0.00 0.00 0.00
N a 20 0.00 0.00 0.16 0.00 0.00 0.00
N iO 0.40 0.37 0.08 0.26 0.30 0.25
ZnO 0.00 0.00 0.00 0.13 0.30 0.12
T o ta l 100.04 100.20 100.01 99.84 100.34 100.04
FeO * 8.99 9.00 3.061 3.031 3.69 13.30
Si 1.001 1.002 1.846 0.000 0.000 0.020
A1IV 0.000 0.000 0.154 0.000 0.000 0.000
A1VI 0.001 0.000 0.100 12.128 12.183 12.094
Ti 0.000 0.000 0.004 0.010 0.010 0.008
C r 0.000 0.000 0.032 3.328 3.268 3.382
V 0.000 0.000 0.000 0.017 0.021 0.017
F e 3+ 0.000 0.000 0.025 0.466 0.413 0.413
F e2+ 0.183 0.183 0.067 1.888 2.052 1.989
M n 0.002 0.005 0.003 0.027 0.026 0.027
M g 1.803 1.801 0.911 6.070 5.928 5.987
C a 0.001 0.001 0.843 0.000 0.000 0.000
N a 0.000 0.000 0.011 0.000 0.000 0.000
N i 0.008 0.007 0.002 0.045 0.052 0.044
Zn 0.000 0.000 0.000 0.021 0.048 0.019
T otal 2.999 2.999 3.998 24.000 24.001 24.000
m 90.78 90.77 90.81 72.05 70.62 71.36
M 90.78 90.77 93.13 76.27 74.28 75.06
W o 45.63
En 49.34
Fs 5.03
C R # 21.53 21.15 21.85

5R2, # 1 9 O il O px 1(C) O px2 C p x l S p l(C ) S p l(B )

S i0 2 41.06 54.96 55.14 52.12 0.04 0.08
a i 2o 3 0.02 4.42 3.72 4.25 42.50 44.93
T i 0 2 0.00 0.05 0.06 0.20 0.08 0.09
C r20 3 0.00 0.88 0.64 0.98 24.95 22.50
v 2o 3 0.00 0.00 0.00 0.00 0.05 0.10
F e 20 3 0.00 0.00 0.00 0.38 3.11 2.69
F eO 8.77 5.94 6.13 2.54 10.74 10.28
M nO 0.10 0.15 0.14 0.18 0.15 0.16
M gO 49.45 31.95 32.36 16.98 18.23 18.75
C aO 0.14 1.49 1.39 21.60 0.00 0.00
N a 20 0.00 0.04 0.04 0.39 0.00 0.00
N iO 0.39 0.09 0.09 0.08 0.28 0.30
ZnO 0.00 0.00 0.00 0.00 0.14 0.14
T o ta l 99.93 99.97 99.71 99.70 100.27 100.02
F eO * 8.77 5.94 6.13 2.89 13.54 12.70
Si 1.004 1.904 1.916 1.898 0.009 0.017
A11V 0.000 0.096 0.084 0.102 0.000 0.000
A1VI 0.001 0.084 0.068 0.080 11.038 11.551
Ti 0.000 0.001 0.002 0.005 0.013 0.015
C r 0.000 0.024 0.018 0.028 4.348 3.882
V 0.000 0.000 0.000 0.000 0.000 0.017
F e 3+ 0.000 0.000 0.000 0.010 0.515 0.440
F e 2+ 0.179 0.171 0.177 0.077 1.976 1.872
M n 0.002 0.004 0.004 0.006 0.028 0.030
Mg 1.800 1.648 1.674 0.921 5.992 6.100
C a 0.004 0.055 0.052 0.843 0.000 0.000
N a 0.000 0.003 0.003 0.027 0.000 0.000
Ni 0.008 0.003 0.003 0.002 0.050 0.053
Zn 0.000 0.000 0.000 0.000 0.023 0.023
T o ta l 2.998 3.993 4.001 3.9992 4.001 24.000
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T able 3 (continued).

5R 2, # 1 9 011 O px  1(C) O px2 C p x l S p  1(C) S p l(B )

m 90.95 90.59 90.43 91.35 70.63 72.51
M 90.95 90.59 90.43 92.27 75.19 76.51
W o 2.95 2.72 45.50
En 87.88 87.94 49.75
Fs 9.17 9.35 4.75
C r # 28.25 25.15

6R 1, # 6 Ol O p x l O px2 C p x l C px2 S p l(C ) Sp2

S i0 2 41.24 56.22 55.06 52.20 51.00 0.10 0.09
A120 3 0.00 3.33 4.41 4.62 5.75 47.61 50.15
T i 0 2 0.00 0.05 0.10 0.25 0.12 0.07 0.15
C r20 3 0.00 0.39 0.76 0.85 1.17 19.16 17.32
V 20 3 0.00 0.00 0.00 0.00 0.00 0.08 0.08
F e 20 3 0.00 0.00 0.00 0.00 0.00 2.90 1.63
F eO 8.82 6.10 6.15 3.00 2.941 0.54 11.98
M nO 0.15 0.15 0.04 0.01 0.11 0.13 0.15
M gO 49.40 32.98 32.32 17.12 16.36 18.86 18.22
C aO 0.02 0 .89 0.95 21.83 21.98 0.00 0.00
N a20 0.00 0.00 0.04 0.11 0.11 0.00 0.00
N iO 0.40 0.08 0.10 0.08 0.06 0.29 0.37
Z nO 0.00 0.00 0.00 0.00 0.00 0.14 0.10
T o ta l 100.03 100.19 99.93 100.07 99.60 99.88 100.24
FeO * 8.82 6.10 6.15 3.00 2.94 13.15 13.44
Si 1.007 1.937 1.906 1.893 1.862 0.022 0.019
A1IV 0.000 0.063 0.094 0.107 0.138 0.000 0.000
Al VI 0.000 0.072 0.085 0.090 0.109 12.128 12.670
T i 0.000 0.001 0.003 0.007 0.003 0.011 0.024
C r 0.000 0.011 0.021 0.024 0.034 3.275 2.936
V 0.000 0.000 0.000 0.000 0.000 0.014 0.014
F e 3 + 0.000 0.000 0.000 0.000 0.000 0.472 0.262
F e 2+ 0.179 0.175 0.177 0.091 0.089 1.901 2.143
M n 0.003 0.004 0.001 0.000 0.003 0.024 0.027
Mg 1.796 1.691 1.665 0.924 0.889 6.080 5.825
Ca 0.001 0.033 0.035 0.848 0.860 0.000 0.000
N a 0.000 0.000 0.003 0.008 0.008 0.000 0.000
N i 0.008 0.002 0.003 0.002 0.002 0.050 0.064
Zn 0.000 0.000 0.000 0.000 0.000 0.022 0.016
T o ta l 2.994 3.989 3.993 3.994 3.997 23.999 24.000
m 90.93 90.61 90.38 91.02 90.89 71.92 70.77
M 90.93 90.61 90.38 91.02 90.89 76.17 73.10
W o 1.73 1.87 45.50 46.74
E n 89.03 88.66 49.63 48.38
F s 9.24 9.47 4.88 4.88
C r # 21.26 18.81

6R1, # 8 O ll(C ) O px  1(C) O px3(C P) C px  1(C) C px3(C ) S p  1(C) S p2(C )

S i0 2 40.86 55.00 54.07 50.60 50.75 0.03 0.04
A120 3 0.01 4.19 5.67 6.07 6.04 46.88 49.13
T i 0 2 0.00 0.07 0.04 0.16 0.12 0.30 0.03
C r20 3 0.00 0.46 1.03 1.26 1.26 20.18 18.42
V20 3 0.00 0.00 0.00 0.00 0.00 0.09 0 .09
F e 20 3 0.02 0.03 0.00 1.29 1.13 2.36 1.78
F eO 9.06 6.29 6.30 2.13 2.16 11.37 11.11
M nO 0.16 0.17 0.14 0.11 0.08 0.14 0.14
M gO 49.51 32.50 31.97 17.34 16.77 18.37 18.59
C aO 0.03 1.09 0.832 0.81 21.55 0.00 0.00
N a 20 0.00 0.01 0.03 0.17 0.22 0.00 0 .00
N iO 0.38 0.09 0.09 0.10 0.08 0.30 0.30
ZnO 0.00 0.00 0.00 0.00 0.00 0.14 0.20
T o ta l 100.03 99.90 100.17 100.04 100.16 100.16 99.83
FeO * 9.07 6.32 6.30 3.29 3.18 13.49 12.71
Si 1.000 1.906 1.871 1.836 1.842 0.007 0.009
Al IV 0.000 0.094 0.129 0.164 0.158 0.000 0.000
A IV I 0.000 0.077 0.102 0.096 0.100 11.983 12.469
T i 0.000 0.002 0.001 0.004 0.003 0.049 0.005
C r 0.000 0.013 0.028 0.036 0.036 3.461 3.137
V 0.000 0.000 0.000 0.000 0.000 0.016 0.016
F e 3+ 0.000 0.001 0.000 0.035 0.031 0.385 0.288
F e 2+ 0.185 0.182 0.182 0.064 0.065 2.058 1.997
M n 0.003 0.005 0.004 0.003 0.002 0.026 0.026
M g 1.804 1.677 1.647 0.937 0.906 5.942 5.971
C a 0.001 0.040 0.031 0.809 0.838 0.000 0.000
N a 0.000 0.001 0.002 0.012 0.015 0.000 0.000
Ni 0.007 0.003 0.003 0.003 0.002 0.052 0.052
Z n 0.000 0.000 0.000 0.000 0.000 0.022 0.032
T o ta l 3.000 4.001 4.000 3.999 3.998 24.001 24.002
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T able 3 (continued).

