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Abs t rac t  

- Analyses o f  po lymeta l l  i c nodules from t h e  c e n t r a l  south Paci f i  c 
and f rom the  unde r l y i  ng sediments i n d i c a t e  t h a t  nodule abundance i s  
a t  l e a s t  p a r t l y  r e l a t e d  t o  the  degree of carbonate d i s s o l u t i o n ,  
which, i t s e l f ,  i s  s t r o n g l y  i n f l uenced  by t he  f low o f  t h e  A n t a r c t i c  
Hottom Mater, The greates t nodul e abundance i s general l y  encounter- 
ed i t i  a 300 t o  400 meter t h i c k  water  l a y e r  s i t u a t e d  between the  
l y s o c l  i n e  and the  c a l c i  t e  compensation depth l eve l s .  Th is  range o f  
depth i s  t t ie f i r s t  and main c o n t r o l l i n g  f a c t o r  of abundance. I n s i d e  
t h i s  range, t h e  bathymetry represents a secondary f a c t o r  i n f l  uenci ng 
both abundance and grade. Some c o r r e l a t i  ons appear l o c a l  l y  between 
nodule grade and abundance. Nodule grade seems t o  be general l y  re -  
l a t e d  t o  the  bottom niorphology. Ni,  Cu and Mn grades a re  p o s i t i v e l y  
co r re la ted  and are I i i ghes t  i n  topographic lows. On the  con t ra ry ,  
Co and Cu a re  nega t i ve ly  c o r r e l a t e d  and Co presents h ighe r  grade on 
topographi c h i  gtis . - 

1 n t roduc t i on  

Recent s tud ies  undertaken by the  Centre Nat iona l  pour 1 ' E x p l o i -  
t a t i o n  des Oceans (Pautot  and Hof fe r t ,  1974; Pautot  and Melguen, 

. 

1975; Pautot  and Melguen, 1976) have s t ressed t h e  importance o f  the  
envi ronment o f  polymetal l i c  nodules iii the  Cent ra l  South Paci Cic. 
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S t r u c t u r a l  Framework o f  t h e  S t u d i e d  Area 
The Tuamotu A r c h i  pe lago ( F i g .  1  ) bound i n  t h e  Idorth by t h e  

Marquesas f r a c t u r e  zone, has been mapped i n  a  genera l  way by Menard 
(1964) ,  Mammerickx e t  a l .  (1975) and i n  more d e t a i l  by Mont i  and 
P a u t o t  (1974) .  The Marquesas f r a c t u r e  zone (F ig .  1 )  was desc r ibed  
by Menard (1964) and mapped by Mammeri ckx e t  a l .  (1972) .  The Mar- 
quesas I s l a n d s  A rch ipe lago  ( F i g .  1 ) ,  composed o f  a  modern ( P l i o -  
P l e i s t o c e n e )  v o l c a n i  c  mass (Duncan and McDougall , 1974), i s  about  
500 km l o n g  and i s  o r i e n t e d  NW-SE. The S o c i e t y  I s l a n d s  A r c h i p e l a g o  
i s  p a r t  o f  a  complex s i m i l a r  i n  s i z e  t o  t h e  Marquesas A rch ipe lago  
and w i  t h  a  t r e n d  which i s  n e a r l y  p a r a l l e l .  

The T i  k i  and t h e  Tapu Bas ins  ( F i g s .  2, 3)  r e s p e c t i v e l y  s i  t u a t e d  
t o  t t i e  s o u t h  and west  o f  t h e  Marquesas I s l a n d s ,  cor respond t o  two 
l a r g e  depress ions  ( w a t e r  depth r e s p e c t i v e l y  g r e a t e r  than 4000 m and 
5000 m) w i t h  r e s p e c t  t o  t h e  average w a t e r  depth  i n  t h e  s t u d i e d  area.  

The Austra l -Cook A r c h i  pe lago ( F i g .  4 )  ex tend i  ng f rom t h e  Cook 
I s l a n d s  t o  t h e  Tubuai I s l a n d s  , i s  o r i  e n t e d  i n  t h e  same d i  r e c t i o n  as 
t n e  Tuamotu A rch ipe lago  and i s  c u t  by Aus t ra l -Mururoa F r a c t u r e  zone. 

C E N T R A L  SOUTH P A C l F l C  

F i  g. 1. Schemati c  rnap from t t i e  Tuamotu-Marquesas area  a f t e r  
ba thyrnet r i  c  maps f r o n  t l o n t i  al id P a u t o t  (1974).  Areas w i  t h  d i  f f e r e n t  
depti-is l e v e l s  a r e  rep resen te i l  by d i f f e r e n t  symbols. 1: t r a c k s  f r o m  
O.V. Le Noro i  t d u r i n g  Transpac 1 c r u i s e .  2: e r o s i o n  f e a t u r e s  d e t e r -  
mined on seisri l i  c p r o f i  l e s .  KS: p o s i t i o n  o f  g r a v i  t y  cores.  B i g  
arrows and d o t t e d  arrows r e p r e s e n t  h y p o t i i e t i c a l  f l o w  o f  AABW (An t -  
a r c t i  c  Bot tom Mater ) .  
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Fig.  2. Uathymetry o f  t n e  T i k i  Bas in  ( a f t e r  Monti  and Pautot ,  
1374) w i  t t ~  p o s i t i o n s  o f  cores (KS) taken d u r i n g  TRANSPAC 1 c r u i s e .  

-The A i t u t a k i  Area (Fig.  4, 51, s i  tua ted  between t h e  western  end o f  
the Southern Cook I s lands  and t h e  Man ih i k i  Plateau,  has been mapped 
by Mammerickx e t  a l .  (1975). A  deep channel i n  t h i s  area was named 
A i t u t a k i  Passage by Pauto t  and Melguen (1976) a f t e r  t h e  name o f  t h e  
nearest  i s l and .  

The Tonga Area (F ig .  5 ) ,  i s l o c a t e d  e a s t  o f  t h e  Tonga t r ench  
and south  o f  200 S. Water depth i s  i n  general  g r e a t e r  than 4500 m. 

Ob jec t i ves  

The purpose o f  t h i s  s tudy i s t o  examine Our p rev ious  hypothesi  s  
(Pau to t  and Melguen, 1976) t h a t  t h e  nodule d i s t r i  b u t i o n  i s c l o s e l y  
l i n k e d  t o  the  d i s t r i  b u t i o n  o f  t h e  A n t a r c t i  c  Bottom Water and, t he re -  
fo re ,  t o  t h e  hydrographi c l y s o c l i  ne 1 eve l  as d e f i  ned by Peterson 
(1966) and l a t e r  discussed by Heath and Culberson (1970), Edmond 
(1971) and Berger (1974). 

'New data  concerni ng the  env i  ronmen t, d i s  tri b u t i  on and compos i- 
t i o i i  o f  t h e  nodules i n  t h e  Cen t ra l  South P a c i f i  c have now been 
k i n d l y  made a v a i l a b l e  t o  us by t h e  CNEXO/SLt3 group1 and AFERNOD~. 
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Fig. 3 .  Bathymetry of t h e  Tapu Basin ( a f t e r  Monti and Pautot ,  
1974). 

We a l s o  received samples (nodules and sediments) from t h e  OKSTOM~ 
lloumea tearn. The new da t a ,  a s soc i a t ed  w i t h  o l d e r  r e s u l t s  obta ined 
dur ing CNEXO/COB4 c ru i s e s  TRAIdSPAC 1 (Panama-Tahi t i )  and TRANSPAC 
I I  (Mururoa-Cal l a o ) ,  have a l  lowed us t o  f u r i h e r  t e s t  O u r  previous 
hypottiesis and t o  study the  importance of bottom topography on 
nodule abundance and grade. 

Presen t  South P a c i f i c  Pa t t e rns  

Anta rc t i  c Bottom Nater Ci r c u l a t i  on 
The course o f  t he  An ta rc t i c  Bottom Water i n  tlie South Pac i f i  c 

Clas been descr ibed ,  a t  l e a s t  p a r t i a l l y ,  by Wooster and Volkman 
(1  960) and more r ecen t ly  by Reid e t  a l .  (1 968), Edmond e t  a l  . 
(1971),  Johnson (1972) ,  H o l l i s t e r  e t  a l .  (1374). 

