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PE T R O L O G Y  OF S U B M A R m ?  VOLCANICS 
A N D  SE D IM EN TS IN  T H E  V IC IN IT Y  OF 

T H E  M E N D O C IN O  F R A C T U R E  ZONE

Y. R a m m o h a n r o y  N a y u d u *

D epartm en t o f  Oceanography, U niversity o f  W ashington, S ea ttle , W ashington

A bstrac t. P yroxene-rich  b asa lts , g lassy  b asa lts , o livine b a sa lts  an d  p alogan ite  
tu f f  breccias o f  various sizes w ere d redged  f ro m  th e  to p  and  in  th e  v icin ity  o f  th e  
M en d o c in o  F ra c tu re  Z one. S om e o f  these  ro ck s h av e  e n c ru sta tio n s  o f  fe rro ­
m an g an ese  ox id e  m inerals. I n  ad d itio n , m an g an ese  n o d u le s  o f  d ifferen t sizes w ere 
reco v ered  w h ich  c o n ta in  a  n u cleus o f  p a la g o n ite  tuff.

Several se d im e n t cores collected  to  th e  n o r th  and  so u th  o f  th e  M endocino  
F ra c tu re  Z o n e  c o n ta in  m ostly  m ed iu m  yellow ish b ro w n  clay , co m m o n ly  k n o w n  as 
r e d  clay . S tu d y  o f  th e  co res revealed  tw o  a rea lly  restric ted  b io -litho log ic  u n its :
(1) R a d io la r ia -F o ra m in ife ra -r ic h  silty  clay, an d  (2) R a d io la ria -rich  silty  clay.
T h e  ab o v e  u n its  g rad e  do w n  in to  F o ra m in ife ra -r ich  silty  clay an d  silty  clay 
b a rre n  o f  R a d io la r ia  respectively. R e d  clay  is ch arac te ris tica lly  confined  to  R a d io ­
la ria -r ich  silty  c lay , silty  clay b a rre n  o f  R a d io la r ia  a n d  co n ta in s  a b u n d a n t fe rro ­
m an g an ese  m icronodu les. G re a te r  co n cen tra tio n s  o f  fe rro m an g an ese  m icronodu les 
o ccu r be low  th e  sed im en t su rface  and  a re  a sso c ia ted  w ith  p a la g o n ite  g ra ins. T h e  
sed im en ts to  th e  n o rth  o f  th e  M en d o c in o  F ra c tu re  Z o n e  a re  rich  in  z irco n , ru tile ?  
a n d  zeo lites .

T h e  p e tro g ra p h y  and  petro logy  o f  th e  d red g ed  b asa lts , m an g an ese  n o d u les and  
sed im en ts a re  discussed. I t  is suggested  th a t  th e  sed im en ts , especially  m  tn e  
R a d io la ria -ric h  clay , a re  d o m in an tly  vo lcan ic  in o rig in  an d  locally  derived. I t  is 
conc lu d ed  th a t  m ang an ese  n o d u les a n d  re d  clay co n ta in in g  m an g an ese  m ic ro ­
n o d u les  (m an g an ese  g rains) a re  genetically  asso c ia ted  w ith  p a la g o n ite  com plexes 
fo rm ed  by su b m a rin e  vo lcan ism  w hich  w as re la te d  to  th e  dev e lo p m en t o f  th e  
M en d o c in o  F ra c tu re  Z one.

I N T R O D U C T I O N

M u r r a y  (1939), first repo rted  th e  existence o f  a subm arine scarp  off Cape 
M endocino  an d  show ed th a t it  extends 70 miles from  the  shore. S h e p a r d  and 
E m e r y  (1941), suggested th a t the  scarp  cou ld  be traced  a t least 400 miles west 
o f  the  coast an d  called the  near-shore  scarp  the  G o rd a  E scarpm ent. O n the 
basis o f  the  H o r iz o n  survey an d  from  all th e  available d a ta  M e n a r d  and 
D i e t z  (1952) described the  top o g rap h y  in  detail an d  show ed th a t th e  G orda 
E sca rp m en t ex tends west fro m  C ape M endocino  fo r a t least 1200 miles and

* T h e  re se a rc h  w as com pleted  a t  Scripps In s titu tio n  o f  O cean o g rap h y  and  th e  final 
m a n u sc rip t a t  th e  U niversity  o f  W ash in g to n . C o n tr ib u tio n  N o . 326 o f  th e  D e p a r tm e n t o f 
O c e a n o g rap h y , U n iv e rsity  o f  W ash in g to n .
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suggested the  nam e M endocino S ubm arine E scarpm ent fo r this large scale 
feature.

Since the discovery o f this fea tu re , several expeditions to  the  area  were 
u n d ertak en  by the Scripps In stitu tio n  o f O ceanography w hich included  geo­
physical an d  geom agnetic surveys. R esults o f these surveys have been trea ted  
in  the publications o f M e n a r d  (1955), M a s o n  (1958), M e n a r d  an d  V a c - 

q u ie r  (1958), M e n a r d  (1959, 1960b), V a c q u i e r  et al. (1961), M a s o n  and 
R a f f  (1961), an d  R a it t  (1963). H ow ever, these repo rts  do  n o t include the 
study  o f either rocks dredged o r the  sed im ent cores taken  in  th e  area. R e v e l l e  

(1944), discussed Carnegie Sam ple no . 62, w hich is located  n o rth  o f the 
M endocino  fractu re  zone. M e n a r d  (1953), stud ied  tw o cores taken  in  the 
T ufts A byssal P lain  near the  no rthw este rn  m arg in  o f  the M endocino  F rac tu re  
Z one. N a y u d u  (1959a, b) and  N a y u d u  and  E n b y s k  (in press), presented the 
general n a tu re  of the sedim ent d istribu tion . R ecently, E n g e l  an d  E n g e l

(1963) in  the ir study o f basalts from  th e  n o rth easte rn  Pacific O cean, included 
tw o b asa lt sam ples dredged from  the  M endocino  Ridge.