6 R 1 , # 8 011(C) O px  1(C) O px3(C P) C p x  1(C) C px3(C ) S p  1(C) S p2 (C )

m 90.69 90.15 90.04 90.43 90.41 70.86 72.32
M 90.69 90.20 90.04 93.59 93.29 74.27 74.93
W o 2.13 1.654 3.814 5.51
E n 88.24 88.55 50.78 49.25
Fs 9.63 9.79 5.41 5.24
C r# 22.4 20.1

7R 1, # 2 O ll(C ) C px2(C ) S p l Sp3

S i0 2 40.95 50.95 0.08 0.12
a i2o 3 0.03 5.63 46.40 45.97
T i 0 2 0.01 0.16 0.05 0.07
C r20 3 0.00 1.25 19.77 17.40
V20 3 0.00 0.00 0.10 0.14
F e 20 3 0.00 0.64 2.42 4.99
FeO 9.30 2.32 12.37 14.22
M nO 0.15 0.11 0.16 0.16
MgO 49.18 16.63 17.39 16.45
C aO 0.09 22.06 0.00 0.00
N a20 0.00 0.15 0.00 0.00
N iO 0.38 0.08 0.28 0.27
ZnO 0.00 0.00 0.19 0.35
T o ta l 100.09 99.98 99.21 100.14
FeO * 9.30 2.90 14.55 18.71
Si 1.002 1.854 0.018 0.026
AIIV 0.000 0.146 0.000 0.000
A1VI 0.001 0.095 12.029 11.930
Ti 0.000 0.004 0.008 0.012
C r 0.000 0.036 3.439 3.030
V 0.000 0.000 0.018 0.025
F e 3+ 0.000 0.017 0.400 0.825
F e 2+ 0.190 0.070 2.272 2.615
M n 0.003 0.003 0.030 0.030
Mg 1.792 0.901 5.705 5.403
C a 0.002 0.860 0.000 0.000
N a 0.000 0.011 0.000 0.000
N i 0.007 0.002 0.050 0.048
Z n 0.000 0.000 0.031 0.057
T otal 2.997 3.999 24.000 24.001
m 90.4 91.18 68.10 61.09
M 90.4 92.78 71.51 67.38
W o 46.49
En 48.74
Fs 4.77
C r # 22.23 20.25

7R 1 , #3 O ll(C ) O px  1(C) O p x l(B ) Cpx A m ph(O P ) S p l(C ) S p l(B )

S i0 2 41.08 54.22 54.99 52.19 52.45 0.03 0.03
A120 3 0.00 4.89 4.39 4.29 5.45 46.84 46.42
T i 0 2 0.00 0 .06 0.07 0.15 0.15 0.08 0.07
C r20 3 0.00 0.87 0.79 0.84 0.962 0.652 0.51
v 2o 3 0.00 0 .00 0.00 0.00 0.00 0 .09 0.13
F c20 3 0.00 0.11 0.00 0.42 0.00 2.63 2.85
FeO 9.07 6.00 5.94 2.59 3.95 10.56 10.95
M nO 0.16 0.15 0.15 0.14 0.11 0.15 0.16
M gO 49.22 31.99 32.28 17.31 22.07 18.74 18.40
C aO 0.12 1.29 1.18 22.01 13.24 0.00 0.00
N a20 0.00 0.01 0.01 0.16 0.13 0.00 0.00
N iO 0.39 0.11 0.10 0.07 0.09 0.30 0.28
ZnO 0.00 0 .00 0.00 0.00 0.00 0.11 0.13
T o ta l 100.04 99.70 99.90 100.17 98.60 100.18 99.93
FeO * 9.07 6.10 5.94 2.96 3.95 12.93 13.51
Si 1.005 1.885 1.904 1.892 7.245 0.007 0.007
A IIV 0.000 0.115 0.096 0.108 0.755 0.000 0.000
A1V1 0.000 0.085 0.083 0.075 0.131 11.948 11.905
Ti 0.000 0.002 0.002 0.004 0.016 0.013 0.011
C r 0.000 0.024 0.022 0.024 0.105 3.535 3.530
V 0.000 0.000 0.000 0.000 0.000 0.016 0.023
F e 3 + 0.000 0.003 0.000 0.011 0.000 0.428 0.465
F e 2+ 0.185 0.174 0.171 0.078 0.455 1.908 1.989
M n 0.003 0.004 0.004 0.004 0.013 0.027 0.029
M g 1.792 1.656 1.664 0.934 4.539 6.049 5.972
Ca 0.003 0.048 0.044 0.855 1.960 0.000 0.000
N a 0.000 0.001 0.001 0.011 0.035 0.000 0.000
Ni 0.008 0.003 0.003 0.002 0.010 0.052 0.049
Zn 0.000 0.000 0.000 0.000 0.000 0.018 0.021
T o ta l 2.996 4.000 3.994 3.998 15.264 24.001 24.001
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T able 3 (continued).

7 R 1 , # 3 011(C) O px  1(C) O p x l(B ) C px A m ph(O P) S p l(C ) S p l(B )

m 90.63 90.33 90.67 91.29 90.88 72.13 70.87
M 90.63 90.48 90.67 92.28 90.88 76.02 75.01
W o 2.55 2.33 45.48
En 88.03 88.53 49.75
Fs 9.42 9.14 4.77
C r # 22.83 22.87

9R 1, # 3 011 O px3(C ) O px(B ) C p x l(C ) C px Sp4 S p l

S i0 2 41.00 55.35 54.96 51.32 50.84 0.07 0.11
A120 3 0.03 4.17 4.28 5.39 5.73 53.00 53.60
T i 0 2 0.00 0.03 0.03 0.13 0.11 0.02 0.02
C r20 3 0.00 0.46 0.45 0.87 0.86 13.59 13.12
V 20 3 0.00 0.00 0.00 0.00 0.00 0.16 0.08
F e20 3 0.00 0.00 0.14 0.86 1.15 1.18 1.11
FeO 8.73 5.85 5.83 2.19 1.91 12.18 12.37
M nO 0.14 0.17 0.13 0.10 0.12 0.18 0.15
M gO 49.74 32.61 32.63 17.41 16.66 18.47 18.46
C aO 0.02 1.13 1.16 21.39 22.19 0.00 0.00
N a20 0.00 0.04 0.03 0.16 0.15 0.00 0.00
N iO 0.41 0.09 0.09 0.06 0.09 0.30 0.34
ZnO 0.00 0.00 0 .00 0.00 0.00 0.56 0.53
T o ta l 100.07 99.90 99.73 99.88 99.81 99.71 99.89
FeO * 8.73 5.85 5.96 2.97 2.94 13.25 13.37
Si 1.001 1.914 1.905 1.863 1.851 0.015 0.023
AIIV 0.000 0.086 0.095 0.137 0.149 0.000 0.000
A1VI 0.001 0.083 0.080 0.093 0.097 13.286 13.390
Ti 0.000 0.001 0.001 0.004 0.003 0.003 0.003
C r 0.000 0.013 0.012 0.025 0.025 2.286 2.199
V 0.000 0.000 0.000 0.000 0.000 0.027 0.014
F e 3+ 0.000 0.000 0.004 0.024 0.031 0.189 0.177
F e 2+ 0.178 0.169 0.168 0.066 0.058 2.163 2.188
M n 0.003 0.005 0.004 0.003 0.004 0.032 0.027
Mg 1.808 1.679 1.684 0.941 0.903 5.859 5.836
C a 0.001 0.042 0.043 0.832 0.866 0.000 0.000
N a 0.000 0.003 0.002 0.011 0.011 0.000 0.000
N i 0.008 0.002 0.003 0.002 0.003 0.051 0.058
Zn 0.000 0.000 0.000 0.000 0.000 0.088 0.083
T o ta l 3.000 3.997 4.001 4.001 4.001 23.999 23.998
m 91.03 90.85 90.72 91.26 91.01 71.35 71.16
M 91.03 90.85 90.92 93.43 93.95 73.03 72.73
W o 2.21 2.27 44.63 46.56
En 88.84 88.65 50.53 48.62
Fs 8.94 9.09 4.84 4.82
C r # 14.68 14.10

Table 4 . Summary of the chemical compositions o f selected primary phases (cores only) in the nine studied samples.

O livine O rth o p y ro x e n e C lin o p y ro x en e S pinel

F o  N iO E n  W o A120 3 A120 3 T i 0 2 N a20 A120 3 C r20 3

7R -1 , # 2 ,  (7 -10  cm ) 
D u n ite

90.4 0.38 5.63

4.25

0.16

0.20

0.15

0.39

46.50 
45.97 
40.52 
41.54
42.50

19.77
17.40
26.38
26.20
24.95

4R -1 , # 3 ,  (19-21  cm ) 
H a rz b u rg ite

90.8 0.40 88.49 2.42 3.86 4.29 0.15 0.16 46.84 20.65

5R -2 , # 1 9 ,  (142 -145  cm ) 
H a rz b u rg ite

90.95 0.39 87.74
87.77

2.92
2.72

4.42
3.72

5.94 0.14 0.16 47.56
47.42

19.45
19.76

7R -1 , # 3 ,  (17-18 cm ) 
H a rz b u rg ite

90.63 0.39 87.98 2.55 4.89 5.88 0.13 0.15 50.18 17.07

5R -2 , # 1 2 , (9 2 -9 4  cm ) 
H a rz b u rg ite

90.78
90.77

0.40
0.37

4.62
5.75

0.25
0.12

0.11
0.11

47.61
50.15

19.16
17.32

5 R -1 , # 1 ,  ( 2 - 6  cm ) 
L h e rz o lite

90.57 0.38 88.05 2.58 3.85 6.07 0.16 0.17 46.88 20.18

6 R -1 , # 6 ,  (40 -4 1  cm ) 
L h e rz o lite

90.93 0.40 88.85
88.65

1.73
1.86

3.33
4.41

6.04 0.12 0.22 49.13 18.42

6 R -1 , # 8 ,  (49 -5 1  cm ) 
L h e rz o lite

90.69 0.38 87.07
88.35

2.10
1.66

4.19
5.67

9 R -1 , # 3 ,  (1 9 -2 0  cm ) 
W e b s te r ite

91.03 0.41 88.59 2.21 4.17 5.39
5.73

0.13
0.11

0.16
0.15

53.00
53.60

13.59
13.12
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Table S. Average values o f  som e classical chem ical param eters in the four prim ary  
m ineral phases o f Site 670 peridotites (eight sam ples) and of the olivine websterite (one 
sam ple).