Group: Centre National pour 1 ' Exploi ta t ion des Oceans/Societé Le 
Nickel . 

Associa t ion Francai s e  pour 1 ' Etude e t  l a  recherche des  Nodules 
Polymc?tall iques  . 

Offi ce de l a  Recherche Sci e n t i  f i que  des  Terri  t o i  r e s  d'outre-Mer. 
Ceiitre Occ?anologi que de Bretagne. 



DEEP WATER CIRCULATION 

' Gerieral rnap o f  t t ie  wiiole s l u d i e d  area. ilashed areas Fig.  L t .  

are shal  lower than 2600 fathoms. Dark arrows a re  represen t ing  w e l l -  
known f l o w  o f  AABW. White arrows are  rep resen t i ng  t h e  h y p o t h e t i c a l  
secondary f l ow  o f  AABW t o  the  East. 

The A n t a r c t i c  Bottom Water AABW en te rs  t h e  P a c i f i c  south o f  
Tasmania and crosses t h e  P a c i f i c  Rise by way o f  f r a c t u r e  zones and 
basins a t  depttis g rea te r  than 4000 m. From t h e  Tonga-Kermadec 
trench, i t  f lows i n t o  the  Samoan Basin (F ig .  4 )  and then i n t o  t h e  
North P a c i f i c  through t h e  Samoan Passage (Reid and Lonsdale, 1974). 
t-lowever, a l 1  t h e  AABW reaching t h e  Samoan Bas in  does n o t  f l o w  
througl i  t h e  Samoan Passage. The A i t u t a k i  Passage i s  a  second pass- 

. age (Pau to t  and Melguen, 1976) t h a t  may pe rm i t  a  branch o f  t h e  
A n t a r c t i c  Bottom Current  t o  reach t he  Penrhyn Bas in  and a l s o  t h e  
Ilarquesas f r a c t u r e  zone and extend i n t o  t h e  T i k i  and Tapu Basins 
(Fig.  4 ) .  Abundant e ros iona l  s t r u c t u r e s  have been revea led by ba- 
thymecri c and geophysic observat ions a lo i ig  d i  f f e ren t  p r o f i  l e s  (F ig .  
6) c r o s s i  ng t h e  Marquesas f r a c t u r e  zone area. Eros iona l  channel s, 
i n  sedirnentary s t r a t a ,  c u t  by near-bottom cur ren ts ,  a r e  common a l  1  
a long t h e  f r a c t u r e  zone (Pauto t  and Me1 guen, 1976), b u t  o n l y  i n  
water depths g rea te r  than 4000 m. 
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Fig.  5. Map of  t h e  Cook-Mani i i ik i  a rea  ( a f t e r  Mammerickx e t  
a l . ,  1975).  A i  t u t a k i  and Tonga areas a r e  two o f  t h e  areas s t u d i e d  
i n  t h i s  paper.  

No c u r r e n t  measurements a r e  a v a i  1 a b l e  i n  t h e  A i  t u t a k i  Passage, 
b u t  a bo t tom w a t e r  p o t e n t i  a l  tempera ture  measurement (1.08' C; 
l i o o s t e r  and Vol kman, 1960) i s  c l o s e  t o  t h e  ternperature ( 0 . 8 ~  C) 
( C r a i g  e t  a l . ,  1972) of t h e  A n t a r c t i c  Bot tom Water f l o w i n g  th rough 
t h e  South West P a c i f i c  Bas in .  Accord ing  t o  C r a i g  e t  a l .  (1972),  
t h e  tempera ture  o f  t h e  AABW v a r i e s  between 0.6O C i n  i t s  deepest  
p a r t  t o  app rox ima te l y  l0 C a t  i t s  upper l i m i  t ( F i g .  7 ) .  The upper  
l i r n i t  i s  no-i; a lways w e l l  d e f i n e d  because o f  t h e  presence o f  a t r a n s -  
i t i o n  l a y e r  (600 m t h i c k )  s e p a r a t i n g  t h e  AAGW, a l s o  c a l l e d  P a c i f i c  
Bottoni  -- Water (P6W), f r o n  t l i e  s h a l  l o w e r  P a c i f i c  Deep N a t e r  (PDW) . 
ihe  upper s u r f a c e  (3330 m) o f  t h e  t r a n s i t i o n  l a y e r ,  wni c h  i s  d e f i  ned 
hy t h e  upper  i n f l e c t i o n  p o i n t  ( F i g .  7) i s  c a l l e d  t h e  " b e n t h i c  f r o n t "  
and may cor respond t o  t n e  "depth o f  no mot ion"  between t h e  w a t e r  , 

masses. 
The AABW i s  one degree c o l d e r ,  much more oxygenated, and conse- 

q u e n t l y  much more agg ress i  ve w i  tii r e s p e c t  t o  c a l c i u m  ca rbona te  t h a n  
t h e  PDW. Hear-bottom p o t e n t i a l  ternperature of 0.83' C measured a t  
5500 m w a t e r  depth  (Re id  and Lonsdale, 1974) i n  t h e  Penrhyn B a s i n  
r ~ i u s t  r e f l e c t  t h e  f l o w  o f  PBW i n  t t i a t  bas in .  T h i s  i s  i n  accordai ice 
w i  t h  t h e  obse rva t i o r i s  o f  Woiig (1972) who suggested t h e  presence o f  
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F i g .  6. Seismic p r o f i  l e s  c a r r i e d  o u t  d u r i n g  TRAIdSPAC 1 c r u i  se 
a long Marquesas F r a c t u r e  Zone. P o s i t i o n  of t h e  t r a c k s  a r e  drawn o n  
F ig .  1. 1. A x i s  o f  t l i e  F r a c t u r e  zone. 2. Deep e r o s i o n a l  sediment-  
a ry  f e a t u r e s .  3. Slump sed imentary  f e a t u r e s .  4. P o s i t i o n  of t r a c k  
l i n e  r e p r e s e n t i n g  3000 m i s o b a t h .  5. 4000 m  i s o b a t h .  6 .  Sediment- 
a r y  cove r .  7. A c o u s t i c  subs t ra tum.  8. L o c a t i o n  o f  g r a v i  ty co res .  

t h e  AABW i n  t h e  Penrhyn Bas i n ,  and between t h e  Ga1 apagos and t t i e  
Marquesas f r a c t u r e  zones ( f r o m  5O t o  10' S and up t o  1  3CI0 W )  . The 
Tapu B a s i n  ( w e s t  o f  t h e  Marquesas I s l a n d s  and sou t l i  o f  t h e  Galapagos 
F r a c t u r e  Zone) can be reached by t h i s  f l o w  because t h e  L i n e  I s l a n d s  
do n o t  cons t i -Lu te  a  con t i nuous  b a r r i e r .  

The Marquesas F r a c t u r e  Zone i s  rep resen ted  by a  deep cnannel  
as f a r  as t h e  southernmost p a r t  o f  t l i e  Marquesas I s l a i i d s .  An i n c u r -  
s i o n  o f  t h e  AABW along t h e  Marquesas F r a c t u r e  Zoiie and the i i  i n  t h e  
T i k i  B a s i n  i s  thus  p o s s i b l e .  