D u rin g  the expeditions “ F an  F a re ”  (1959), and  “ M endocino” (1960), 
dredged rock  sam ples an d  sedim ent cores w ere collected in  th e  vicinity o f the 
M endocino  F rac tu re  Zone. T his re p o r t concentra tes o n  the  petrog raphy  and 
petro logy  o f  th e  sam ples dredged an d  sed im ent cores collected in  the  area.

In  this rep o rt, the nam e M endocino  F rac tu re  Z one is used as a  general term  
w hich includes the m ain  ridge and  the  M endocino  E scarpm ent.

T O P O G R A P H Y

F igure  1 is a  physiographic d iag ram  o f  the area under investigation , taken  
fro m  the physiographic m ap o f the  n o rth easte rn  Pacific p repared  by M e n a r d

(1964). I t  show s th a t the M endocino  F ra c tu re  Z one extends approxim ately  
1500 m iles w est from  C ape M endocino . Its height close to  the  shore is ab o u t 
10,500 ft, w hich gradually  decreases to w ard s the w est; ab o u t 1000 miles from  
shore it  is approxim ately  8420 ft. T he average slope fro m  th e  to p  to  the b o tto m  
varies f ro m  7° to  10°. H ow ever, som e p o rtio n s  o f the scarp have m uch steeper 
slopes. T h e  topog raphy  on  the  n o rth  side 200-400 miles fro m  the  continen tal 
m arg in  is m ore  com plex an d  is characterized  by  several no rth , no rtheast 
trend ing  ridges which form  the so u th e rn  m argin  o f  the  R idge and  T rough  
P rovince ( M e n a r d  and  D i e t z , 1951). T he so u th ern  m arg in  o f the sm ooth  
T ufts  A byssal P lain  ( H u r l e y , 1960), is n o rth  o f the  M endocino  F ractu re  
Zone. T he P ioneer R idge on  the  so u th  is a  p ro m in en t fea tu re  w hich alm ost 
parallels the eastern  m argin  o f  the frac tu re  zone. A  detailed  descrip tion  o f the 
to p og raphy , including the tecton ic in te rp re ta tio n  o f these rem arkab le  features, 
is fully discussed by M e n a r d  (1959, 1964).
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P E T R O G R A P H Y  O F  R O C K  S A M P L E S

F o u r  successful dredge hauls w ere m ade d u rin g  the  expedition  “ F a n  F a re ” . 
T h e  loca tion  a n d  d ep th  are show n in T ab le  1. These sam ples are from  the 
eastern  m arg in  o f  th e  M endocino F rac tu re  Z o n e  an d  less th a n  150 miles off 
C ape M endocino ; the ir d istribu tion  is show n in Fig. 1. T he sam ples can  be 
separated  in to  th ree  m ajo r g roups: (1) m anganese nodules, (2) palagon ite  
tu ff b reccias w ith  ferrom anganese oxide encrusta tions, (3) basalts. T h e  p é tro ­
g raph ie  descrip tions o f  selected sam ples f ro m  these groups are  given below.

A  detailed  discussion on  th e  problem  o f  subm arine e ru p tio n  o f  basalts

T able  1. L ocatio n  a n d  L e n g t h  of  C ores 

M e n d o c in o  E x p e d it io n , 1960

C o re
N o .

L en g th
(cm )

D e p th
(m)

L a titu d e
(n o rth )

L o n g itu d e
(w est)

1 95 1920 32° 36 ' 118° 07 '
2 b 8 8 3 3 ° 4 5 ' 119° 31 '
3 180 4250 33 5 58 ' 122° 34'
4 158 4640 34° 02 ' 1 2 5 °1 5 '
5 164 4460 36° 04 ' 125° 04 '
6 175 4280 38° 25 ' 126° 09 '
7 1 0 1 4150 39° 47 ' 1 2 6 °2 1 '
8 30 3140 4 0 5 33 ' 1 2 6 °3 1 '
9 108 3120 40° 56' 1 2 6 °3 1 '

1 0 b 35 2830 40° 37 ' 1 2 5 °1 7 '
1 1 135 2950 41 ° 30' 126'- 32 '
1 2 172 3260 40° 36 ' 127° 25 '
13 135 4510 40  0 7 ' 1 2 8 °1 0 '
14 124 3190 40° 4 0 ' 1 2 9 °1 3 '
15 140 4520 40° 00 ' 1 3 1 °0 0 '
16 174 3870 40° 02 ' 133° 07 '
17 93 4140 40° 25 ' 133° 06 '
18 142 4740 3 9 3 30 ' 133° 0 5 '
2 0 172 4080 4 1 -0 6 ' 135° 32 '
2 1 168 5150 41 ’ 07 ' 151° 22 '
2 2 76 5560 39° 21 ' 149° 56'
23 156 4810 4 0 J 38' 149° 01 '
24 142 4720 40° 47 ' 146° 00 '
25 156 4700 40° 41 ' 142° 52'
26 152 4540 40° 44 ' 139° 22 '
27 150 5290 39 ’ 05 ' 139° 26'
28 158 5270 38° 40 ' 142" 36 '
29 147 5380 38° 02 ' 137° 58 '
30a 72 4810 38 00 ' 134- 00 '
32 140 4510 39° 30' 131° 4 7 '