P erid o tite s  (8 sam p les) O liv ine  w e b s te r ite  (1 sam p le)
A verage

Ol
A v erag e

O px
A verage

C px
A verag e

Sp Ol O px C px Sp

C aO  (w t% ) 1.17 1.13
A120 3 (w t% ) 4.26 5.41 46.4 4.17 5.56 53.50
C r20 3 (w t% ) 0.71 1.12 20.5 0.46 0.87 13.28
T i 0 2 (w t% ) 0.06 0.17 0.08 0.03 0.12 0.02
N iO  (w t% ) 0.39 0.28 0.41 0.32
M g # 9 0.79 0.59 0.8 73.6 93.7 91.3 90.9 72.9
C r # 22.9 14.4
W o 2.3 45.6 2.2 46.3
En 88.4 49.4 88.8 50.3
Fs 9.3 5.0 9.0 3.4
N a20  (w t7o) 0.02 0.18 0.04 0.16

In th e  ca tion ic  fo rm ulas p resen ted  in T able  3, the d is tribu ­
tion  o f  F e 3+ and  F e 2+ cations from  sto ich iom etry  is som ew hat 
variab le , since th e  F e3+/F e 3+ +  F e2+ ratio  ranges from  zero  to 
values as high as 0.35. M ost o f  th e  analyzed  cpx how ever have 
ra tios c lu s te red  betw een  0.11 and 0.19, w ith a  F e 3+ co n ten t 
c lose to th e  N a + co n ten t in th e  ca tion ic  form ula. T he few 
F e 3+-rich cpx a re  c learly  those  w ho have a sm all deficit in Si4+ 
in th e ir  form ula: th is m ay be an  analytical a rtifac t, and  we 
reach  here  th e  lim its o f p robe  analyses accuracy .

In  th e  m ost strongly  defo rm ed  harzburg ites o f  ou r co llec­
tion , very  sm all (< 0 .1  m m ) in terstitia l cpx w ere  found in 
lenses oblique on  th e  fo liation  and parallel to  the  sh ea r plane 
o f  the  sam ple (see C annat e t a l., th is  volum e). T his d isposition  
is sim ilar to  th a t o f  fe ldspath ic  lenses in the L an zo  (B oudier 
and N ico las , 1972) o r T rin ity  (Le S ueu r et a l., 1984) lherzo- 
lites, w here  it is a ttrib u ted  to  fe ld spar crystallization  from  a 
m elt, befo re  th e  end  o f th e  p lastic  deform ation (B oudier and 
N ico las , 1972; N ico las and Jack so n , 1982). T his sim ilarity 
suggests th a t the  sm all in terstitia l cpx in the S ite 670 perido ­
tites m ay be m agm atic in origin. In  o rd er to  te s t th is hypo th ­
esis, we co n d u cted  additional m icroprobe analyses on  tw o 
highly defo rm ed  serpen tin ized  harzburg ites (Sam ples 4R-1, 
2 7 -30  cm , and  8R-1, 2 - 4  cm ) described  by C annat (this 
volum e). T he in terstitia l cpx w ere  found to  have  identical 
com positions to  th e  rim s o f  th e  cpx porphyroclasts  and 
recrysta llized  po lygonal grains. Specifically, the T i0 2 o r N a20

NiO

0 .45 -1

0 . 4 0

0 .3 5 -

0 3 0

(OL) OLIVINE
DSDP LEG 4 5

Si te  3 9 5  /

X D u n ite  

O  H a rz b u rg ite  

•  L he rzo lite  

W e b s te r ite

0 9 0 0 .9 1 Fo (OL)

F ig u re  3. D iagram  o f  th e  N iO  c o n te n t vs. F o %  o f  o liv ine in th e  s tud ied  
sam p les, and co m p ariso n  w ith  S ite  395 data .

co n ten ts  o f  th e  in terstitia l cpx w ere  in no w ay  higher than in 
th e  o th e r cpx  c ry s ta ls  o f th e  stud ied  sam ples.

Chrome spinel

By c o n tra s t w ith th e  o th e r th ree  p rim ary  m inerals (olivine, 
opx , and cpx), th ere  appears to  be  a definite correlation 
betw een  th e  com position  o f th e  spinel and the pétrographie 
facies o f  th e  analyzed  sam ple (T ables 3 and 4; Fig. 5). In the 
Iherzo lites, the Al20 3 con ten ts range from  46.88%  to 50.18% 
and th e  C r#  is 20.2 in average . T he A120 3 co n ten ts  are low er 
in the harzburg ites: 40 .52% -47 .56% , w ith a  C r#  o f 24.6 in 
average . T h e  spinels o f  the dun ite  have  “ harzb u rg itic”  A120 3 
co n ten ts  (45 .97% -46.40% ) and C r#  (21.2). L astly , the spinels 
o f  the olivine w eb ste rite  a re  th e  m ost alum inous o f  all, w ith 
A120 3 co n ten ts  o f  53 .00% ^53.60% , and a C r#  in spinel as low 
as 14.4. T he core/rim  variations (slight d ec rease  o r increase o f 
the  A120 3 con ten t) a re  no t sy s tem atic ; th e ir  study  is hindered 
by th e  p resen ce  around  m ost sp inel g rains o f  a black  rim of 
secondary  m agnetite .

In  the ca tion ic  form ulas p resen ted  in T ab le  3, the d istribu­
tion  o f  F e 2+ and F e 3+ in sp inels w as done assum ing  stoichi­
om etry . H ere  also , as in th e  cpx  fo rm ulas , th e  F e 3+/F e3+ + 
F e 2+ ratio  show s som e varia tions: from  0.08 to  0.23 in the 
spinels o f  the  p erid o tites , and betw een  0.07 and 0.08 in the 
spinels o f  th e  olivine w ebsterite . A bou t tw o th irds o f the 
spinels o f  th e  p erid o tites , h ow ever, have a fairly  constan t ratio 
com prised  betw een  0.15 and 0.20. T ak ing  in to  accoun t that 
m inor e lem en ts such  as T i, C r, V , N i, and  Z n w ere carefully 
analyzed  in these  spinels, w e th ink  th a t th e  inferred  F e3+ 
values in th e  cation ic  form ulas a re  reaso n ab ly  significant.

Relationships between modal compositions 
and mineralogical variations

D unite, harzburgites, Iherzolites

In  th e  eigh t se lec ted  se rpen tin ized  perid o tites  (dunite, 
h arzb u rg ites , and Iherzolites), the com positional variations of 
o livine, op x , and cpx canno t be  co rre la ted  w ith  changes in the 
m odal com position . Specifically, th e  Iherzo lites do  not have 
m ore alum inous p y ro x en es , n o r a re  th ey  rich e r in incom pati­
ble e lem en ts  such  as Ti o r N a , as cou ld  be  expected  if they 
w ere less residual than  th e  harzbu rg ites o r th e  dunite. This 
su p p o rts  th e  hypo thesis th a t th e  m odal he terogeneity  of the 
sam ples in ou r co llec tion  is n o t due to  significant variations in 
th e  degree o f  m elting  o f  the  p erid o tites , b u t ra th e r to  the fact 
th a t th ese  sam ples are  approx im ate ly  th e  sam e size as the 
cpx-opx  c lu s te rs  sca tte red  through th e  rocks. T his hypothesis 
is also suggested  by the tex tu ra l hom ogeneity  o f  the three
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Figure 4 . D iagram  o f  th e  M g/M g +  F e  ratio  vs. th e  A120 3 c o n te n t (w t% ) in th e  o rth o p y ro x e n e s  o f 
th e  s tud ied  sam ples, and  co m p ariso n  w ith o th e r  d a ta  from  th e  N o rth  A tlan tic  a re a  (a fte r M ichael 
and  B o n a tti, 1985).

p étrog raph ie  facies. T he spinel C r#  is th e  only  param eter 
show ing slight b u t system atic  d ifferences betw een  Iherzolites 
and  harzbu rg ites (Fig. 5): th ese  d ifferences cou ld  be the result 
o f  loca l, second  o rd e r varia tions o f  th e  m elting  ra te . A s a 
co n seq u en ce , w e propose  th a t a  rep resen ta tiv e  m odal com po­
sition  fo r th e  Site 670 perido tites could  be an average o f  the 
m odes m easured  fo r each  fac ies, tak ing  in to  accoun t the 
re la tive  p ropo rtion  o f  each fac ies in o u r collection  (29 sam ­
p les , w ith  ab o u t 60% harzbu rg ites, 26% Iherzo lites, and 14% 
dun ites). T he calcu la ted  av erag e  m odal com position  is a 
cp x -p o o r lherzo lite  contain ing 79.6%  oliv ine, 14% opx , 5.2%  
cpx , and  1.2% spinel.

Olivine websterite

T here  are no d ifferences, in th e  com position  o f  opx and 
cpx , b e tw een  th e  olivine w eb ste r ite  sam ple and  th e  perido ­
tites . T h e  deform ed py roxenes o f  th e  w eb ste r ite  are  therefo re  
in equilibrium  w ith  th e  py roxenes o f  th e  su rround ing  perido ­
tite s , p resum ab ly  residual in origin. T h ese  py roxenes are  not 
en riched  in incom patib le  e lem en ts such  as Á l, T i, C a, o r N a  
and  a re  M g-rich, and  th e  o liv ine in  th is rock  is especially  Mg- 
and  N i-rich  (Fig. 3). I t  is th e re fo re  difficult to  consider this 
ro ck  as th e  d irec t crysta lliza tion  p ro d u c t o f  a trap p ed  liquid 
ex tra c te d  from  th e  su rrounding  p erido tite  during a  partial 
m elting  event. I t  cou ld  ra th e r rep re sen t an  early  cum ulate 
ex trac ted  from  such  a  liquid. T h is suggests th a t th e  w ebsterite  
has crysta llized  early  enough  in the  subso lidus h is to ry  o f  the 
p erido tite  to  undergo  com plete  reequ ilib ra tion  o f  its pyroxene 
ph ases . This agrees w ith  th e  o b se rv a tio n  th a t th e  w ebsterite  
has b een  p lastically  deform ed w ith  th e  su rround ing  perido tite . 
W e suggest th a t subso lidus reequ ilib ra tion  a fte r a  partial 
m elting  even t could  a lso  acco u n t fo r th e  lack  o f  m ineralogical 
d ifferences, in the  m ost strongly  defo rm ed  harzburg ites, be­

tw een  the sm all in terstitia l cpx o f p robab le  m agm atic origin, 
and th e  p resum ab ly  residual cpx  p o rphy roc lasts .