H y d r o l o g i  c measurements were made d u r i  ng t l i e  TRANSPAC c r u i s e s  . 
I n  t h e  lilarquesas F r a c t u r e  Zone we d i d  n o t  o b t a i i i  bo t tom (5000 m) 
t e n p e r a t u r e  measurements , b u t  a t  3800 m  dept l i  t h e  p o t e n t i  a l  temper- 
a t u r e  was 1.68O C whereas i n  t h e  neighborhood t h e  bo t tom i e m p e r a t u r e  
i s  c o n s t a n t  around 1  .7g0 C. T h i s  v a l u e  i s  n o t  a  f i n a l  argument f o r  
t h e  presence o f  t l i e  AABLJ, b u t  a c c o r d i n q  t o  t l i e  o b ~ e r ~ . ~ a t i o n s  o f  C r a i g  
e t  a l .  (1972),  i t  ve ry  p r o b a b l y  r e f l e c t s  t h e  presence, a t  t h i s  
depth, o f  t h e  " t r a n s i t i o n  l a y e r "  i n  t h e  Marquesas F r a c t u r e  Zone. 
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Fig. 7. Depth of the benthic froii-t and of ttie t r ans i  t ion layer  
separa t i  i i g  the  Paci f i  c Bottom lda.;;;.r ( P B \ / )  from ttie Paci f i  c Deep 
Water (PDW) . t p :  teriiperaturè; 5 : sa1 i ni i y ;  02: oxygen conteiit. 
After  Crai g e t  al . (1972). 

Sedimentary Faci es Sampl i n g  and Analyti cal Methods 
Surface sediments and nodules were col lected by means of f r ee -  

fa1 1 grabs . Subsurface sediments were sampl ed by pis ton-cores . 
Sar~ipl e and core location aiid deptli a r e  gi ven in  Appendi x Table 1.  

A visual exarninatiorl of the  sampl es and cores was f i r s t  done 
usi ng the  Munsell color  char t .  We tiien studied t h e  sediment compo- 
s i  t ion ( includi  iig CaC03 content)  and tex ture  by means of smear 
s l  ides .  The Terry and Chilingar (1955) cnar t  was used f o r  est imat-  
i ng the components l frequency . Resul t s  of  the mi croscope analysis  
a re  gi ven in  Appendix Table 2 .  Sedimentary fac ies  were character-  
ized according t o  the DSDP c l a s s i f i c a t i o n  ( ~ o l l i  e t  a l . ,  1978, p .  
27-28) which has been s l i g h t l y  modified. Four groups ( <  I O % ,  10- 
30% 30-60%, and > 60%) of components' frequencies were considered 
f o r  s i l i c e o u s  as  well as calcareous pa r t i  cles.  According t o  these 
di vis ions f i v e  l i  ttiologi c types were considered ( s e e  l i  ttiologi c 
c l a s s i f i c a t i o n  next page). 

I f  nannoplankton i s  the dominant species i n  a calcareous ooze, - 
the fac ies  wi 11 be ca l led  a foramInanno ooze. I he second term i s  
ttie dominant one. For minor, b u t  very s i g n i f i c a n t  components, such 
as zeol i t e s ,  hydroxides o r  vol canic g l a s s ,  two spec i f i  c terms were 
used: 

- "bearing",  which means containing from 5 t o  IO%,  - " r i ch" ,  which means containing f rom 13 t o  20%. 
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Lithologic classification 

% biogenic siliceous particles --------------- -------- Li thologic type ------.- ---- - 
< 10 % Pelagic clay to siliceous 

debris-bearing pelagic clay. 
10-30% ' Siliceous mud. 

% biogenic calcareous particles ----- ---------------- --------- 
< IO % Pelagic clay to carbonate 

debris-bearing pelagic clay. 
10 - 30 % Calcareous mud. 

> 60 % Calcareous ooze. - 

Age de te rm ina t ions  ( p a r t l y  done by C. M ü l l e r )  were based on c a l c a r -  
eous nannopl ankton assoc ia t ions ,  i n  re fe rence  t o  t h e  assoc ia t i ons  
descr ibed by M a r t i n i  (1971). Much o f  t h e  sedirnent was however de- 
vo id  o f  calcareous nanno foss i l s .  A d e t a i l e d  a n a l y s i s  o f  t he  miner-  
alogy, metal con ten t  and carbonate con ten t  o f  t h e  su r face  sediments 
of t l i e  T i k i  Bas in  was done a t  t h e  I n s t i t u t  de G6ologie de St rasbourg 
( H o f f e r t  e t  a l  . , in te rna1  repo r t ,  1978). 

Sedi men t a r y  Faci  es Dis tri b u t i  on 
I n  the  Tuamotu - Arcti ipelago-Marquesas -. - I s l a n d s  - .  area - p i s ton -co res  

were taken a l  ong f i  ve p r o f i  1  es cross i ng t h e  Marquesas f r a c t u r e  zone 
( F i  gs . 1 , 6, 8, Appendi x  Table 1 ). F i  gure 8 g i  ves an exampl e  o f  
a l 1  t h e  types o f  sedimentary f a c i e s  encountered a long  t i l e  N-S p ro -  
f i l e  going frorii t he  Tuamotu Arc t i i  pelago t o  t n e  Nor th  o f  t i i e  Marques- 
as F rac tu re  Zone. Three major  types o f  sediments were encountered: 
ca l  careous t u r o i  d i  tes,  c a l  careous mud/nanno ooze and pe l  ag i  c  c l  ay . 

Calcareous t u r b i d i t e s  a r e  f r equen t  a t  t h e  base of t he  Tuamotu 
Arch i  pelago (co res  KS 11 and 12; Appendix Tab le  2; F ig .  8) as w e l l  
as ai; éhe base o f  t h e  Marquesas I s l a n d s  (ex. core  KS 18, Appendix - 
Table 2 ) .  i hey are c h a r a c t e r i  zed by a  h i  gh carbonate con ten t  ( >  
60%) abundaiit and w e l l  preserved p l  ankton i  c forami n i  f e r a  associ  a ted  
w i  t h  c a l  careous a l  gae despi t e  t h e  r e l  a t i  v e l y  g r e a t  (2594-3650 m) 
water depth. These sedirnents do n o t  con ta i  n  metal hydroxides.  

The assoc ia t i on  calcareous mud-nanno ooze i s  p resen t  i n  co re  
KS 13, as w e l l  as i n  co re  KS 17 (Appendix Tab le  2; Figs. 1, 8) .  The 
P le is tocene  calcareous mud i s  separated f rom t h e  O1 igocene ooze by 
a h i a tus .  Nannoplankton (< 30%) and p l a n k t o n i c  f o r a m i n i f e r a  ( <  5%) 
i n  su r f ace  sedirnents o f  these cores, r e s p e c t i v e l y  taken a t  4350 and 
4125 m water  depth, i n d i c a t e s  t h a t  t h e  CCD on t h e  edge of t h e  T i k i  
Bas in  i s  much deeper than 4350 m. 

Pe lag i c  c l a y s  a r e  t h e  most comnon f a c i e s  throughout  t h e  s t u d i e d  
area (cores  KS 15 and KS 16; Appendix Tab le  2, F ig .  8 ) .  Tliey a r e  
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F i  g. 8. Fac ies  d i  s t r i  b u t i  on a l  ong f i  ve p i s  ton-cores  taken 
a l o n g  a  p r o f i l e  ( ~ i g .  1 )  g o i n g  from t h e  Tuamotu A r c h i p e l a g o  t o  t h e  
N-NW. Ttie d i f f e r e n t  f a c i e s  types  encountered t l i r oughou t  t h e  s t u d i e d  
area a r e  p r e s e n t  a long  t t iese  cores .  

ex t reme ly  homogeneous and r i c h  i n  hydrox ides  ( <  20%) and z e o l i t e s  
( <  25%). The l a c k  of  CaC03 i n  s u r f a c e  sed inen ts  o f  c o r e  KS 15 
( t a k e n  a t  5029 m wa te r  dep t l i )  and t l i e  presence o f  2% of  CaC03 i n  
c o r e  KS 16 ( t a k e n  a t  4725 m wate r  denth)  a l l o w s  us t o  assurie t h a t  
t h e  CCD he re  i s  s h a l l o w e r  t h a n  5000 rli b u t  ve ry  c l o s e  t o  4800 m. 