33 128 3640 40° 44 ' 1 3 1 °4 5 '
34 8 8 1240 32° 32 ' 1 1 7 °3 1 '

Q
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T a b le  1 .— continued  
F a n f a r e  E x p e d it io n ,  1959 

L o ca tio n  o f  D re d g e  S am ples

D red g e D e p th L atitu d e L o n g itu d e
N o. (m ) (no rth ) (w est)

2 0 4500 40  e 15' 128° 27 '
to to

40° 18' 128 '  29 '

25 1260 40° 23' 128° 16'

33 3925 40° 19' 1 2 7 0 3 9 '

36 1820 40  24 ' 125° 32'
to to

2390 40° 19' 125° 4 3 '

a n d  a  rev iew  o f  th e  o rig in , m o d e  o f  fo rm a tio n  a n d  m e a n in g  o f  th e  te rm  
“ p a la g o n ite ” h av e  b een  d escrib ed  b y  N a y u d u  (1962a, b , 1964); acco rd in g ly , 
th e  te rm  “ p a la g o n ite ”  is u sed  in  th is  re p o r t.

M anganese Nodules

D redge sam ple no. 20, ob ta ined  f ro m  the  eastern  m arg in  (M endocino 
Ridge) o f  the M endocino  F rac tu re  Z o n e  a t a  w ater depth  o f 4500 m , consists 
p redom inan tly  o f m anganese nodules. T hey  vary in  shape from  alm ost 
spherical, ovoid  and  irregular shapes to  flattened slabs. T he nodules range in 
size; the spherical type vary from  3 to  12 cm  in d iam eter, an d  the largest 
flattened type reaches 20 cm  across. T h e  surfaces a re  irregular an d  frequently  
ren ifo rm  in appearance. W hen b ro k en  the m ajority  o f  the  m anganese nodules 
show  th a t they  consist o f  a  series o f  concentric  d a rk  gray layers alternating  
w ith  yellow ish m ateria l an d  som etim es w ith  a  light gray m ateria l w hich shows 
the concretionary  n a tu re  o f  the nodules (PL 1A). The d a rk  gray  m aterial is 
ferrom anganese  oxide m inerals, the  yellow layer is palagon ite  and  the light 
g ray  m ateria l is p robab ly  a  decom position  p ro d u c t (an  adm ix tu re  o f m ont- 
m orillon ite, zeolites, m ineral grains originally  associated w ith  the prim ary 
palagon ite , and  occasionally  ca rb o n ate ) o f th e  palagonite . In  add ition  to  
concen tric  structu re , several nodules show  rad ia l structures w hich essentially 
consist o f  d a rk  gray  ferrom anganese oxides. G enerally, the  nodules contain  
a  nucleus o f  yellow ish palagon ite  or its decom position  p roducts. Som e o f the 
sam ples con tain ing  a  palagon ite  nucleus show  dendritic  grow ths o f fe rro ­
m anganese oxides. T he shapes and  in te rn a l structures o f the  nodules bear a 
close resem blance to  the nodules described by  M u r r a y  an d  R en a r d  (1891),
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C ir iQ .

F ig . 1. T h e  p h y sio g rap h ic  d iag ram  show ing th e  M endocino F ra c tu re  Z o n e  and  ad jacen t a re a  (a f te r  M e n a r d , C o p y rig h t 1964. By perm ission  o f  M c G raw -H ill B o o k  C o .)
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M e n a r d  (1960a), an d  M e r o  (1962), and  so m e  o f the sam ples are sim ilar to  
m anganese nodules discussed by  N a y u d u  (1964) and  B o n a t t i  and  N a y u d u

(1965).

Palagonite T u ff  Breccias with Ferromanganese Encrustations
M any m anganese encrusted  cobbles and  p eb b les  w ere recovered in  dredge 

hauls. The largest num ber o f  these were o b ta in e d  from  the to p  o f  the  M en d o ­
cino F rac tu re  Z one, a t  a  w ate r d ep th  o f  1260 m. These rocks have a  dark  
b row n crust o f ferrom anganese oxides an d  in  several specim ens yellow ish 
b row n patches are visible in  the  cru st (PI. 2 A ). The saw ed sections o f  these 
sam ples show th a t the nucleus o f the m anganese  encrusted rocks is palagon ite  
tu ff breccia. Tw o sam ples o f  palagon ite  tu ff b reccias w ith  m anganese encrusta­
tio n  are  show n in  P lates IB  an d  2A. In  these sam ples basaltic fragm ents o f  d if­
feren t shapes and  sizes are set in  a  m atrix  o f pa lag o n ite  w ith  its typical yellow ­
ish color. T he sam ple in  P late  IB  contains a  l ig h t yellow ish gray m atrix  w hich 
su rrounds yellowish b row n palagon ite  co n ta in in g  vitreous basaltic  glass frag ­
m ents. These fragm ents occupy approx im ate ly  20-30 per cen t o f palagonite. 
T he ou ter yellowish gray m atrix  m ay be a  decom position  p ro d u c t o f  th e  p a la ­
gonite.