Origin of Site 670 peridotites: evidences for mantle 
residues, and evaluation of the degree 

of partial melting

Site 670 peridotites are mantle residues

B onatti and  H am lyn  (1981) d iv ided th e  ocean-floor perido­
tite s  in to  tw o  g roups: (1) u ltram afic  tec to n ites  p robably  de­
rived  from  th e  u p p e r m antle  and  (2) ultram afic cum ulates 
p robab ly  fo rm ed  th rough  frac tional crysta lliza tion  o f  basaltic 
m agm a in shallow -level m agm a cham bers. A s p resen ted  in the 
p rev ious sec tio n s, th e  m odal, tex tu ra l, and mineralogical 
ch a rac te ris tic s  o f  S ite 670 perid o tites  c learly  ind icate  their 
affinity w ith  th e  first g roup  o f  p e rid o tite s , w hich rep resen ts  the 
large m ajority  o f  ocean-floor p erid o tites .

Partial m elting o f th e  upper m antle under the spinel lherzolite 
facies conditions and extraction  o f a basaltic  m elt is widely 
accepted  as a  m echanism  that produces ultram afic tectonites as 
solid residues (R ingw ood, 1975; Y oder, 1976; H am lyn and 
B onatti, 1980; D ick e t al., 1984). W e consider tha t the chemical 
com position o f th e  fou r prim ary phases o f  S ite 670 peridotites is 
com patible w ith a  residual origin, particularly  their high contents 
in com patible (or refractory) elem ents such as N i, Cr, and Mg, as 
well as the ir very  low  contents in incom patible (or magmaphile) 
elem ents such as Ti o r  N a. M oreover, the porphyroclastic 
structures system atically  developed in these  rocks are the result 
o f a high tem pera tu re  plastic deform ation, typical o f  upper 
m antle plastic  flow conditions (see C annat e t al., this volume). 
On th e  o ther hand , features typical o f  m agm atic cum ulates are 
lacking: no evidence o f  m agm atic layering o r  o f cryptic varia­
tions o f  the m ineral phases w ith their stratigraphie position were 
o b se rv ed , n o r ev idences o f an y  re lic t o f  cum ulate  tex tu re .
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F ig u re  5. D iagram  o f  th e  C r/C r +  AÍ ra tio  (o r C r# )  v s. the M g/M g + 
F e  ratio  (o r M g # ) in th e  sp ine ls o f  th e  s tud ied  sam p les, and com p ar­
ison  w ith  Site 395 d a ta . A slight b u t significant d ifference ap p ears  in 
th e  C r#  betw een  th e  harzbu rg ites  (average  24.2) and  th e  lherzolites 
(av erag e  20.6). T h e  C r#  of the o liv ine w eb s te rite  is c learly  low er 
(14.4).

Site 670 serpentinized peridotites exhibit indices 
o f  partial melting

T he p resence  o f  num erous and  large c lu s te rs  o f  pyroxene 
c ry s ta ls  (opx , cpx ), a sso c ia ted  w ith  olivine neob las ts, the  
p resen ce  o f  tiny  in terstitia l cpx  c ry s ta ls , developed  by  places 
a long p lanes o rien ted  roughly  paralle l to  th e  sh ea r p lane o f the 
perido tite , and th e  p resence  in o u r sam ple collection  o f an 
olivine w ebsterite , usually in terpre ted  as th e  “ in situ”  crystalli­
zation  o f a  partial m elt trapped  in the peridotite m atrix (Dick et 
a l., 1984), indicate tha t S ite 670 peridotites w ere affected by  a 
partial melting event, and th a t small volum es o f  the partial m elt 
(o r early  cum ulate crystals ex tracted  from  it) w ere trapped in the 
peridotites and crystallized along w ith the solid residue.

Estimation o f  the melting percentage

T heoretica l and  experim en ta l stud ies have  show n th a t 
sys tem atic  m ineralogical and chem ical changes occur in the 
res idue  during increasing degrees o f partia l m elting. T hese 
m odifications include, fo r a  fou r-phase  Iherzolitic  assem blage: 
(1) the  g radual d ecrease  o f  m odal c linopyroxene (w hich d is­
appears  from  th e  refrac to ry  re s id u e  a fte r  ab o u t 15% -25%  
partia l m elting) and  o f m odal o rth o p y ro x en e , and  the co rre l­
a tive  increase  o f  m odal o liv ine; (2) a  p rogressive  decrease  in 
th e  m agm aphile e lem ents (T i, AÍ, F e  and alkalis in the  silicate

ph ases , and AÍ in  sp inel), and  an  increase  in th e  m ore 
re frac to ry  e lem en ts (M g and  N i in the silica tes, C r in spinel). 
T hus th e  M g #  (o r M g/M g +  Fe) o f  th e  silica tes, th e  AÍ conten t 
o f  th e  p y ro x en es , and th e  C r#  (o r C r/C r +  AÍ) o f  spinel are 
good ind ica to rs o f  th e  degree  o f  m elting  and  dep letion  tha t has 
occu rred  in a  m an tle  perid o tite  (D ick , 1977; Jaques and G reen, 
1980; D ick  and  F ish e r, 1984).

T he S ite 670 perid o tites  sh o w  very  lim ited  varia tions in 
these  p a ram e te rs , confirm ing th a t th ey  rep re sen t a  restric ted  
range in th e  ex ten t o f  m elting. T h e  fac t th a t m ineral com po­
sitions are  qu ite  iden tica l in  th e  lherzo lites, harzburg ites, and 
th e  dunite  o f  o u r sam ple se t ind ica tes th a t th e  m odal variations 
observed  a re  due  to  th e  sm all size  o f  th e  sam ples and to  the 
lithological he te rogene ity  o f  th e  perid o tite  body , and not to 
variab le  degrees o f  m elting.

T he m elting  p e rcen tag e  in S ite  670 p erid o tites  is, o f  course, 
difficult to  e stim ate  p rec ise ly , since w e ignore the  starting 
com position  o f  th e  u p p e r m an tle  befo re  m elting. Several lines 
o f ev idence , h ow ever, p o in t to  a m odera te  m elting percen t­
age, p robab ly  o f  th e  o rd e r o f  10%—15%:

1. T he high co n ten ts  in  A120 3 o f  th e  py roxenes and the 
spinels, the  low  C r#  o f  th e  sp ine ls , and ra th e r high modal 
co n ten t in cpx  (abou t 5%  in average) ind ica te  a m oderate 
percen tage  o f  m elting . In  the  d iagram s used  to  define the 
average tren d  o f  th e  ocean-floor perido tites (H am lyn and 
B onatti, 1980; D ick and  F ish e r, 1984; D ick and B ullen, 1984; 
M ichael and B onatti, 1985), th e  S ite 670 perido tites plot 
tow ard  th e  le a s t dep le ted  m an tle  ro ck s  co llec ted  in the oceans 
(see Figs. 4 and  6). T h e ir average  com position  is close to  that 
co llec ted  in th e  K an e  F rac tu re  Z one a rea  (M ichael and 
B onatti, 1985), w here  th ey  a re  a sso c ia ted  w ith N-M ORB 
b asa lts , and is very  d ifferent from  th e  average com positions o f 
the  p e rid o tite s  co llec ted  a t 43°-45°N  on the  A zores bulge: 
these  p e rid o tite s  have  b een  show n to  be  highly residual (their 
m odal com position  is very  close to  th e  jo in t ol-opx), and 
associa ted  w ith  iso top ica lly  en riched  basa lts  (D ick et al., 
1984; Schilling e t a l., 1983).

2. T he m odal com position  o f  the  olivine w ebsterite  9R-1, 
19-20 cm , m ay be  u sed  to  ob ta in  an independen t estim ation of 
th e  degree  o f  m elting . I f  w e assum e th a t th is sam ple may 
app rox im ate  th e  com position  o f  a trap p ed  m elt, then  we can 
try  to  d e te rm in e  g raphically  th e  m elting percen tage  using the 
lev e r ru le. In  th e  te rn a ry  m odal d iagram  o f  F igure 2, we 
p lo tted  th e  rep re sen ta tiv e  po in ts o f  S ite 670 average perido­
tite , o f the olivine w eb ste rite , and o f  tw o possib le  m antle 
source  com positions: th e  T inaquillo  perid o tite  (after Jaques 
and G reen , 1980) and th e  py ro lite  o f  G reenw ood  (1966). As 
argued  by Jaq u es  and G reen  (1980), th ese  com positions rep ­
resen t tw o ex trem e com positions fo r subocean ic  m antle 
sources: th e  T inaquillo  perido tite  rep resen ts  partially  de­
p le ted , M O R B -source m antle , w hereas the  py ro lite  rep resen ts 
an  en riched  sou rce  fo r  in traocean ic  is lands. A ny com position 
in term ed iary  betw een  b o th  com positions could  be a suitable 
cand ida te  fo r S ite  670 perido tite  so u rce . F igure  2 show s th a t 
the pyro lite  so u rce , S ite 670 average perid o tite  (the residue), 
and w eb ste r ite  9R-1, # 3  (the  m elt) p lo t roughly  on the sam e 
stra igh t line. T he lev e r ru le  ind ica tes a  m elting  percen tage o f 
ab o u t 15%. T his num ber m ust be tak en  as a rough estim ation , 
tak ing in to  acco u n t the  uncerta in ties  on  th e  average residue (is 
ou r sam ple se t rep resen ta tiv e  o f th e  subocean ic  m antle of the 
area?) and on  th e  m elt com position  (is ou r olivine w ebsterite  
com plete ly  rep re sen ta tiv e  o f  a  trap p ed  partia l m elt?). N ever­
th e less , it is in ag reem en t w ith the  o th e r  ind ications given by 
m ineralogical and m odal data .