I n  t h e  T i k i  B a s i n  ( F i g s .  1, 2 )  s u r f a c e  sédiment  c l i a r a c t e r i s t i c s  
(such as CaC03 con ten t ,  sand f r a c t i o n  con ten t ,  S i ,  Fe, Mn c o n t e n t )  
have beeii t e n t a t i v e l y  rnapped by t l o f f e r t  e t  a l .  (1970, i n t e r n a 1  r e -  
p o r t ) .  Ca lc ium carbonate  i s  abundant ( >  60%j  on  topographie t i ig t is  
(wa te r  depth > 4200 m) a d j a c e n t  t o  t i ~ e  blarquesas f r a c t u r e  zone. 
Even i n  t h e  deepest  p a r t  ( >  4300 rn) o f  t h e  bas in ,  sediments s t i l l  - 
c o n t a i n  f rom 10 t o  30% o f  CaC03. I here fore ,  as p r e v i o u s l y  rnentioned, 
t h e  CCU i n  t h e  T i k i  Bas in  as w e l l  as around t h e  Tuamotu I s l a n d s  i s  
much deeper t i ian  4300 m and p robab ly  c l o s e  t o  4500 m, as i n d i c a t e d  
by t h e  cores  taken i n  t h e  T i k i  Bas in  ( F i g .  2, Appendix Tab le  1 ) .  

The deepest  co re  (KS 09) ,  t aken  a t  a dept i i  o f  4453 m, c o n s i s t s  
o f  p e l a g i c  c l a y  c o n t a i n i n g  o n l y  t r a c e s  o f  ca lcareous  nannoplankton 
(Appendix Tab le  2). The sha l  l o w e s t  co re  (KS 08) g i v e s  us some 
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i n d i c a t i o n s  about  t t ie l y s o c l i n e .  The co re  (F ig .  2, Appendix Tab le  
1 )  whict i  c o n s i s t s  ( i n  i t s  upper p a r t )  o f  calcareous mud r e l a t i v e l y  
r i c h  ( <  35%) i n  w e l l  preserved p l a n k t o n i c  fo ramin i fe ra ,  has been 
taken c l ose  t o  t i i e  l y s o c l  i n e  l e v e l .  Thus t h e  l y s o c l i n e  m igh t  be 
c lose  t o  4000 m a t  t h a t  s i  t e .  

I n  t h e  Tapu Basin (F igs .  1, 3 )  no co re  lias been taken. Sur face 
sedimen-ts were however o b t a i  ned d u r i  ng t h e  CNEXO c r u i  se Techno 8 
(Appendix Table 1  ).  The sediroents sampled were assoc ia ted  w i  t h  
nodule sampling. They were taken a t  depths f r o n  4G90 t o  4352 m. 
Al t t iough they a r e  coi lcentrated on t h e  nor theas te rn ,  they g i v e  an 
idea o f  t h e  sedimentary f a c i e s  o f  t h e  Tapu Bas in  edge o f  t h e  basin.  
The s t u d i e d  sediments a re  e s s e n t i a l  l y  p e l a g i  c  c l ay ,  r i c h  i n  hydrox- 
i des  ( <  40%) and z e o l i t e s  ( <  15%) and poor  i n  calcareous p a r t i c l e s  
(Appendix Table ) .  Three samples, however, taken around 4750 m 
water  depth c o n t a i n  f rom 5 t o  30% o f  c a l  careous nannoplankton. Thus 
the  CCD n i g h t  be decper t han  4750 m. I n  f a c t ,  d u r i n g  a  r e c e n t  
c r u i s e  i n  t n e  easternmost p a r t  of t h e  Tapu Basin,  we were a b l e  t o  
t e s t  t h i s  hypothesis and t o  show t h a t  t h e  CCD t ne re  i s  ve ry  c l o s e  
t o  4900 m (SOldNE c r u i s e  06.1, unpubl i shed  r e p o r t ) .  - 

Itie A i tu tak i -Tonga areas (F igs .  4, 5 )  were surveyed by t h e  
ORSTOM irloumea group. The f i r s t  one i s  l o c a t e d  i n  t h e  sou thern  p a r t  
o f  Penrhyn Basi n, between Mani h i  k i  P la teau  aiid t h e  Cool; I s l  ands. 
The l o c a t i o n  of these s t a t i o n s  was chosen t o  conp le te  a  p r e l i m i n a r y  
survey c a r r i e d  o u t  i n  1976 over  t h e  sarne area by t he  C C O P / S P O A C ~  
Tecl in ical  S e c r e t a r i a t  and the  Cook I s l a n d s  Government. 

Oti îer sariiples were ob ta ined  i n  t h e  sout l ie rn  p a r t  o f  t h e  Sarnoa 
Basii i ,  between 23 and 25O S ,  near t h e  Tonga t rench .  

The A i  t u t a k i  area, 1  ocated between t h e  Mani h i  k i  P l  ateau, t i i e  
Soc ie ty  I s l a n d s  and t h e  Souttiern Cook I s l a n d s  (F igs .  2, 5 )  presents  
an i n t e r e s t i  ng sed inent  d i  s  tri b u t i  on p a t t e r n .  Between 4700 and 4800 
n water  depth, pe lag ic  c l ays  a re  dominant, b u t  s t i l l  c o n t a i n  ca l ca r -  
eous p a r t i c l e s  ( f o ram in i  f e r a  = 1-3%; nanno foss i l  s  = ]- IO%). 

A t  g r e a t e r  depths, t h e  p e l a g i c  c l a y s  do n o t  c o n t a i n  any more 
calcareous p a r t i c l e s .  Th is  shows t h a t  t h e  CCD i n  t h i s  area i s  c l o s e  
t o  4800 m o r  even deeper. Consequently, we propose a  CCD 1  eve l  be- 
tween 4309 and 5000 m. 

Cons ider ing t he  p e l a g i c  c l a y  composi t ion,  we may add t h a t  i t  i s  
enr iched i n  hydroxides (10-25%) and zeo l  i t e s  (5-1 5%; Appendix Tables 
4, 5 )  around 5000 m water  depth (Appendix Tab le  1 ) .  There a r e  two 
major f a c i e s  w i  t h i n  t t ie  A i  t u t a k i  area: a  p e l a g i c  c l a y  r i c h  i n  zeo- 
1  i t e s  and b e a r i  ng vo l can i c  g lass  and s i  1 i  ceous debr i s ,  and a  p e l  ag i  c  
c l ay  r e l a t i v e l y  r i c h  i n  s i l i c e o u s  d e b r i s  and bea r i ng  z e o l i t e s  and 
vol can i  c  g l  ass . The f i  r s t  one c t i a rac te r i  zes t h e  area ex tend i  ng 
nor t i i  o f  13O S. Z e o l i t e s  a re  p a r t i c u l a r l y  abundant (10-25%) and o f  
r e l a t i v e l y  l a r g e  s i z e  ( <  63 m) and abundance ( <  3%). Furthermore, 

CCOP/SOPAC: Commi t t e e  f o r  C O - o r d i n a t i o n  o f  j o i n t  p rospec t i  ng f o r  
m inera l  resources.  i n  South Paci f i c  .O f fshore  areas. 
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t h i s  f a c i e s  i s  r i c h e r  t h a n  t h e  p r e v i o u s  one i n  r a d i o l a r i a n s  (5-10%; 
ex. GT. 204, 21 1, 213, Appendix Tab le  4 )  b u t  much p o o r e r  i n  v o l c a n i c  
g l a s s  ( <  1%) .  

Near t h e  Tonga Trench ( 2  23O S; F i g .  5 ) ,  sediments d i  f f e r  i n  
an obv ious  way f r o m  those o f  t h e  A i  t u t a k i  area by t h e i r  r e l a t i v e  
r i c h n e s s  i n  v o l c a n i c  g l a s s  (10-25%) and s i l i c e o u s  d e b r i s  ( <  10%). 
Th i s  i n c r e a s e  i n  s i  l i c e o u s  d e b r i  s p r o b a b l y  r e f l e c t s  r e l a t i v e  i n -  
crease i n  t h e  ocean ic  f e r t i l i t y .  