In  th in  sections the  basaltic  fragm ents co n s is t o f pyroxene-rich basalts. 
T he tachylytic glass o f the g ro u n d  m ass o f b asa ltic  fragm ents shows different 
stages o f devitrification, an d  it  con tains needles and  rods o f  opaques which 
have a tendency to  concen tra te  a long  the  m arg ins o f th e  fragm ents. C hlorite, 
zeolites, m on tm orillon ite , fragm ents o f p lagioclase, pyroxene and  olivine 
are som e o f the  m ain  constituen ts o f  the yellow ish gray m atrix . Partia lly  
altered  very fine fragm ents o f  basaltic  glass (siderom elane), som e contain ing  
pyroxene or olivine are presen t. O ccasionally  siderom elane fragm ents w ith 
rim s o f  partially  a ltered  palagon ite  also occur. H ence the yellow ish gray 
m atrix  is considered to  be th e  decom position  p ro d u c t o f the palagonite. The 
m ineral fragm ents : p lagioclase, pyroxenes, a n d  olivine are believed to  be the 
orig inal m inerals p resen t in  the  p rim ary  palagon ite  m atrix . In  th in  sections 
the palagon ite  is deep go lden  yellow an d  form s a  m arg in  a ro u n d  la rger s ide ro ­
m elane fragm ents. C o ncen tra tions o f  d a rk  opaques are noticed a long  the 
m arg in  o f siderom elane. W ith in  the  palagon ite , segregations o f b lack  or 
reddish  b row n  patches, concen tric  rings and  needle-like structures, p robab ly  
ferrom anganese oxides, are characteristically  visible (Pis. 1C, 2B). These fea­
tu res suggest th a t the  processes o f m ig ra tion  and  segregation o f m etallic 
elem ents take place on  a  m icroscale, p robab ly  during  and  after the palagoni- 
tization .

Basalts
Basaltic rocks constitu te  m o st o f  th e  specim ens w hich are o f various shapes
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1a . P h o to g ra p h  show ing  m ang an ese  n o d u le s  d redged fro m  the M endocino  F ra c tu re  Z one. 
N o te  th e  n u cleus o f  yellow ish  p a la g o n ite  a n d  co n c re tio n a ry  s tru c tu re  in  th e  b ro k e n  n o d u les ; 
layers o f  fe rro m an g an ese  o x ides, p a lag o n ite  (p a r t ly  a ltered ) and  ligh t yellow ish g ray  m ateria l 
(a lte red  p a lag o n ite ) a re  seen .

1b . P h o to g ra p h  o f  slab  c u t f ro m  m a n g a n e se  en crusted  ro ck , w h ich  show s th e  nucleus 
co nsisting  o f  p a lag o n ite  tu f f  b re c c ia ; th e  y e llo w ish  gray  m atrix  w ith  frag m en ts  o f  basalt 
su rro u n d s  th e  yellow ish  b ro w n  p a lag o n ite  c o n ta in in g  b asa ltic  g lass fragm en ts. T h e  ou te r 
yellow ish  g ray  m a trix  is a  d e co m p o s itio n  p r o d u c t  o f  th e  palagon ite .

l e .  P h o to m ic ro g rap h  o f  th in  sec tio n  o f  p a la g o n ite  tu ff  b reccia  sh o w n  in  1b. W ith in  th e  
deep  g o lden  yellow  p a la g o n ite  n o te  se g re g a tio n s  and  co n cen tra tio n s  o f  fe rro m an g an ese  
ox ides in  th e  fo rm  o f  speck s, h a ir-lik e  an d  c irc u la r  stru c tu res. P lan e  ligh t x 120.
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2 a . F e rro m a n g a n e se  ox ide encru sted  ro c k  from  th e  M en d o c in o  F ra c tu re  Z on e . S lab  cu t 
fro m  th e  n o d u le  sh o w s th e  n ucleus o f  typ ical yellow ish  p a lag o n ite  tu f f  b reccia. N o te  yellow ­
ish  b ro w n  p a tc h e s  in  th e  crust.

2b. P h o to m ic ro g ra p h  o f  th in  sec tio n  o f  p a lag o n ite  t u f f  b reccia  sh o w n  in  2 a . N o te  excellent 
dev e lo p m en t o f  co n c e n tr ic  rings an d  pa tch es o f  fe rro m an g an ese  oxides w ith in  th e  go lden  
yellow  p a la g o n ite ; o n  th e  left a  d a rk  b ro w n  fra g m e n t o f  s id e ro m elan e  c a n  b e  seen . P lan e  
ligh t X 120.

2c . P a la g o n ite  g ra in s  fro m  th e  sed im en ts (C ore 15) show ing  typ ica l c o lo r ;  c o n cen tra tio n  
a n d  rep lacem en t by  o p a q u e  fe rro m an g an ese  oxides ; a lso  n o te  th e  d a rk  specks an d  different 
sh a p es  o f  th e  rep laced  fe rro m an g an ese  oxides. P la n e  lig h t x 65.
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an d  range in  size from  bou lder to  pebble. Som e o f  the sam ples have th in  
encrusta tions o f  hydrated  ferrom anganese oxides. A  few b roken  or cu t samples 
reveal the  presence o f d a rk  gray glassy m argins. In  general basalts show  no 
visible w eathering  or a ltera tion . M ost o f  the specim ens are com pact an d  fine ­
grained b asa lt an d  a  few o f them  are vesicular.

In  th in  sections m ost o f  these rocks a re  pyroxene-rich  basalts. Pyroxene is 
essentially m onoclin ic an d  consists o f  augite w hich occurs as subhedral 
crystals, g rains an d  aggregates. Som e grains o f the augite a re  slightly purplish , 
p robab ly  titan iferous augite, an d  occasionally  hour-g lass structu res are 
observed. Pyroxenes show  little o r no a lte ra tio n  and  vary  approx im ate ly  from  
30 to  50 p er cen t by  volum e o f the rocks.