3. W hole rock  com positions o f  S ite 670 perido tites (m ajor 
and trace  elem en ts) a lso  po in t to  in te rm ed iary  com positions 
betw een  orogen ic  lherzo lites and ophio litic  harzburg ites, and
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Figure 6. D iagram  o f  th e  A120 3 c o n te n t (w t% ) o f  th e  o rth o p y ro x e n e s  v s. th e  C r/C r +  AÍ ra tio  o f  
th e  spinels in th e  s tud ied  sam p les, and  co m p ariso n  w ith  o th e r  d a ta  from  th e  N o rth  A tlan tic  
p erido tites .

to  m odera te ly  dep le ted  m antle tec ton ites  (109^-16%  o f partia l 
m elting , a fte r  L o u b e t e t al., this volum e).

GEOTHERMOMETRY
Sub-so l idus equ i l ib r ium  te m p era tu re s

T he equilib rium  tem pera tu res  and oxygen fugacities have  
b een  ca lcu la ted  using  the se lected  m icroprobe analyses p re ­
sen ted  in  T ab le  3. T h ese  analyses concern  the  fou r prim ary  
phases (ol, o p x , cpx , and sp); indiv idual c ry s ta ls  w ere an a ­

lyzed preferen tia lly  in a reas  w here  th ey  a re  in con tac t with 
each  o ther. W e applied  fo u r d ifferen t geo therm om eters . The 
resu lts , ob ta ined  in th e  six sam ples w here  a t leas t two 
g eo therm om eters  gave  significant re su lts , a re  sum m arized in 
T able  6.

Choice o f  the geothermometers

M ost sam ples show  assem blages o f  fou r prim ary  phases 
(olivine, opx , cpx , an d  C r-sp inel); w e cou ld  thus apply the 
follow ing geo therm om eters:

Table 6. Calculated subsolidus equilibrium temperatures, using the various geothermometers described in the text, and 
the compositions o f olivine, exsolved pyroxenes, and spinel.

S am p le  N u m b e r

G eo th e rm o m e te r 4 R -1 ,19-21 cm 5R 2,92-94  cm 5 R 2 ,142-145 cm 6R 1 ,40-41 cm 6R 1,49-51 cm 9R 1,19-20 cm

O px
O p x -C p x  (M ercie r 

(1976, 1980) 
C px

1030°C (C) 1052°C (C) 
1018°C

1074°C (C) 
1090°C (C) 
1058°C (C)

1125°C (C) 

1070°C (C)

O p x -C p x  (W ood  and 
B an n o , 1973)

960°C

O l-O px  (N i =  M g) 
(P o d v in , in  p ress)

1055°C (C) 
1058°C (E ) no O px

1089°C (C) 
1059°C

1079°C (C) 
960°C

1071°C (C) 1040°C (C) 
1121°C (C) 
1044°C (C)

O l-S p  (F e 2+ =  Mg) 
(B e rg e r  and  
V a n n ie r, 1984)

980°C
955°C
953°C

1014°C (C) 
973°C (C)

1022°C (C) 
1004°C 999°C (C) 

90 r c
1006°C (C) 
978°C 910°C

O l-S p  (Si in Sp)
(B e rg e r  e t a l., 1982)

1087°C (C)
1060°C
1036°C

1067°C (C) 1177°C (C) 
1163°C (C)

1036°C (C) 
1067°C 1115°C

(C) =  c ry s ta l  co re  
(E ) =  c ry s ta l edge
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Olivine-spinel equilibrium

Since th e  w ork  o f  Jackson  (1969), the exchange o f  F e 2+ and 
M g2+ ca tions a t equilibrium  betw een  olivine and spinel has 
been  ca lib ra ted  e ither em pirically , using d a ta  from  natu ral 
ro ck s  (F ab rie s , 1969), o r experim entally  (Fujii, 1976; R oedder 
e t a l., 1979; S ack , 1982; L ehm ann , 1983). W e use  here the 
geo th e rm o m ete r p roposed  by L ehm ann (1983), te s ted  fo r 
u ltrabasic  ro ck s  by  B erger and V annier (1984).

Silicon content in spinel
S tev en s (1944), follow ed by  Schlandt and  R oy (1965), 

show ed th a t sp inels from  perido tites con ta in  silicon. E xperi­
m en ta l s tu d ies  show  th a t th e  solubility o f silicon in sp inels is 
tem p era tu re  dependen t and can thus be used  as a  geo ther­
m om eter (B erger e t a l., 1982; B erger and V ann ier, 1984). A 
com para tive  study  o f  therm om etric  da ta  ob ta ined  respective ly  
from  the Fe-M g exchange betw een  olivine and sp inel, and 
from  th e  S i co n ten t o f spinels in a  given perido tite  suggests 
th a t th e  k ine tics o f  th e  F e 2+ and Mg2+ exchange is rapid , 
w h ereas th e  diffusion o f  Si in a  spinel c ry s ta l is a  notably, 
s low er p ro ce ss  (B erger, 1985; B erger and G elugne, 1987).

Olivine-opx equilibrium
L e t us call K (FM ) th e  ratio : (Fe/M g)OL:(Fe/M g)OPX, and 

K (N M ) th e  ra tio : (N i/M g)0L:(Ni/M g)0px- It has been  show n 
th a t, w hen  th e  tem pera tu re  increases, K (FM ) rem ains co n ­
s tan t w hile K (N M ) decreases. T he study  o f severa l tens o f 
na tu ra l perid o tites  lead to  calib rating  a  g eo th erm o m eter based  
on th e  exchange  o f  N i and  Mg cations betw een  olivine and 
opx . T he p ro p o sed  geo therm om etric  fo rm ula  is:

T K  = 3820/(Log K (N M ) +  1.822)

and w as confirm ed by a  recen t experim en ta l study  (Podvin, 
1988), w ith  a slight co rrection  o f  th e  fo rm ula, w hich becom es:

T K  =  3801/(Log K (N M ) +  1.815)

I f  th e  pa ir o liv ine-opx is itse lf in equilibrium  w ith  a sp inel, it  is 
possib le  to  ca lcu la te  the oxygen fugacity  in th e  system  a t the  
equ ilib rium  tem p era tu re  (V annier, 1977).

Opx-cpx equilibrium
T h e  w ell-know n pyroxen ic  g eo therm om eters used  in th is 

p ap e r are th o se  o f  W ood and B anno (1973) and o f  M ercier 
(1976, 1980). T he fo rm er, w hich needs the  p resen ce  o f  bo th  
ty p es o f p y ro x en es , w as difficult to  u se  in th is study  e ither 
b ecau se  o f  th e  absence  o f  one o f  the py roxenes in th e  th in  
sec tion , o r b ecau se  o f  th e  w idespread  occu rren ce  o f tiny  
exso lu tion  lam ellae in bo th  types o f py roxene  c ry s ta ls . T hus, 
w e m ostly  u sed  the “ one py ro x en e”  geo therm om eters  o f 
M erc ie r and go t th e  last subsolidus equilibrium  tem pera tu res  
reco rd ed  in  th e  perido tites before serpen tin iza tion .

Results

T able 6 g ives the subsolidus equilibrium  tem peratu res 
o b ta ined  using  th e  d ifferent geo therm om eters . T hese  tem per­
a tu re s  a re  re la tive ly  high, generally  a round  1000°C. T he 
h ighest ones a re  given by th e  Si con ten t in sp inels, w hereas 
th e  low est tem p era tu res  a re  g iven by th e  oliv ine/spinel geo ­
th e rm o m ete r, in agreem en t w ith the d ifference in the k inetics 
o f  th e  exchange reac tions involved. T h ere fo re , th e  equ ilib ­
rium  tem p era tu res  indicated  by the “ S i”  m ethod should  be 
c lo se r to th e  m agm atic equilibrium  tem pera tu res  w hich p re ­
vailed  in th ese  rocks a t th e  end o f  the partia l m elting even ts  
(before ex so lu tions in py roxenes), and the tem p era tu res  indi­
ca ted  by th e  o liv ine/spinel m ethod should  reflect the subso li­

dus blocking tem p era tu res  reco rd ed  in th e  perido tites during 
their ascen t tow ard  th e  su rface  and befo re  th e  developm ent of 
serpen tin iza tion . T h ese  b lock ing  tem p era tu res  a re  unusually 
high, c lose to  1000°C, ind ica ting  th a t th e  perido tite  body was 
cooled  rap id ly , s ta rtin g  from  a m elting zone equilibrated  at a 
tem pera tu re  above 1180°C (T able 6).

T he oxygen fugacities w ere  ca lcu la ted  fo r a  p ressu re  o f 10 
kb  and a t the tem p e ra tu re  ind ica ted  by th e  o l/sp geo therm om ­
e te r  (generally  b e tw een  950°C and  1000°C, see  T able 6), using 
th e  m ethod  d escribed  by V an n ier (1977). B ased on  the ol- 
opx-sp  equilibrium , the V an n ie r’s m ethod  w as tested  and 
ca lib ra ted  on  perid o tite  inc lusions in alkali basa lts  from 
F rench  M assif-C entral and  Polynesia: in these  inclusions 
im pregnated  by th e  h o s t a lkali-basalts and reequ ilib rated  with 
them , th e  f 0 2 ca lcu la ted  w ith  the  V an n ie r’s m ethod in the 
ultram afic inclusions p lo t on  the  sam e FM Q  buffer as the f 0 2 
calcu lated  in th e  b asa lts  from  ilm enite-m agnetite  pairs (B er­
ger, 1981). In  ou r ro ck s , th ese  fugacities range from  about 
IO-10-6 to  IO- " '2 fo r th e  perid o tites  (T able 7): they  are quite 
com parab le  to  th e  o xygen  fugacities com m only  calculated  in 
ophiolitic  m antle p e rid o tite s  o r  in perid o tite  nodu les , and plot 
on the  FM Q  buffer (Fig. 7).