Evo l  u t i o n  o f  I4odul e D i s t r i b u t i o n  and Compos i t ion  
\Ji t h  Respect To l i a t e r  Uepth And Topography 

D u r i n g  TRAiilSPAC c r u i s e s  ( 1  and I I ) ,  o n l y  few nodu les  ( =  3 kg/ 
m2) were recove red  f r o n  t h e  Marquesas and Tuamotu a reas  ( P a u t o t  and 
Hoffer-i;, 1974). tiowever, i n  t h e  l i g h t  o f  Our f i  r s t  o ~ s e r v a t i o n s  
( P a u t o t  and H o f f e r t ,  1974; P a u t o t  and Melguen, 1975, 1376) we sug- 
gested t h a t  t h e  presence o f  nodu les  seemed t o  be r e l a t e d  t o  t h e  f o l -  
l o w i  ng condi  t i o n s :  

- an 01 d oceani  c c r u s t  (up  t o  15 my) , 
- a rnoderate t h i c k n e s s  o f  sedin ientary cover ( l e s s  than  100 m),  
- a w a t e r  depth c l o s e  t o  t h e  CCD, 
- a smooth ba thymet ry .  
I n  o r d e r  t o  s u b s t a n t i  a t e  these  t e n t a t i v e  o b s e r v a t i o n s ,  as wel 1 

as t o  d e f i n e  more c l o s e l y  t h e  genera l  r e l  a t i o n s n i  p between t h e  dens- 
i t y  and grade o f  nodules and t h e i r  o c e a n i c  env i ronnen t ,  we have 
s t u d i e d  r ~ u c h  new d a t a  i n  each of  t h e  areas ment ioned. Severa l  hun- 
dreds o f  sarnples have been t a k e n  by t h e  CIdEXO/SLi'J Group and AFERNOU 
around t h e  Tuamotu A r c h i  pe lago,  t h e  Marquesas A r c h i  p e l  ago, a long 
t h e  Marquesas f r a c t u r e  zone, i n  t h e  Tapu and t h e  T i  k i  Basins.  Loca- 
t i o n  o f  t hese  sanples,  d e n s i t y  and compos i t i on  o f  nodu les  a r e  n o t  
p resented  he re  because t l i ey  a r e  s t i  11 under  i n d u s t r i a l  s e c r e t .  kle 
show t h e  e v o l u t i o n  o f  nodu le  d e n s i t y  ( c o n c e n t r a t i o n  on t h e  sea 
f l o o r )  and grade (meta l  c o n t e n t )  w i  t h  i ncreas ing  w a t e r  dept i i .  Nod- 
u l  e abundance was de termi  ned u s i n g  b o t h  t h e  wei g h t  o f  t h e  nodules 
recovered by  f ree- fa11 grabs and t l i e  abundance observed on  bot tom 
pt iotographs. 

Tuamotu-Marquesas Area ( F i g .  1 ) 
The qenera l  d i s t r i  b u t i o n  o f  nodu le  abundance w i t h  r e s p e c t  t o  

w a t e r  dep th  ( F i g .  9) i n  t h e  whole Tuamotu-lkrquesas area  shows ob- 
v ious  t r e n d s .  

F i  r s t  o f  a l  1, no nodu les  have been found between O and 3900 m. 
Secondïy, a decrease o f  abundance seems t o  appear a t  w a t e r  depit is 
g r e a t e r  t t ian  5000 m. One riiay no te ,  however, t h a t  o n l y  v e r y  few 
samples have been t a k e n  a t  suc l i  w a t e r  depth  i n  t h i s  a rea .  

t l i gh  nodu le  abundance occurs  betwcen 4000 n and 5000 m wa te r  
depth  ( F i g .  9 )  w i t h  maximum abundance (up  t o  10 kg/m2) between 4350 
and 4900 rii w a t e r  deptt i .  As t h e  samples a r e  comi ng f rom ai l  e x t e n s i v e  
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TUAMOTU AREA (GENERAL) 

NOOULES ABUNOANCE 

Fig .  9.' I iodul e  abundance versus water  dept t i  i n  t h e  whole 
Tuamotu-Marquesas area. 1, 2, 3, 4  r ep resen t  values f rom f o u r  d i f -  
f e r e n t  C i iEXO c r u i  ses. 

area, i t  i s  d i f f i c u l t  t o  determine i n  more d e t a i l  d i s t r i b u t i o n  pa t -  
te rns .  

T i  ki-Marquesas Area (F igs .  1  , 2)  
As i n  "Lie previous area, h i  gii nodule abundance i s  found be- 

tween 4000 and 5000 m water  depth (F i g .  10).  South o f  t n e  Marquesas 
f r a c t u r e  zone, t he  nodule d i s t r i b u t i o n  i s ,  however, d i  f f e r e n t  f rom 
t h a t  encountered no r t h  o f  t h i s  zone. I n  t h e  T i  k i  Basin,  south  o f  
the  Marquesas f r a c t u r e  zone, t h e  h i g h e s t  nodu le  abundances have been 
found be-tween 4000 m and 4350 m wa te r  depth (F i g .  1 ). Nor th  o f  t h e  
Marquesas f r a c t u r e  zone, h i g h e s t  d e n s i t i e s  a r e  found a t  g r e a t e r  
water  depéh (4500-4900 m). Above and below these wa te r  l e v e l s ,  t h e  
nodule abundance decreases dras ti c a l  l y  . 

Thi s  ana l ys i s  under l  i n e s  some i n t e r e s t i n g  obse rva t i  ons : 
- i n  a  g iven  morphost ruc tura l  l o c a t i o n ,  a  p r e f e r e n t i a l  wa te r  

depth i s  associated w i  t h  t l i e  maxirilum abundance o f  nodules, - the  nodules are  d i s t r i b u t e d  tnrough a  range o f  water  dept t i  
o f  about 300 o r  400 meters, 

- maximum values o f  abundance a r e  s i t u a t e d  i n  t h e  lower  p a r t  
of t h i s  range. 
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TIKI - MARQUESAS AREA 

NODULES ABUNDANCE 

Fig. 10. Nodule abundance versus water depth in tiie Tiki Basin 
and North of the Marquesas f r a c t u r e  zone. 1 :  north of the Marquesas 
f r a c t u r e  zone; 2 :  south of the  Marquesas f r ac tu re  zone; 3: zones of 
highest  densi-ty south and north of ttie f r ac tu re  zone. 

Ni and C u  grade do not show the same type of cor re la t ion  wi t h  
water deptii (Fig. 11 and 12) .  In t h e  deptti interval  (4000-4350 m )  
where nodules a r e  the most abundanl, 14i and C u  grade i s  very s c a t -  
tered.  tiigh Ni grade (,i .e. about 1.5%) i s  found between 4100 and 
4400 m water depth. There may be an i l  l-defined trend w i  th a maxi- 
mum around 4350 m. In t h i s  case,  maximum abundance values and maxi- 
mutii Ni content a re  i n  concordance near 4350 m. 

Concerning tlie di s t r i  bution of C u  content a t  i ncreasing water 
depth, we may a l so  note t h a t  ttie hi ghest values (about 1%) are  a l  so 
sca t t e red  be-Lween 4000 and 4350 m (Fig.  12) ,  b u t  with a swarm of 
values around 4300 m. 

In b r i e f ,  the  p re fe ren t i a l  depth f o r  nodule exploration in  t h e  
Tiki Basin sceriis t o  be 4350 m. A t  t h i s  d e p t h ,  t h e  highest  values 
of nodule abundance and grade converge. 

Aitutaki Area (Figs .  4 ,  5) 
Nodule abundance presents a c l e a r  naximum between 4800 and 5200 

m water depth (Fig.  13) where nodule concentration varies  from 5 t o  
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Ni CONCENTRATION 

Fig .  11. Nodule composi t ion (= Ni concen t ra t ion )  versus wate r  
depth i n  the T i k i  Basin. H ighes t  grade i s  comprised between 4000 
and 4350 m. 

25 kg/n2. Bel ow 5200 n, tii i s concen t r a t i  on decreases markedl y. 
Consequently, t he  4800-5200 m depth range appears as be ing  t h e  p re f -  
e r e n t i  a l  depth f o r  nodule d i s t r i b u t i o n  i n  t h e  A i  t u t a k i  area. 

ide may no te  (Fig. 14) t h a t  N i  con ten t  increases (0.2-1.1%) w i t h  
i nc reas ing  water  depth, and t h a t  Cu values e x h i b i  t t h e  same tendency 
t o  enrictiment w i t h  i nc reas ing  water depth b u t  p resen t  lower grade 
(0.2-0.7%, Fig.  15). Co grade shows no c o r r e l a t i o n  w i  t h  water  depth 
and presents i t s  h ighes t  va lue-  a t  4800 m and a t  5200 m water  depth 
(F ig .  16).  