A  few th in  sections o f  b asa lt con ta in  olivine in  variab le am ounts an d  are 
g rouped  as olivine basalts. O livine is p resen t as subhedra l crystals an d  shows 
different degrees of a ltera tion , leading to  iddingsite, fibrous serpentine or 
chlorite.

In  th in  sections, these basalts show th e  presence o f  needles, fine la th s  and  
tab u la r p la tes o f plagioclase, w hich occur as phenocrysts an d  also are found 
in  the  g ro u n d  m ass. P lagioclase, which is m ostly  lab rado rite , has a  tendency 
to  fo rm  g lom eroporphyritic  aggregates. Som e laths locally develop subophitic 
tex tu re  an d  are  covered by glass o r enveloped by pyroxene (PI. 3A).

Som e fragm ents o f  basalt con ta in  d a rk  gray  basaltic  glass m argins which 
grade in to  ligh t g ray  basalt. In  th in  section  these m argins are d a rk  gray 
tachylyte w ith  hair-like needles o f  d a rk  opaques and  th in  needles o f plagioclase. 
O ccasionally  plagioclase an d  pyroxene occur together as phenocrysts. Sub- 
rad ia ting  la th s  o f plagioclase often  enclose aggregates o f pyroxene. In  th in  
sections th e  ligh t gray b asa lt is a  po rphy ritic , glassy b asa lt w ith  g lom eropo r­
phyritic aggregates o f  plagioclase (labradorite). S ubhedral crystals o f clino- 
pyroxene are  also  p resen t as phenocrysts an d  fine g rained aggregates a re  partly  
enclosed b y  the  plagioclase la ths (PI. 3B). A s a  rule, b o th  the  pyroxenes and 
the  plagioclase are fresh and  a  few grains o f  the pyroxene show  m ino r a lte ra ­
tion . T h e  devitrification  an d  decom position  o f the glass o f  the g round  mass 
resu lt in  concen tra tions o f  b lack opaques (secondary m agnetite o r fe rro ­
m anganese oxides?) an d  reddish  b row n  stains. T he tex ture o f these rocks 
varies fro m  v itrophyric  to  intersertal.

D E S C R I P T I O N  A N D  D I S T R I B U T I O N  O F  S E D I M E N T S

D u rin g  th e  “ M endocino”  expedition , 1960, several deep-sea cores w ere 
collected. T h e  location , dep th  and  length o f these cores are show n in T able 1, 
an d  their d is trib u tio n  in  Fig. 1. A  study  o f  the sedim ent cores shows a  R ad io ­
laria-rich  clay  horizon  o f  variab le thickness is p resen t in  the to p  p a r t of 
cores nos. 15, 17, 18, 20 to  31, an d  its d istribu tion  is show n in  Fig. 2. The
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P late  I I I

3a . P h o to m ic ro g rap h  o f  p y roxene-rich  b asa lt show ing  p h en o cry sts  o f  p lag ioclase and 
p y roxene in th e  glassy g ro u n d  m ass. P lan e  lig h t x 120.

3b. P h o to m ic ro g rap h  o f  glassy  b asa lt show ing  g lo m erp o rp h y ritic  agg regates o f  p lag io ­
c lase  an d  g ran u la r  p y ro x e n e ; fine la th s  o f  p lag ioclase a re  also  p ro m in e n t in  th e  glassy 
g ro u n d  m ass. P lane  lig h t x 120.
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thickness o f this ho rizon  increases seaw ards and  reaches a  m axim um  o f  25 cm 
in core no. 21, w hich is the  w esternm ost core n o rth  o f the M endocino  F ractu re  
Zone. R ad io la ria  p redom inate , are rich  in  varie ty  and m ost o f them  are well 
preserved. Sedim ents o f the  surface ho rizon  are essentially  silty clay. Silt-size 
plagioclase feldspar (andesine-labradorite) is th e  do m in an t m ineral. Fresh 
an d  partly  altered  pyroxenes, palagon ite  and  basa ltic  g lass, quartz , m icro­
nodules (m anganese grains), zeolites an d  zircon  are som e o f th e  o ther im ­
p o rta n t com ponents o f the  sedim ents. C olorless glass shards o f andesitic? 
com position  are com m on in  this ho rizon  and  they  increase in  am o u n t in  the 
w esternm ost cores (C ores 21-23).

T he R ad io laria-rich  clay surface ho rizon  gradually  grades in to  sedim ents 
barren  o f R adio laria . A  p é tro g rap h ie  study  o f  th e  sedim ent ba rren  o f  R adio­
la ria  shows th a t silt size plagioclase (andesine-lab radorite  and  oligoclase?) 
is the p rom inen t m ineral. O ther ino rgan ic  com ponents o f  th e  sedim ent include 
quartz , pyroxenes (fresh and  p artly  a ltered), basaltic  hornb lende and  occasion­
ally green hornblende, basaltic  glass, palagon ite  g rains an d  m icronodules. 
Y ellowish b row n  aggregates (p robab ly  altered  palagon ite  grains) p redom inate 
in  the  sand  size frac tion  o f th e  sedim ent. These aggregates consist o f m icro­
crystalline, b iréfringent m inerals p robab ly  cryptocrystalline silica and  zeo­
lites. In  add ition , palagon ite  spherulites often co n ta in  segregations o f black 
opaques (ferrom anganese oxides) as specks, globulites and  concentric  rings. 
Som e o f  the  palagon ite  g rains are a lm ost com pletely replaced by  ferro ­
m anganese oxides o f  different shapes and  sizes (PI. 2C). F u rtherm ore , the 
relatively h igh concen tra tions o f  these spherulites o f palagon ite  an d  m an­
ganese oxides are characteristic  o f the sou th  side o f the M endocino  F ractu re  
Zone. Zeolites (phillipsite w ith  its characteristic tw ins, and  o ther zeolites w ith 
tabu lar p lates, sheaf-like aggregates an d  rad ia ting  clusters) occur in  the  sedi­
m ents and the ir con cen tra tio n  increases w ith  depth . Z ircon , ru tile  an d  goethite 
o r hem atite  ? were observed in  these sedim ents. Z ircon , occasionally  epidote, 
b io tite  altered  to  ch lorite  an d  green ho rnb lende appear to  be m ore p rom inen t 
n o rth  o f the  M endocino  F ra c tu re  Z one (C ores 20, 21).