Partial melting temperatures, given by the “ primitive” 
composition of the pyroxene porphyroclasts

T he num erous ex so lu tio n  lam ellae frequen tly  observed  in 
bo th  opx and cpx p o rp h y ro c la s ts  ind ica te  th a t th e  tem pera­
tu res p rev iously  in fe rred  from  th e  p o rp h y ro c las t and exsolved 
com positions reflect subso lidus ra th e r  th an  m agm atic equili­
b ration . A dm itting th a t th e  p resen ce  o f  d iopside  lam ellae in 
opx  p o rphy roc lasts , and o f  en s ta tite  lam ellae in cpx porphy­
roc lasts , is th e  resu lt o f  th e  subso lidus evo lu tion  o f th e  studied 
perido tites, their “ in teg ra tio n ”  in th e  overall com position  of 
the  host-pyroxene m ay  give a  good idea  o f  th e ir  solidus (or 
m agm atic) com position , and  o f  th e  tem p era tu res  at which 
these  py roxenes w ere  equ ilib ra ted  a t th e  end o f the main 
m elting episode.

W e tried  to  accom plish  th is “ in teg ra tio n ”  doing m icro­
p robe m anual tra v e rse s  acro ss  the  co res  o f  opx  and cpx 
po rp h y ro c la sts , avo id ing  th e ir  rec ry sta llized  m argins and se­
lecting  sec tions w here  th e  exso lved  lam ellae are roughly 
perpend icu lar to  th e  p lane o f the th in  sec tion  (m inim um  w idth 
and sharpness o f  th e ir  m argins a re  good criteria). Each 
trav e rse  includes p u n c tu a l ana ly ses w ith  10 /xm spacing and a 
counting  tim e o f 8 m in. O th e r analy tical cond itions are  iden­
tical to  those  ind ica ted  fo r T able 3.

T he analytical re su lts  a re  given in  T ab le  8. T hey  m ust be 
taken  w ith cau tion : th e  analyzed  sec tio n s exhibit variable 
co n ten ts  in exso lu tion  lam ellae, them selves having variable 
o rien ta tions w ith re sp ec t to  the p lane o f  th e  thin section , in 
sp ite o f  th e  p recau tio n s taken . W e found  num erous opx 
sec tions presen ting  fav o rab le  sec tions, w ith  abundan t and thin 
lam ellae, regularly  sp aced  and  w ell o rien ted  (perpendicu lar to 
th e  th in  section  p lane). T he cpx sections appeared  to  have less 
exso lu tion  lam ellae m ore irregu larly  spaced  and m ore variably 
orien ted . T hese  o b se rv a tio n s are reflec ted  in T able  8. Opx 
“ prim itive”  com positions a re  very  hom ogeneous and c lus­
te red  around  the av erag e  value, w ith  the  excep tion  o f th ree  o f 
them  falling in th e  subso lidus field; th ey  have  slightly higher 
co n ten ts  in A120 3 (3 .64% -6 .07% , average  4.37% ), in CaO 
(1 .08% -2.18% , average  1.77%), in w o llaston ite  m olecule (Wo 
2 .09% -4 .28% , ave rag e  3.46% ), and M g #  (90.8 in average) 
th an  th e  exsolved p o rp h y ro c las ts . C px “ prim itive”  com posi­
tions a re  m uch m ore  variab le , show ing a W o con ten t ranging 
from  abou t 41%  to  46% , w ith  an average  o f  43.17% . T hey have 
slightly higher co n ten ts  in A120 3 (5 .81% -6 .03% , average 
5.92%) and in C r20 3 (average 1.16%) th an  the exsolved
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Table 7. Oxygen fugacities calculated for 10 kb pressure at 1000°C 
and at 1200°C, using the ol-opx-sp equilibrium (Vannier, 1977). C 
=  using analyses o f the cores of m inerals, in clusters o f the three 
phases. M  =  using analyses o f  the margins o f the m inerals (numbers 
refer to the clusters analyzed).

S am p le  N u m b e r C o re s  o r  m arg ins

f 0 2 ca lcu la ted  for:

10K b, 1000°C 10K b, 1200°C

4R 1, 19-21 cm C 10- 10.82 ,0 -8 .4 3

5R1, 2 -6  cm C 10-11.18 ,0 -8 .8 7

5R1, 2 -6  cm M 10-11.10 ,0 -8 .8 4

5R2, 142-145 cm C l 10-10.57 ,0 -8 .2 0

5R2, 142-145 cm C2 ,0 -1 0 .8 9 ,0 -8 .5 3

6R1, 40-41 cm C l 10-10.41 10 8.08
6R1, 40-41 cm C2 ,0-10 .02 ,0 -8 .7

6R1, 49-51 cm C l ,0 -1 0 .6 ,0 -8 .2 0

6R1, 49-51 cm C2 1 0 - n  2 ,0 -8 .8 8

7R1, 17-18 cm C ,0 -1 0 .7 6 ,0 -8 .4 2

7R1, 17-18 cm M 10-10.7 ,0 -8 .3 6

9R 1, 19-20 cm Cl ,0-10 .83 ,0 -8 .5 4

9R 1, 19-20 cm C 2, 3 io- 10-98 ,0 -8 .6 9

9R 1, 19-20 cm M 2, 3 1Q-10 8 10 8.51

po rp h y ro c la sts , and low er co n ten ts  in T i0 2 (average 0.13) and 
CaO (average 20.66% ), the M g #  rem aining identical (90.7 in 
average).

W e analyzed  a lso  th e  p y ro x en es o f  the w ebsterite  9R-1, 
19-20 cm  (T able  8), w hich ap p ea r to  have  “ p rim itive”  com ­
positions v e ry  c lose to  th o se  o f  the su rrounding  perido tites, 
w ith th e  no tab le  excep tion  o f  the ir C r co n ten t, w hich is clearly  
low er.

F o r  m ost o f  th e  ana ly ses done , the tem pera tu res  calcu lated  
w ith th e  single py ro x en e  g eo th erm o m eter o f  M ercier (1980) 
are  be tw een  1290°C and  1320°C fo r th e  “ prim itive” opx , and 
ab o u t 100°C low er (around  1200°C) fo r th e  “ prim itive”  cpx. 
F o r exam ple , th e  p y ro x en es o f Sam ple 7R-1, 17-18 cm , give 
respective ly  1303°C fo r th e  “ p rim itiv e”  opx and 1166°C for 
the “ p rim itive”  cpx . T he “ prim itive”  py roxenes o f  the  o liv­
ine w ebste rite  give th e  sam e range o f  tem pera tu res: 1320°C fo r 
the opx  and 1161°C fo r th e  cpx.

In sum m ary , the reca lcu la ted  “ prim itive”  com positions o f 
the py roxene  po rp h y ro c la sts  in th e  stud ied  sam ples lead  to  th e  
follow ing conclusions:

1. T he opx  p o rp h y ro c las ts , ch a rac te rized  by abundant and 
regularly  sp aced  d iopside  lam ellae and by  very  hom ogeneous 
com positions s ta tis tica lly , lead  to  calcu la ted  tem pera tu res  o f 
crystallization  p robab ly  very  close to  th e  actual tem pera tu res 
o f  equilibrium  a t th e  end o f  the main p artia l m elting ep isode , 
tha t is , c lose to  ab o u t 1300°C.

2. T he cpx  p o rp h y ro c las ts , ch arac te rized  by sca rce r and 
less regularly  spaced  en s ta tite  lam ellae, exh ib it a  w ider range 
o f  “ p rim itive”  com positions (even in a  sam e sam ple, as well 
as from  one sam ple  to  ano ther). T he tem pera tu res  calcu lated  
are  ab o u t 100°C low er th an  fo r “ p rim itive”  opx, indicating 
th a t the ir reca lcu la ted  com positions a re  n o t a t equilibrium  
w ith th o se  o f  th e  “ p rim itive”  opx , p robab ly  because  o f  a m ore 
com plex  h is to ry  during  th e  m elting  even ts .

3. T he com parison  b e tw een  th e  “ p rim itive”  pyroxenes 
from  th e  p e rid o tite s  and from  th e  olivine w ebste rite  9R-1, 
19-20 cm , suggests th a t th ese  rocks h av e  follow ed together 
th e  sam e therm al evo lu tion , starting  from  th e  very  end o f the 
m ain m elting  ev en t, w hen  these  rocks w ere equilibrated  
to g e th e r a t high tem p era tu res  fo r the first tim e.

SUMMARY AND CONCLUSIONS
A bout 100 m o f  se rpen tin ized , res idua l m antle tec ton ites 

ou tcropp ing  along th e  w este rn  w all o f  th e  M .A .R . axial rift 
valley, 45 km  sou th  o f  the  K an e  F rac tu re  Z one, w ere drilled
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F ig u re  7. O xygen  fugacities ca lcu la ted  in th e  S ite  670 p erid o tites  fo r  10 
kb  p re ssu re  and  at th e  b lock ing  te m p e ra tu re s  ind ica ted  by  the 
o liv ine/sp inel g e o th e rm o m ete r  (T ab le 6), c lo se  to  1000°C. T h e  oxygen 
fugacities ob ta in ed  fo r  S ite  670 p e r id o tite s , re p re se n te d  by th e  black 
in v e rted  tria n g le  (av erag e  o f  v a lues g iv en  in  T ab le  7), a re  com pared  
w ith  th e  fugacities ca lcu la ted  fo r  som e o th e r  o cean ic  peridotites 
(b lack  c irc les =  p e rid o tite s  fro m  o ph io litic  m assifs; o th e r  sym bols = 
p e rid o tite  in c lu sio n s in alkali basalts).

during O D P L eg  109 a t S ite 670. T w en ty -n ine  sm all p ieces of 
these  u ltram afic  ro ck s , sam pled along th e  6.12 m o f  core 
reco v ered , w ere exam ined  fo r pé trog raph ie  descrip tion , and 
nine sam ples w ere se lec ted  fo r de ta iled  m ineralogical study  of 
the ir p rim ary  phases .

T he m ain conclusions o f  the p re sen t study  m ay be sum m a­
rized as follow s:

1. T he sam ple collection  includes a b o u t 60% serpentin ized 
harzb u rg ites , 26% serpen tin ized  lherzo lites, 14% serpenti­
nized  du n ite s , and one  sam ple o f  o liv ine w ebste rite . Serpen­
tine-free  m odal analyses o f th e  n ine se lec ted  sam ples have 
show n th a t all th ese  rocks a re  p lag ioclase-free four-phase 
p erid o tites  equ ilib ra ted  in th e  spinel lherzo lite  fac ies (ol +  opx 
+  cpx  +  sp).