I n  b r i e f ,  no concordance appears between maximum nodule abun- 
dance and maximum grade i n  the  A i t u t a k i  area. 

Tapu Basin ( F i  gs. 1, 3) 
The Tapu Basin was s tud ied  f i r s t  on a  reg iona l  s c a l e  and then 

on a  more de ta i  l e d  one. 
Tfie reg iona l  study be ing  focused on a  smal l  area charac te r i zed  

by a  r e l a t i v e l y  constai i t  water  deptii, we were n o t  ab1 e  t o  show a  
general p a t t e r n  concerning tne nodule d i s t r i  b u t i o n  i n  t h e  Tapu Bas i n .  
However, i appears t h a t  nodule concen t ra t ions  show g rea î  v a r i  a t i  ons 
(0-10 kg/m ) and are very  sca t t e red  w i t h i n  a  water  dept i i  i n t e r v a l  o f  
200 m (4800-5000 m; Fig. 17). I n  t l i i s  i n t e r v a l  t t ie  N i  + Cu concen- 
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Cu CONCENTRATION 

F i  g. 12. Nodu1 e  compos i t i on  ( =  Cu c o n c e n t r a t i o n )  versus w a t e r  
depth  i n  t h e  T i  k i  Uasin.  H i g h e s t  grade i s  comprised between 4000 
and 4350 ni. 

t r a i i o n  ( F i g .  113) e x h i b i  t s  va lues  around 2% w i  t h  maximum of 2.5%. 
The d e t a i l e d  s t u d y  was c a r r i e d  o u t  around 7O S  and 146' W on 

t h e  f l a n k  o f  t h e  Tapu Basin,  a l o n g  two c r o s s i n g  t r a v e r s e s .  One hun- 
d r e d  f r e e - f a 1 1  grabs were made on each t r a v e r s e  (NS and EN) w i t h  a  
mean spac ing  o f  300 t o  500 m. 

The s t a t i o n s  a r e  r e g u l a r l y  spaced on each t r a v e r s e .  I n  o r d e r  
t o  s imp l  i fy t h e  r e p r e s e n t a t i  on o f  t n e  r e l  a t i o n s h i  p e x i  s t i  ng between 
t h e  nodu le  d i s t r i b u t i o n  and t h e  b o t t o n  topography, o n l y  t h e  depth  
of t h e  f r e e - f a 1 1  grab  s t a t i o n s  were r e p o r i e d  ( F i g s ,  19, 20).  S ta-  
t i o n  deptt is were then j o i n e d  t o  each o t h e r  by a  s t r a i g h t  l i n e .  We 
thus  o b t a i  ned a  schernati c  r e p r e s e n t a t i o n  o f  t h e  topography a l  ong 
b o t h  t r a v e r s e s  o f  t h e  "c ross " .  

The purpose of t h i  s  d e t a i l e d  s t u d y  was t o  compare t h e  nodul e  
c h a r a c t e r i  s t i  C S  w i  t h  two assoc i  a t e d  i m p o r t a n t  f a c t o r s  o f  t h e  ocean ic  
envi ronment :  t h e  dept i i  and t h e  topograpt iy  o f  t h e  ocean f l o o r .  

Depth and topogkaphy o f  t t i e  ocean f l o o r .  Mean dept t i  i s  4900 m 
w i  tti h i g h s  s h a l  l ower  t t ian 4700 m anci deeps around 5100 m (F igs ,  19, 
20).  ~ o r ~ l i o l o ~ ~  i s  smoot i ier  and rounder  on t h e  NS p r o f i l e  than on  
t h e  EIJ p r o f i l e  ( ~ i g s .  19, 20). One can d i s t i n g u i s h  sharp  r e l i e f s ,  
rounded h i  11 s, perched p l  ateaus, rough r e l  i ef ,  v a l  l eys .  

Nodule abundance a l o n g  b o t h  p r o f i l e s  (F igs .  19, 2 0 ~ ) .  Nodule 
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Fig. 13. Nodule abundance versus water depth i n  the  Ai tu taki  
area.  1 : data from Landmesser e t  a l .  (1976); 2: ORSTOM/CNEXO da ta .  
Highest densi t i e s  between 4800 and 5200 m. 

abundance ( i n  areas  where they a r e  present)  general ly  va r i e s  from 
2.5 kg/m2 t o  5.0 kg/m2 (F igs .  19,  20). 

Nodules a r e  rare: 
- on s t eep  flanks of h i l l s ,  
- on low and smooth areas .  

Greater abundance is  noted: 
- on gent le  s lopes of h i l l s ,  
- on perched plateaus and i n  area of rough r e l i e f .  

The re la t ionship  e x i s t i  ng between abundance and topography i s 
much c l e a r e r  along the North-South Pro f i l e  ttian along the  East-West 
P ro f i l e  (Figs. 19, 20). . - 

Nodule grade-along both profi  1 e s  (Fi gs, 19, 206). Mean concen- 
t r a t i o n s  of Tai + C u  in  t h i s  area va r i e s  from 1.8% t o  2.0%. Values 
a re  sca t t e red  along botn p r o f i l e s ,  w i  thout showing a c l e a r  cor re la-  
t i o n  w i  t h  the topography (Figs.  19, 20).  On rough topographic fea-  
tu res ,  however, the nodule grade i s  lower than along gen t l e  s lopes .  
A p r o f i l e  of s t a t i o n s  elsewhere i n  Tapu Basin (sanie a rea )  was anal-  
yzed by V.  Rendard (person. commun.) i n  order  t o  eval uate the  rel  a- 
-tionship between the bottom morphology and the grade of t r a n s i t i o n  
elements (Fig. 21) .  This approach, e lenent  by element, i s  more 
ref ined than the previous one, in  which IJi and C u  content was taken 
as  a whole. Figure 21 c l e a r l y  shows a pos i t ive  corre la t ion  between 
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F ig .  14. Nodule compos i t ion  ( =  N i  concen t ra t ion )  versus wa te r  
depth i n  t h e  A i  t u t a k i  area. H i  ghest  grade near 5400 m. 

Cu grade and topograph ic  lows. The iii grade i s  l e s s  w e l l  c o r r e l a t e d  
w i t h  depressed fea-hures. Co grade appears opposed t o  t h e  Cu grade, 
w i  t h  h i  gher va l  ues on topographi  c  h i  ghs. Mn grade appears t o  f o l  - 
low t he  same v a r i a t i o n s  as Cu and N i  grade. The enr ichment i n  Cu 
i n  topograph ic  lows r i i ight be r e l a t e d  e i  t h e r  t o  t h e  general en r i ch -  
ment o f  t h e  nodules i n  Mn oxides,  o r  t o  t h e  presence of t o d o r o k i t e  
which i nco rpo ra tes  s e l e c t i v e l y  I l i ,  Cu and Mn i n  deep wa te r  areas 
(Cronan and Toons, 1969; Cronan, 1977). 

Nodule s i z e  d i s t r i b u t i o n  a long bo th  p r o f i l e s  (Figs.  19, 20s). 
By measuring t h e  l e n g t h  o f  t h e  ma jo r  a x i s  o f  t h e  nodules, f i v e  
c l  asses were determi ned: c l  ass 1  (O t o  1  cm), c l  ass 2  ( 1  t o  2 cm), 
c l ass  3  ( 2  t o  3  cm), c l ass  4 ( 3  t o  4 cm), c lass  5 ( 4  t o  5 cm). 