In  C ores 8, 9, 11, 12, 13, 14, 16 and  33, th e  surface layer o f R adio laria-rich  
clay is associated w ith  la rge num bers o f  F oram in ifera, and is designated as 
R a d io la ria -F o ram in ifera-rich  sedim ents (m ixed horizon). Its d istribu tion  is 
also show n in Fig. 2. T he thickness o f this m ixed ho rizon  is quite variable and 
reaches a  m axim um  o f 30 cm  in  core no. 12. C onsiderable m ixing o f sedi­
m ents has been observed in  th is area , p robab ly  due to  the activity o f the m ud- 
feeding anim als a t th e  b o tto m . T h e  above m ixed horizon  passes in to  
F oram inifera-rich  sedim ents in  w hich p lank ton ic  F o ram in ifera  are p re ­
d om inan t in  num ber an d  variety . C occoliths are present. T he to ta l ca rbonate  
con ten t o f  this F oram in ifera-rich  sed im ent ho rizon  varies from  ab o u t 60 to  
80 per cen t o f the to ta l sam ple. T h e  inorgan ic  constituents o f  the sedim ents
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consist o f  p lagioclase, quartz , fresh  and  p artly  altered  pyroxene, b row n  and  
green ho rnb lende , p artly  altered  palagonite , basaltic  glass and  b io tite  altered 
to  chlorite.

D I S C U S S I O N  A N D  C O N C L U S I O N S

T h e descrip tion  o f  sedim ents p resented  above reveals th a t the  area  under 
investigation  consists chiefly o f  tw o  b io-lithologic un its in  the  surface: (1) 
R ad io la ria -F o ram in ife ra -rich  silty clay (m ixed horizon), (2) R ad io laria-rich  
silty clay. T he areal d istribu tion  o f these un its is show n in Fig. 2. T he m ixed 
h o rizo n  is located  in  th e  R idge an d  T rough  P rovince and  is close to  the 
con tinen ta l m argin. T h e  R ad io la ria-rich  clay is the largest u n it p resen t n o rth  
an d  so u th  o f  the  M endocino  F ra c tu re  Zone.

T he p redom inan t color o f  the sedim ents is m edium  yellow ish brow n 
(10YR 5/2), based on  th e  N atio n a l B ureau o f S tandards color chart, d istribu ted  
by  the  N atio n al R esearch  C ouncil. C ores 16, 20 an d  21 located  on the n o r th ­
ernm ost p a rt are m uch  lighter w hereas cores located  close to  the M endocino 
F ra c tu re  Z one are  m uch darker. H ow ever, fo r general descrip tion  an d  dis­
cussion purposes, th e  entire area  covering R ad io laria-rich  silty clay is com ­
m only  described as red  clay ( R e v e l l e , 1944; M e n a r d , 1953).

T he R ad io la ria -F o ram in ife ra -rich  silty clay surface un it m erges in  depth  
w ith  a  ca rbonate-rich  sedim ent ho rizon . F o ram in ifera  and  coccolith  con ten t 
in  th is  horizon  in  som e intervals reaches 60-80 per cent. T he inorgan ic  con­
stituen ts are derived from  b o th  local volcanics and  con tinen ta l ro ck  types 
(C ores 14, 16 and  33). P lagioclase feldspar and  q u artz  p redom inate  and 
basaltic  glass, green an d  basa ltic  hornblende, feebly b iréfringen t m icro ­
crystalline aggregates an d  m ica (partly  a ltered  to  chlorite) a re  com m on. The 
ca rbonate -rich  section  in  dep th  con tains intervals rich  in  zeolites w hich are 
p resen t as tab u la r p la tes, aggregates and  phillipsite (cross tw inned). M icro ­
nodules (m anganese grains) are scattered  th ro u g h o u t the sedim ent. T he zeo­
lites and  m anganese grains are associated  w ith palagonite  and  suggest a  
genetic relationship .

In  C ore 14, the to p  9 cm  is m edium  dusky b row n  (10YR 3/2) and  consists o f 
large am ounts o f  m anganese grains, basaltic  glass and  pyroxene. T his section 
grades into m edium  greenish gray to  greenish gray  w hich in  general is o f 
sim ilar com position. Such a  change in  color a t dep th  m ight possibly be the 
resu lt o f  so lu tion  an d  upw ard  m igra tion  o f  iro n  and  m anganese fro m  the 
deeper sedim ents due to  reducing  conditions and  diagenetic processes peculiar 
to  the  vicinity o f  the  core. I t  m ight also be due to  changes in  the  ra tes of 
deposition .