2. A m ong the n ine se lected  sam p les, eight rep resen t ser­
pen tin ized  (53%—78%) residual u p p er m antle  tec ton ites rang­
ing from  dun itic  to  harzburg itic  and  Iherzolitic  com positions. 
T he last sam ple is a  ra th e r fresh  o liv ine w eb ste rite  showing 
the sam e po rp h y ro c lastic  tex tu re  as th e  perido tites. T his rock 
could  rep re sen t an early  crysta lliza tion  p ro d u c t (cum ulate?) of 
a  trap p ed  liquid p ro d u ced  during  a p artia l m elting event.

3. T he com positional varia tions o f  o liv ine, opx , and cpx 
a re  re s tric ted  and  do no t co rre la te  w ith  changes in th e  modal 
com position . O nly  th e  spinel p h ase  is sensitive  to modal 
changes, having a  slightly h igher C r#  in  th e  harzburg ite  and 
dun ite  sam ples. W e assum e th a t th e  deg ree  o f partial melting 
in S ite 670 perid o tites  w as roughly  th e  sam e everyw here , with 
pe rh ap s sm all, second  o rd e r varia tions reco rd ed  in the spinel 
C r# .

4. T h e  average  m odal com position  o f  ou r sam ple collec­
tion  (abou t ol 80% , opx 14%, cpx  5% , and sp  1%), the 
p o rp h y ro c lastic  te x tu re s , and th e  m ineralogical charac te ris­
tics o f  S ite 670 p erid o tites  c learly  ind ica te  th e ir  affinity with 
th e  u ltram afic m an tle  tec ton ites . F ea tu re s  typ ical o f  magm atic 
cum u lates a re  lacking.

5. T h e  high co n ten ts  in A120 3 o f  th e  py ro x en e  and o f  the 
spinel p h ase s , th e  low  C r#  o f the sp ine ls , and th e  ra th e r high
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Table 8. Recalculated compositions of the “ primitive”  pyroxenes, obtained by microprobe traverses across the cores o f the opx and cpx 
porphyroclasts, in order to integrate the exsolution lamellae in the host-crystals. Temperatures calculated from these compositions are 
discussed in the text.

S am p le  N b e r 4 R 1 ,# 3 4R1 ,# 3 4 R 1 ,# 3 5R1 , #  1 5R2,19 5 R 2 ,# 1 9 5 R 2 ,# 1 9 6 R 1 ,# 6 6 R 1 ,# 6 6 R 1 ,# 8 6 R 1 ,# 8 6 R 1 ,# 8

M inera l Opx-1 Opx-1 Opx-1 Opx-1 Opx-1 Opx-1 O px-1 O px-2 O px-2 Opx-1 O px-2 O px-2
A nal. N b e r P T  778 P T  777 P T  776 P T  772 P T  771 P T  770 P T  768 P T  767 P T  763 P T  754 P T  753 P T  752
S i0 2 55.53 54.55 55.24 55.07 54.63 54.70 54.82 55.53 55.39 55.59 54.13 54.43
T i0 2 0.06 0.08 0.07 0.05 0.09 0.10 0.07 0.04 0.05 0.05 0.05 0.07
A120 3 3.64 4.04 3.80 4.17 4.69 4.54 4.81 4.21 4.34 3.86 4.83 4.74
C r20 3 0.81 0.89 0.78 0.60 0.89 0.92 0.99 0.64 0.72 0.42 0.86 0.84
F eO ' 5.60 5.77 5.68 5.93 5.80 5.66 5.74 5.90 5.91 6.07 5.73 5.92
M nO 0.14 0.13 0.14 0.14 0.13 0.14 0.15 0.13 0.14 0.12 0.13 0.15
M gO 32.64 32.87 32.57 32.68 31.84 31.97 31.82 32.78 32.53 32.95 32.02 31.68
C aO 1.96 1.85 1.71 1.30 2.09 2.02 1.87 1.16 1.08 1.08 2.07 2.18
N a20 0.08 0.04 0.05 0.00 0.03 0.04 0.03 0.01 0.01 0.01 0.01 0.00
K 20 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N iO 0.09 0.09 0.11 0.09 0.11 0.10 0.1 0.10 0.11 0.10 0.10 0.10
T o ta l 100.56 100.31 100.15 100.04 100.31 100.19 100.41 100.50 100.28 100.25 99.93 100.11
Si 1.910 1.879 1.908 1.903 1.888 1.892 1.893 1.910 1.911 1.916 1.875 1.886
A IIV 0.090 0.121 0.092 0.097 0.112 0.108 0.107 0.090 0.089 0.084 0.125 0.114
A1VI 0.058 0.043 0.063 0.073 0.079 0.077 0.089 0.081 0.088 0.073 0.072 0.080
Ti 0.002 0.002 0.002 0.001 0.002 0.003 0.002 0.001 0.001 0.001 0.001 0.002
C r 0.022 0.024 0.021 0.016 0.024 0.025 0.027 0.017 0.020 0.011 0.024 0.023
F e3+ 0.013 0.052 0.008 0.006 0.006 0.004 0.000 0.000 0.000 0.000 0.027 0.008
F e2+ 0.148 0.114 0.156 0.166 0.161 0.159 0.166 0.170 0.171 0.175 0.139 0.164
Mn 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
Mg 1.673 1.687 1.676 1.683 1.640 1.648 1.638 1.681 1.673 1.693 1.653 1.636
C a 0.072 0.068 0.063 0.048 0.077 0.075 0.069 0.043 0.040 0.040 0.077 0.081
N a 0.005 0.003 0.003 0.000 0.002 0.003 0.002 0.001 0.001 0.001 0.001 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N i 0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
T o ta l 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
M g /M g + F e 91.20 91.03 91.09 90.76 90.73 90.96 90.81 90.83 90.75 90.63 90.87 90.51
Wo 3.79 3.55 3.32 2.53 4.11 3.97 3.70 2.26 2.12 2.09 4.05 4.29
En 87.76 87.80 88.06 88.46 87.00 87.35 87.45 88.77 88.82 88.74 87.19 86.63
Fs 8.45 8.65 8.62 9.01 8.89 8.68 8.85 8.97 9.06 9.17 8.76 9.08

S am p le  N b e r 7R 1 ,# 3 7 R 1 ,# 3 7R1 ,# 3 O px 5 R 1 ,#1 5 R 1 ,# 1 5 R 1 ,#1 6 R 1 ,# 6 6 R 1 ,# 8 6 R 1 ,# 8 6 R 1 ,# 8 7R1 ,# 2

M inera l Opx-1 Opx-1 Opx-1 A v erag e Cpx-1 Cpx-1 Cpx-1 C px-2 Cpx-3 Cpx-3 Cpx-3 Cpx-1
A n al. N b e r P T  784 P T  783 P T  782 P T  775 P T  774 P T  773 P T  765 P T  751 P T  750 P T  748 P T  779
S i0 2 54.27 54.13 54.48 54.83 50.96 51.25 51.19 51.00 50.52 51.73 51.00 51.01
T i0 2 0.05 0.05 0.06 0.06 0.14 0.14 0.13 0.15 0.11 0.13 0.13 0.12
A120 3 4.60 4 .69 4.57 4.37 5.92 5.88 5.92 5.81 5.86 5.99 6.00 5.97
C r20 3 0.73 0.74 0.81 0.78 1.22 1.13 1.06 1.28 1.12 1.06 1.24 1.14
F e O 5 5.92 5.85 5.99 5.83 3.20 3.16 3.24 2.92 3.52 3.30 3.15 3.35
M nO 0.14 0.15 0.14 0.14 0.13 0.10 0.11 0.09 0.12 0.12 0.13 0.09
M gO 31.73 31.77 31.96 32.25 17.29 18.17 17.45 16.89 17.56 18.31 17.71 18.37
C aO 2.18 2.09 1.96 1.772 1.38 20.02 21.12 21.92 21.12 19.54 20.59 19.83
N a ,0 0.02 0.02 0.00 0.02 0.16 0.11 0.15 0.19 0.16 0.17 0.17 0.18
K 20 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N iO 0.10 0.11 0.09 0.10 0.06 0.08 0.09 0.06 0.07 0.08 0.05 0.09
T otal 99.75 99.61 100.06 100.16 100.46 100.04 100.46 100.31 100.16 100.43 100.17 100.15
Si 1.885 1.882 1.887 1.895 1.839 1.852 1.846 1.845 1.827 1.861 1.842 1.839
A IIV 0.115 0.118 0.113 0.105 0.161 0.148 0.154 0.155 0.173 0.139 0.158 0.161
A1VI 0.074 0.075 0.074 0.073 0.091 0.102 0.098 0.093 0.077 0.115 0.098 0.093
Ti 0.001 0.001 0.002 0.002 0.004 0.004 0.004 0.004 0.003 0.004 0.004 0.003
C r 0.020 0.020 0.022 0.021 0.035 0.032 0.030 0.037 0.032 0.030 0.035 0.032
F e3 + 0.020 0.022 0.014 0.009 0.038 0.014 0.029 0.031 0.069 0.000 0.029 0.042
F e2+ 0.152 0.148 0.159 0.159 0.058 0.081 0.069 0.058 0.037 0.099 0.066 0.059
M n 0.004 0.004 0.004 0.004 0.004 0.003 0.003 0.003 0.004 0.004 0.004 0.003
Mg 1.643 1.646 1.650 1.661 0.930 0.978 0.938 0.911 0.946 0.982 0.954 0.987
C a 0.081 0.078 0.073 0.066 0.827 0.775 0.816 0.850 0.818 0.753 0.797 0.766
N a 0.001 0.001 0.000 0.002 0.011 0.008 0.010 0.013 0.011 0.012 0.012 0.013
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.003 0.003 0.003 0.003 0.002 0.002 0.003 0.002 0.002 0.002 0.001 0.003
T otal 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
M g /M g + F e 90.52 90.63 90.48 90.79 90.59 91.11 90.56 91.16 89.89 90.82 90.92 90.72
W o 4.28 4.11 3.84 3.46 44.61 41.92 44.07 45.96 43.73 41.07 43.18 41.32
En 86.65 86.91 87.01 87.64 50.18 52.92 50.65 49.26 50.58 53.52 51.66 53.24
F s 9.07 8.98 9.15 8.89 5.21 5.16 5.28 4.78 5.69 5.41 5.16 5.45

S am p le  N b e r 7 R 1 ,# 2 7 R 1 ,# 2 C px 9 R 1 ,# 3 9 R 1 ,# 3 W e b .C p x 9 R 1 ,# 3 9 R 1 ,# 3 9 R 1 ,# 3 W eb .O p x

M inera l Cpx-1 Cpx-1 A verage Cpx-2 C px-2 A verag e Opx-1 Opx-1 O px-3 A verage
A n al. N b e r P T  780 P T 7 8 1 P T  762 P T  758 P T  755 P T  756 P T  757
S i0 2 50.99 50.76 51.04 51.11 51.58 51.35 54.955 5.22 55.22 55.13
T i0 2 0.13 0.12 0.13 0.12 0.10 0.11 0.05 0.05 0.04 0.05
A120 3 5.81 6.03 5.92 5.17 5.03 5.10 4.04 4.14 4 .09 4.09
C r20 3 1.16 1.21 1.16 0.63 0.61 0.62 0.46 0.43 0.44 0.44
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T ab le  8 (continued).