Classes 1 and 2 a r e  dominant and o f t e n  assoc ia ted  (F igs ,  19, 
20). tlornogeneous popu la t ions  ( 1  and 2 )  a re  v i s i b l e  on srnooth r e l  i e f s  
o r  h i gh  p la teaus  w i t i i  one c l ass  dominant ( 1  o r  2 ) ,  and presence o f  
o t h e r  nodu le  types i n  va r i ous  p ropo r t i ons .  La rges t  nodules a r e  
gei ieral  l y  found i n  depressed areas and va l  leys .  Along sharp r e l i e f s ,  
smal l  nodules ( c l  ass 1  and 2)  a re  dominant. 

Nodule morphology a long bo th  p r o f i l e s  (F igs .  19, 20M). The 
f o l l o w i n g  c l a s s i  f i  c a t i o n  i s  used i n  t h i s  paper: mononodules, po l y -  
nodul es and debr i s .  Mononodul es are  coup1 ed o r  coa l  escen t nodul es. 
Debri  s  whi cli a r e  mi n l y  broken, f l  a-t tened ovo id  mononodul es a r e  
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F ig .  15. Nodule compos i t ion  ( =  Cu concen t ra t i on )  versus wa te r  
depth i n  t he  A i  t u t a k i  area. t j i ghes t  grade near  G400 m. 

l a r g e l y  dominant i n  t h i s  area. 
Unbrclken ovoïds are p resen t  on g e n t l e  h i 1  l s ,  and i r r e g u l a r  

nodul es are  p r e f e r e n t i  a l  l y  found on and around topograph i  c  h i  ghs. 
Polynodul es a re  s e l  dom observed. 

Nodule s e t t i n g  and envi ronment ( f r o m  bot tom photographs).  
Study o f  bot tom photograptis shows t h a t  nodules a r e  general l y  pa r -  
t i a l  l y  b u r i e d  w i  t h i  n t h e  sediments. A l  1  photographs emphasi ze t h i s  
phenornenon. Furthermore, i n  c e r t a i n  cases, one can guess t h e  pres-  
ence o f  nodules on the  bot tom o n l y  th rough a smal l  rnound s t i c k i n g  
o u t  througi i  sediment. Some p i c t u r e s  even g i v e  t h e  impression o f  a 
f o s s i l  nodule f i e l d  i n  t h e  process o f  be ing  bu r i ed .  

D iscuss ion 

I n  t h e  l i g h t  o f  t he  p rev ious  observa t ions ,  we a re  now a b l e  t o  
draw some general conc lus ions about t h e  nodu le  abundance and grade 
d i s t r i b u t i o n  i n  t h e  Cen t ra l  South P a c i f i c .  

F i  r s t  of a l  1, nodules a r e  general l y  found between 4000 m and 
5200 m, and n o t  deeper. They seem t o  be concen t ra ted  i n  a 300/400 
m- th ick  depth i n t e r v a l .  T h i s  i n t e r v a l  i s  n o t  everywtiere t he  same 
b u t  v a r i e s  f rom one area t o  t h e  o the r ,  as f o l l o w s :  
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F i g .  16. t iodule compos i t i on  ( =  N i  c o n c e n t r a t i o n )  versus w a t e r  
depéh i n  t h e  A i  t u t a k i  area.  H i g h e s t  grade near  5400 m. 

4000-4350 m i n  t h e  T i  k i  B a s i n  
4500-4800 m n o r t h  o f  t h e  Marquesas f r a c t u r e  zone, 
4800-5000 m i n  t h e  Tapu area,  
4800-5200 m n t h e  A i t u t a k i  area.  

W i  t h i n  t h i s  dept i i  range o f  p e r f e r e n t i a l  maximum d i s t r i  b u t i o n  
e x i s t s  a c e r t a i n  l e v e l  a t  w h i c h  abundance and grade a r e  i n  good con- 
cordance. The abundance parameter  i s  rep resen ted  by a c u r v e  sl iowi ng 
a peak i n  a g i v e n  300/400 m - t h i c k  i n t e r v a l ,  w i  t h  maximum va lues  a t  
base o f  t h e  peak. The grade parameter  i s  genera l  l y  rep resen ted  by 
a s t r a i g h t  l i n e  wh ich  e x h i b i t s  a grade i n c r e a s i n g  w i  t h  depth.  

These two parameters may o r  may n o t  be i n  good concordance. The 
abundance peak may cor respond t o  maximum grade ( l i  k e  T i  k i  Bas in  
around 4350 m); o r  t h e  abundance peak may be s i t u a t e d  above t h e  max- 
imum grade (li k e  A i t u t a k i  Passage around 5200 m). T h i s  c o n c l u s i o n  
c o n t r a d i c t s  t h e  o b s e r v a t i o n s  o f  Menard and F r a z e r  (1973) f o r  t h e  
whole Paci  f i  c Ocean. 

Mater  dep-th p l a y s  o b v i o u s l y  a m a j o r  r o l e  i n  t h e  d i s t r i  b u t i o n  
o f  rnanganese nodu les .  Topography o f  t h e  sea f l o o r  appears t o  be, 
however, an i r ~ i p o r t a n t  secondary f a c t o r  c o n t r o l l  i ng t h e  abundance as 
w e l l  as t h e  grade of nodules ( F i g s ,  19, 20, 21). 

Areas o f  srnooth r e l i e f  and g e n t l e  s lopes  have t h e  h i g h e s t  dens- 
i t y  of nodules. Areas of sha rp  r e l i e f  a r e  on t h e  c o n t r a r y ,  un favor -  
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F i  g . 17. Nodule abundance versus  w a t e r  depths i n  t h e  Tapu 
Basin.  t i i g h e s t  d e n s i t y  between 4800 and 5000 m. 

a b l e  i n  terms o f  abundance as w e l l  as grade. Depressed a reas  and 
v a l l e y s  a l s o  have low abundances b u t  p r e s e n t  t h e  h i g h e s t  c o n t e n t  
i n  Cu. 

There fore ,  w i  t i i i n  a 200 m t h i  ck depth  i n t e r v a l  , t h e r e  a r e  sec-  
ondary f l u c t u a t i o n s  wt i ich a r e  r e l a t e d  t o  t h e  l o c a l  topography and 
a re  superimposed on ma jo r  ones i h a t  a r e  1 i n k e d  t o  more r e g i o n a l  f a c -  
t o r s  c o i i t r o l l  i n g  t h e  sed imentary  f a c i e s ,  such as t h e  bo t tom c i r c u l a -  
ti on and oceani c f e r t i  1 i ty. 

We have been p a r t i c u l a r l y  impressed by  t h e  f a c t  t h a t ,  i n  most  
o f  t h e  cases, t t i e  p r e f e r e n t i a l  dep th  o f  nodu le  d i s t r i b u t i o n  was n o t  
o n l y  below t h e  Ben th i c  F r o n t  and t h e r e f o r e  w i t h i n  t h e  P a c i f i c  Bo t tom 
Na te r  mass ( F i g  . 7) ,  b u t  genera l  l y  w i  t h 1  n t h e  dept l i  i n t e r v a l  separ -  
a t i n g  t h e  c a l  c i  t e  l y s o c l  i ne from t h e  C a l c i  t e  Compensation Depth  
(CCD). The concept  of t h e  l y s o c l  i n e ,  i n p l  i c i t  i n  t h e  f i n d i n g s  o f  
Peterson (1966),  Berger (1967) ,  Ruddiman and Heezen (19G7), was i n -  
t roduced t o  denote a s u r p r i s i n g l y  w e l l  d e f i n e d  f a c i e s  boundary zone 
between wel 1 p reserved and p o o r l y  p rese rved  forar i i i  n i  f e r a 1  assemb i ages 
on t l i e  f l o o r  o f  t h e  At1 a n t i  c Ocean (Berger ,  19U8), and on t h a t  o f  t h e  
South P a c i f i c  (Berger,  1970a, Pa rke r  and Berger,  1971 ) .  The l y s o -  
c l i n e  i s  genera l  l y  envisaged as t h e  l e v e l  a t  wh ich  t h e r e  i s  a maximum 
change i n  t t ie composi t i o n  o f  c a l  careous f o s s i  1 assembl ages due t o  
d i f f e r e n t i a l  d i s s o l u t i o n .  I n  areas o f  low ocean ic  f e r t i l  i ty, such  
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F i g .  13. Nodule c o m p o s i t i o n  ( =  N i  + Cu c o n c e n t r a t i o n )  versus 
w a t e r  d e p t h  i n  t h e  Tapu Bas in .  H i g h e s t  c o n c e n t r a t i o n s  a r e  s c a t t e r e d  
between 4700 and 5200 m. 
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as r e l a t e d  t o  t h e  aggress iveness o f  t l i e  bot tom w a t e r  masses, t h e  
l y s o c l  i n e  corresponds t o  t h e  "hyd rog rap l i i  c  l y s o c l  i n e "  as d e f i  ned 
b y  Peterson (1966) .  