T h e  R ad io la ria-rich  silty clay surface u n it g radually  grades in to  silty clay 
barren  of R ad io la ria . P e trog raph ie  studies o f the  sedim ents in  b o th  the



2 1 6 NAYUDU, Y. RAMMOHANROY

R adio laria-rich  and  b a rren  clays show  th a t sand-size ino rgan ic  com ponents o f 
th e  region investigated  consist m ain ly  o f volcanic m ateria l o f  basaltic  com ­
position, a lthough  som e am o u n t o f terrigeneous m a te ria l from  the  continen tal 
m argin  is present. T he sand-size frac tion  o f  th e  sed im ent consists largely o f 
m icrocrystalline aggregates o f b iréfringent m inerals (zeolites? an d  crypto- 
crystalline silica?), p ro b ab ly  altered  palagon ite  an d  grains o f palagonite 
w hich have been  replaced by  opaques (ferrom anganese oxides) o f different 
form s an d  shapes (PI. 2C). In  add ition , m anganese grains are im p o rtan t 
constituen ts o f the  sedim ents. T h e  high con cen tra tio n  o f m anganese grains and 
m icrocrystalline aggregates (altered  palagon ite  ?) increases w ith  dep th  in  the 
sedim ents and  are com m only  fo und  sou th  o f th e  fractu re  zone (C ores 15, 17, 
18, 22, 27, 28, 30). In  som e in tervals nearly  60-80 per cent o f the  sand  fraction  
consists only o f  m anganese grains. In  general, sedim ents (sand to  silt size) o f 
the area  consist p redom inan tly  o f  plagioclase feldspar, fresh  an d  partly  
altered pyroxene, basaltic  glass (bo th  siderom elane an d  m ostly  altered 
tachylyte). T he am o u n t an d  sizes o f the above m inerals also increase with 
depth.

T he sedim ents o f  the n o rth e rn m o st p a r t o f th e  R ad io la ria-rich  clay area 
suggest th a t there is a  g rea ter d ilu tion  by terrigeneous sedim ents o f con tinen tal 
origin. I t  has been a lready  p o in te d  o u t th a t th e  color o f these sedim ents is 
lighter th a n  the  sedim ents th a t were found  sou th  o f  b u t very close to  the  
M endocino  F ra c tu re  Zone.

T he n o r th -s o u th  tren d in g  ridges o f the  R idge and  T ro u g h  P rovince effec­
tively inh ib it the  m ovem ent o f  the  sedim ents fro m  the con tinen ta l m argin , 
except th ro u g h  deep-sea channels. T he only channel o f such  im portance is 
the  C ascadia C hannel to  the  no rth , w hich debouches sedim ents fro m  the 
C ascadia A byssal P la in  bordering  the  con tinen tal m argin, to  the sm ooth  
T ufts A byssal P lain . Its so u th e rn  m arg in  is show n in  Figs. 1, 2. T h e  p resen t 
w riter (1962c) has show n th a t in  th e  sou theastern  m arg in  o f the T ufts A byssal 
P la in  there is m ixing o f  sedim ents fro m  a  different provenance. M inerals such 
as b io tite , basaltic  ho rnb lende , zircon, epidote an d  ru tile  fo und  in  the  C ascadia 
A byssal P la in  p redom inate  in  th e  sedim ents w hich are p robab ly  transpo rted  
by  the C ascad ia C hannel.

The influence o f m ineral assem blage described above has been observed to 
a  g reat degree in  C ores 16, 20 an d  21, w hich are located  close to  the  sou thern  
an d  sou theastern  m arg in  o f th e  T ufts A byssal P lain  and  to  a  lesser degree in  
o ther cores located  very  close to  th e  M endocino F rac tu re  Z one. M oreover, the 
m icronodule concen tra tions in  the no rth ern m o st cores a re  also considerably 
less. F u rtherm ore , the  sedim ents n o r th  o f  the  fractu re  zone are rich  in  zircon 
an d  ru tile  ? in  the  fine fraction .

R ev elle  (1944) rep o rted  th a t C arnegie sam ple no. 62 (40° 37 ' N . and 132° 
2 3 ' W .), w hich is located  slightly  n o rth  o f C ore 17, con tained  0 .1 0 %  ZrC>2 ,
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0.79 % T i0 2 an d  1.40 % M n 0 2. H e fu rth e r sta ted  th a t sam ple 62 located  close 
to  the  land is sim ilar to  norm al red clay w hereas, sam ple 61 located  in  the 
T u fts  A byssal P lain , approxim ately  650 miles fro m  shore an d  ab o u t 250 miles 
fa r th e r  northw est o f  sam ple 62, is g ray  clay w ith  terrigeneous influence. 
M u r r a y  (1877), and  M u r r a y  and  R e n a r d  (1891) w ere the first to  suggest 
th a t red  clay was derived from  the decom position  o f volcanic ejecta, although  
M u rra y  adm itted  the possibility  th a t collo idal clay m ateria l carried  in  suspen­
sion  from  land  also con tribu ted  som e p a rt to  the  red clay. O n the  o th er hand , 
R e v e l l e  (1944) strongly favored  the  idea th a t a  considerab le am o u n t of 
red  clay was derived from  soils tran sp o rte d  from  land. B r a m l e t t e  (1961, 
p. 360) recognized the im portance o f the decom posed pyroclastic m ateria l in 
the  fo rm a tio n  o f pelagic clay and  sta ted , “ T h e  pelagic (red) clay still poses 
m any  problem s, such as the p ro p o rtio n  derived fro m  pyroclastics and  the 
various o th er sources.”

H ow ever, the  w riter is inclined to  believe th a t the  no rm al red clay (Carnegie 
sam ple no. 62) w hich is equ ivalen t to  the  d a rk  m edium  yellow ish brow n 
clay described in the area, is p robab ly  due to  the d o m in an t influence of 
decom posed subm arine volcanic m ateria l (m ainly palagonites, basaltic  glass, 
an d  mafics) w hich is derived locally.