S am p le  N b e r 7 R 1 ,# 2 7 R 1 ,# 2 C p x 9 R 1 ,# 3 9 R 1 ,# 3 W eb .C px 9 R 1 ,# 3 9 R 1 ,# 3 9 R 1 ,# 3 W e b .O p x

F eO * 3.08 3.33 3.23 2.98 2.87 2.93 5.46 5.61 5.57 5.55
M nO 0.11 0.13 0.11 0.13 0.11 0.12 0.15 0.16 0.15 0.15
M gO 17.44 18.20 17.74 17.62 17.75 17.69 32.07 32.32 32.26 32.22
C aO 21.04 20.01 20.66 21.92 21.79 21.86 2.64 1.99 2.29 2.31
N a 20 0.19 0.15 0.16 0.16 0.16 0.16 0.02 0.03 0.01 0.02
K 20 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
N iO 0.07 0.07 0.07 0.08 0.08 0.08 0.11 0.10 0.12 0.11
T o ta l 100.02 100.01 1-0.22 99.93 100.08 100.01 99.95 100.05 100.19 100.06
Si 1.846 1.834 1.843 1.850 1.863 1.856 1.902 1.908 1.907 1.906
A IIV 0.154 0.166 0.157 0.150 0.137 0.144 0.098 0.092 0.093 0.094
A1VI 0.094 0.091 0.095 0.070 0.077 0.074 0.067 0.077 0.073 0.072
T i 0.004 0.003 0.004 0.003 0.003 0.003 0.001 0.001 0.001 0.001
C r 0.033 0.035 0.033 0.018 0.017 0.018 0.013 0.012 0.012 0.012
F e 3+ 0.033 0.045 0.033 0.067 0.048 0.058 0.017 0.002 0.007 0.009
F e 2+ 0.060 0.056 0.064 0.023 0.039 0.031 0.141 0.160 0.154 0.152
M n 0.003 0.004 0.003 0.004 0.003 0.004 0.004 0.005 0.004 0.004
M g 0.941 0.980 0.955 0.950 0.956 0.953 1.654 1.665 1.660 1.660
C a 0.816 0.775 0.799 0.850 0.843 0.847 0.098 0.074 0.085 0.085
N a 0.013 0.011 0.011 0.011 0.011 0.011 0.001 0.002 0.001 0.001
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N i 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.003 0.003
T o ta l 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4 .000
M g /M g + F e 90.98 90.69 90.74 91.33 91.68 91.51 91.28 91.12 91.17 91.19
W o 44.11 41.75 43.17 44.96 44.73 44.84 5.13 3.88 4.45 4 .48
E n 50.85 52.82 51.57 50.27 50.68 50.47 86.60 87.59 87.11 87.10
F s 5.04 5.42 5 .26 4.77 4.60 4.68 8.27 8.53 8.44 8.42

m odal co n ten t in cpx indicate a  m o d era te  percen tage  o f 
m elting , o f th e  o rd e r o f  10% -15% . S ite 670 perido tites p lo t 
c lose to  the leas t dep leted  m antle ro ck s  collected  in the 
o cean s, in m ost diagram s used  to  define th e  average trend  o f 
th e  ocean-floor perido tites.

6. In dependen tly , a  graphical m ethod  using  th e  m odal 
com position  o f  th e  olivine w ebste rite  sam ple , o f  th e  residue 
(average o f S ite 670 perido tites), and o f possib le  m antle 
so u rces also ind icates a m elting percen tag e  o f ab o u t 15%.

7. T he therm al evo lu tion  o f  S ite 670 p erid o tites  in the high 
tem p era tu re  field m ay be sum m arized  as fo llow s: the m ag­
m atic tem p era tu res  o f  m elting a re  b est reco rd ed  in the reca l­
cu la ted  “ prim itive”  opx p o rp h y ro c las ts , w hich ind icate  a 
tem p era tu re  o f  ab o u t 1300°C. T he “ p rim itive”  cpx w ere m ore 
sens itive  to reac tions w ith trapped  m elts and subsequen t 
defo rm ation /recrysta lliza tion  ep isodes, and  reco rd  low er tem ­
p e ra tu re s  o f ab o u t 1200°C. T he subso lidus evo lu tion  is well 
reco rd ed , from  abou t 1200°C to 950°C, by  the exso lved  opx 
and cp x  po rphy roclasts  and  th e  o th e r  phases (ol, sp) in 
equilibrium  w ith  them . H igh subso lidus tem p era tu res  are 
reco rd ed  by th e  “ S i”  geo therm om eter (using th e  Si co n ten t in 
sp inel), and th e  low est blocking tem p era tu res  a re  ind icated  by 
th e  o l/sp  geo therm om eter. T hese  b lock ing  tem p era tu res  are 
high (close to 1000°C), indicating th a t th e  p erido tite  body w as 
coo led  very  rap id ly  betw een  1000°C and the  beginning o f 
se rpen tin iza tion  around  500°C.

8. In  the no rm ative ol-opx-cpx d iagram , th e  com position  
o f  th e  olivine w ebste rite  p lots c lose to  the  8 kb m elting point 
de te rm ined  experim entally  (T akahash i and  K ush iro , 1983). 
T h is m ay  ind icate  th a t a t th e  end o f the m ain  m elting  ep isode, 
th e  dep th  reached  by the perido tite  body  w as 2 5 -3 0  km  
approx im ate ly .

9. O xygen  fugacities calcu lated  fo r a  p re ssu re  o f  10 kb and 
a t th e  b lock ing  tem pera tu res  ind ica ted  by th e  o l/sp geo th e r­
m o m ete r (abou t 1000°C), ind ica te  fugacities o f  the o rd e r o f 
IO“ 10-6 to  IO-11,2, usual in upper m antle  perido tites o f oceanic  
origin.

10. Site 670 peridotites have com positions close to those of 
the peridotites collected in the K ane F ractu re  Z one, and obvi­
ously belong to  th e  m oderately dep leted  m antle peridotites

w hich characterize  abyssal peridotites collected aw ay from 
m antle p lum es and oceanic islands. In  particular, they differ 
considerably from  th e  highly residual harzburgites collected 
along the M .A .R . o v e r the A zores bulge betw een 43° and 45° N.
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5
P la te  1. 1. G en e ra l v iew  o f  a com plete  th in  se c tio n , show ing  th e  typ ica l p o rp h y ro c la s tic  te x tu re  o f  o ne  h arzb u rg ite  from  Site 670. O ne huge, 
d e fo rm ed , an d  ro u n d ed  o p x  p o rp h y ro c la s t, ab o u t 1 cm  long, and  sev era l sm a lle r o p x  and  cpx  p o rp h y ro c la s ts  a re  in c lu d ed  on  a  fine-grained olivine 
m atrix . S am p le  5R -2, 142-145 cm  (# 1 9 ), c ro sse d  n ico ls. T h e  th in  sec tio n  is 35 m m  long. 2. C lose-up  view , u n d e r m ic ro sco p e , o f  a  deform ed 
cpx  p o rp h y ro c la s t, ab o u t 0 .8  m m  long, show ing  n u m ero u s and  tin y  en s ta tite  ex so lu tio n  lam ellae, ex so lv ed  along  (100) p lanes . T h e  serpen tin ized  
o liv ine m atrix  o f  th is lh e rzo lite  is w ell v isib le . S am ple 6R -1, # 8 ,  tran sm itted  light. 3. V erm icu la r C r-sp inels rec ry s ta llized  a ro u n d  severely 
se rp e n tin iz e d  o liv ine  n eo b la s ts . Sam ple  6R-1, 4 9 -5 1  cm  (# 8 ), tra n sm itte d  light. W id th  o f  th e  p ic tu re  0.5 cm . 4 . A sp e c t u n d e r m icroscope o f  the 
oliv ine w e b s te rite , ch a ra c te riz e d  by  th e  ab u n d an ce  o f  d efo rm ed  opx  and  cpx  p o rp h y ro c la s ts , c em en ted  b y  sm a lle r o p x  and  cpx  n eo b las ts , and 
12% in te rs titia l o liv in e . T h is  rock  is rem ark ab ly  fresh  (ab o u t 2%  se rp en tin e  and  15% seco n d a ry  am ph ibo le). S am p le  9R -1, 19 -20  cm  (# 3 ), 
tran sm itted  light. W id th  o f  th e  p ic tu re  0.5  cm . 5. M acro sco p ic  a sp e c t o f  S ite  670 p erid o tites , w ith  th e ir  p y ro x e n e  p o rp h y ro c la s ts  (the m ost 
b rillian t o n e s  a re  b a s titiz e d  opx), slightly  f la ttened  and  e lo n g a ted  along  th e  fo lia tion  p lane  and  inc luded  in a  fine-grained , se rp en tin ized  olivine-rich 
m atrix .
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