N a y u d u  (1959a, b), N a y u d u  and  E n b y s k  (in press), defined seven bio- 
litho log ic un its  in  the  n o rth east Pacific, im m ediately n o rth  o f the M endocino 
F ra c tu re  Z one (no rth  o f 40° N .). These units include R ad io laria-rich  clay in 
the  T ufts Abyssal P lain and  a  G lobiger ina-rich silty  clay band . T h e  R ad io laria- 
rich  clay horizon  o f 7-10 cm  th ick  grades in to  sed im ent b a rren  o f  R adiolaria. 
T he G lobigerina-ñch  silty clay con tains a  considerable num ber o f R ad io laria  
in  the to p  section  (10-15 cm ) w hich grades dow n in to  Globigerina-rich sedi­
m en t o r  ooze, w ith few or no  R adio laria .

T he p resen t study  reveals, as previously m entioned , th a t a  large area  no rth  
and  sou th  o f the M endocino F ra c tu re  Z one consists o f  R ad io la ria-rich  silty 
clay w hich increases in  thickness seaw ard, and  grades dow n in to  sedim ents 
b a rre n  o f R adio laria . H ence, b o th  these horizons are tentatively  correla ted  
w ith  sim ilar horizons from  the  T ufts A byssal P lain  in  th e  no rth . T he surface 
o f  the  m ixed ho rizon  o f R ad io la ria -F o ram in ife ra -rich  silty clay and  the 
F o ram in ifera-rich  horizon  in  the  n o rtheaste rn  region o f  the area  under study 
are  also  ten tatively  correla ted  w ith  the  Globigerina-rich silty  clay b an d  in  the 
n o r th  described in  th e  earlier study.

F ro m  the rad io carb o n  dates in the Globigerina-rich b an d  in  th e  n o rth , it 
has been suggested (N a y u d u , 1964) th a t the upper R ad io la ria-rich  clays 
rep resen t post-glacial sedim ents. T he seaw ard increase o f th e  ra th e r th ick  
R ad io la ria -rich  clay horizon  im m ediately  n o rth  and  sou th  o f  the M endocino  
F ra c tu re  Z one suggests a  h ighly  favorab le  environm ent for R ad io la ria  and  
also  p ro b ab ly  less d ilu tion  by the terrigenous sedim ents.
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M u r r a y  and  R e n a r d  (1891) w ere the  first to  p ro p o se  th a t the  m anganese 
o f nodules is derived from  volcanics. P e t t e r s s o n  (1943, 1945, 1955, 1959) 
strongly  favors the idea th a t m anganese is derived from  pyroclastics decom ­
posing  o n  the  ocean floor. N a y u d u  (1962a, b, 1964) em phasized th a t pala- 
gon itiza tion  is a  p rim ary p henom enon  associa ted  w ith  the  subm arine erup tion  
o f basalts an d  th a t the  basaltic  m agm a builds piles o f  p alagon ite  tu ff  breccia 
in  the  in itial phase o f  subm arine erup tions. In  the  la te r phase, m assive lava 
in trudes the  palagonite  tu ff breccia a n d  develops pillow s, sills an d  laccolith­
like structu res, resulting  in  heterogeneous rock  com plexes. N ay u d u  further 
suggested th a t the a lte ra tio n  an d  decom position  o f  palagon ite  results in the 
con cen tra tio n  o f  ferrom anganese oxide m inerals, zeolites, m ontm orillon ite 
a n d /o r  ca rbonate , and  th a t pa lagon itiza tion  is p robab ly  a n  im p o rta n t first 
step  in  the  concen tra tion  o f  m anganese an d  iro n  in  the nodules. B o n a t t i  

an d  N a y u d u  (1965) presented a  b rie f review o f the  various theories on the 
orig in  o f  m anganese nodules on the  ocean  floor and  suggested th a t subm arine 
volcanism  is a  m ajo r source o f  m anganese.

P etrog raph ie  studies o f  the  dredged sam ples, on  an d  a ro u n d  the M endocino 
F ra c tu re  Z one, show  th a t pyroxene-rich  basalts, palagon ite  tu ff  breccias and 
glassy basalts predom inate . M anganese nodules and  m anganese oxide 
m ineral encrusted  rocks a re  associated  w ith  palagon ite  tu ff  breccia. In  th in  
sections it  is seen th a t segregation, con cen tra tio n  an d  m uch  m igra tion  o f 
ferrom anganese oxides ta k e  place in  palagon ite  (Pis. 1C, 2B). M oreover, it 
w as po in ted  o u t earlier th a t a  considerab le num ber o f palagon ite  grains in 
the  sed im ent w ere replaced by  variously  shaped  ferro -m anganese oxides (PI. 
2C). T he shapes o f these oxides are strik ingly  sim ilar to  th e  shapes o f several 
o f  the  m icronodules p resen t in  th e  sedim ent, thus suggesting the ir genetic 
re la tionsh ip  to  palagonite. H ence, it  appears th a t the m a jo r com ponents of 
th e  sedim ents are derived fro m  basic volcanics, m ainly pyroxene-rich  basalts, 
palagon ite  tuffs and  glassy basalts.

F ro m  the  petrology o f  the  dredged  sam ples o f the  m anganese nodules, 
palagon ite  tu ff  breccias, basalts and  sedim ents, it appears th a t m ost o f the 
red  clay and  the  m anganese m icronodules o f the a re a  have a direct genetic 
re la tionsh ip  to  palagonite  tuffs an d  basalts , w hich are  associated w ith  the 
fo rm a tio n  o f the  m ain  ridge and  any  subsequen t vo lcanism  in  th e  area.
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