I n  t h e  C e n t r a l  South  P a c i f i c  t h e  l y s o c l i n e  i s  c l o s e  t o  4000 m 
(Berger,  1970b, 1971, 1976; P a r k e r  and Berger,  1971 ; R o t h  and Berger ,  
1975, Be rge r  e t  a l . ,  1976) ,  and t h e r e f o r e  w e l l  beneath t h e  B e n t h i c  
F r o n t  wh ic l i  marks t h e  l e v e l  a t  wh ich  t h e  d i s s o l u t i o n  o f  f o r a m i n i  f e r a  
i s  f i  r s t  obv ious  (Berger ,  197G). The sharpness o f  t h e  t r a n s i t i o n  
zone f rom h i  gh t o  low va lues  o f  carbonate  v a r i e s  f rom a r e a  t o  area, 
w i  tii a  mean v a l  ue o f  300 rn i n  t l i e  s t u d i  ed area (Be rge r  e t  a l .  , 
1976) .  Acco rd i  ng i o  Be rge r  e t  a l  . (197G), t h e  CCD i n  t h e  T i  k i  , Tapu 
and A i  t u t a k i  areas, v a r i e s  between 4200 r11 and 5000 n ( F i g .  22, a  and 
b)  . B e r g e r ' s  v a l  ues a r e  n o t  i n  compl e t e  agreement w i  t l i  Our observa-  
t i o n s ,  a c c o r d i  ng  t o  w t i i  cti we propose t h e  f o l  l o w i  n g  CCD va lues:  

4500 m f o r  t h e  T i k i  B a s i n  
4900 n f o r  t h e  Tapu B a s i n  
4800-5000 rn f o r  t h e  A t i  u t a k i  -Tonga area. 

The d i sc repancy  between t l i e  e s t i m a t e s  o f  Be rge r  e t  a l .  (1976) 
and ou rs  c o u l d  be e x p l a i n e d  p a r t l y  b y  t h e  f a c t  t h a t  Berger  e t  a l .  
cons ide red  t l i e  10% CaCO3 l e v e l  as b e i n g  t h e  CCD l e v e l ,  and p a r t l y  
because t h e  d e n s i t y  o f  Our d a t a  i n  t l i e  g i ven  a r e a s  i s  l o c a l l y  
g r e a t e r  -khan B e r g e r ' s .  

TAPU BASIN 

Ni + Cu CONCENTRATION 

. . 0 .  . . . . . . . 
Z IC 

. 
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Fig .  19. Oe ta i l ed  s tudy a long  a west -east  p r o f i l e  i n  t h e  Tapu 
Basin.  Re la t i onsh ip  between wa te r  depth, topography and: nodu le  
abundance, grade, s i  ze, morphology. 
A (abundancc) : 1. densi t y  2 5 kg/m2; 2 .  densi t y  conpr i sed  between 

2.5 and 5 kg/m2; 3. no nodules. 
G (di + Cu grade) : 1 . grade > 2 .O%; 2 .  grade compri sed between 2 . O  

and 1 .8S; 3. grade compri sed between 1.8 and 1 .5%.  
S ( s i z e ) :  1 t o  5.  nodules s i z e  i n c r e a s i n g  f rom c l ass  1 (0-1 cm) t o  

c l ass  5 (4-5 cm). 
il (morphology) : 1 . nodules o f  ovo'i'd shape; 2. nodules o f  i r regu-  

l a r  shape; 3. nodules deb r i s ;  4 .  coupled nodules o r  po lynodu les ;  
5. nodules o f  geoyd shape. 
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F i g .  20. Deta i  l e d  s-tudy a long  a n a r l h - s o u t h  p r o f i l e  i n  t i i c  
Tapu Easi  n. R e l a t i o n s h i p  between w a t e r  depth, topography and: 
nodu le  abundance, grade, s i  ze, morphology . 
A (abundance) : 1 .  dens i  ty > 5 kg/m2 ; 2 .  densi  t y  compr ised between 

2.5 and 5 kg/m2; 3. no nodules.  
G (N i  + Cu grade) :  1. grade > 2.0%; 2. grade compr ised between 2.0 

and 1 .2%;  3.  grade compri sed between 1 .8 and 1.5%. 
S ( s i z e )  : 1 t o  5.  nodules s i z e  i n c r e a s i n g  f rom c l a s s  1 (0-1 cm) t o  

c l a s s  5 (4-5 cm). 
M (morphology)  : 1. nodules o f  o v o i d  shape; 2. nodu les  o f  i r r e g u l  a r  

shape; 3. nodu le  d e b r i s ;  4. coup led  nodules o r  po lynodu les ;  5. 
nodules o f  geoTd shape. 
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F ig .  21. De ta i l ed  s tudy by V .  Renard (pers .  commun.) o f  t h e  
r e l a t i o n s h i p  between topography and nodule grade (Cu, N i ,  Mn, Co 
con ten t )  w i  t h i n  t h e  Tapu Basin. 

Concl us i on  

Our hypothesis concerning t h e  nodu le  d i s t r i  b u t i o n  i s  based 
main ly  on Our CCD es t imates .  \Je conclude t h a t  i n  t h e  Cent ra l  South 
Paci f i  c, manganese nodul es a re  found w i  t t i i  n  a p r e f e r e n t i  a l  dep th  
i n t e r v a l ,  between the hydrograph ic  l y s o c l  i n e  and t he  c a l c i t e  compen- 
s a t i o n  depth, and t h a t  they a r e  concen t ra ted  w i  t h i n  a very s p e c i f i  c  
sedinentary f a c i e s ,  c a l  1 ed the  "W-facies" (F i g .  22c).  - 

I h i s  so-cal led  "N- fac ies"  o r  " nodu le - r i  ch  f a c i e s "  corresponds'  
t o  t l i e  "R-fac ies"  de f i ned  by Berger (197G) as be ing a r e s i d u a l  f a -  
c i es  g r e a t l y  enr iched i n  d i s s o l u t i o n - r e s i s t a n t  fo ramin i  f e r a  species.  
Bottom Water C i r c u l a t i o n  and carbonate d i s s o l u t i o n  seem t o  be t h e  
major con t r o l l  i ng f a c t o r s  o f  t h i  s  d i  s  tri bu t i on ,  whi 1 e bot tom topog- 
raphy appears t o  p l ay  a secondary r o l  e. 

This concl  us ion deal i ng w i  t h  t h e  Marquesas-Tonga area i n  t h e  
South P a c i f i c  might  n o t  be app l i cab le ,  f o r  example, t o  t h e  C l a r i o n -  
C l i ppe r t on  a rea  i n  t he  IJorth Paci fi c. 
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Fig. 22. a )  f luc tua t ions  of the  C C D  leve ls  ( i n  meters) in  t h e  
wtiole Paci f ic  Ocean. 1 .  Tapu Basin; 2 .  Tiki Basin; 3 .  Aitutaki-  
Tonga area.  Af ter  Berger e t  a l .  (1 976). 
b) d i s t r ibu t ion  of CaC03 content i n  the sediment a t  increasing 
water deptii, a f te r*  Berger e t  a l  (1976); 1 .  Ti ki Basin area 2 on 
Fig. 22a; 2. Tapu Basin, a rea  1 on Fig 22a. 
c )  Model of forar~i d isso lu t ion  f a c i e s  ( lysocl ine  and C C D )  i n  a N-S 
profi l e  ttirough tlie cetilral Pacifi  c  ( a f  t e r  Berger, 1976). The "I4- 
faci  es"  or  " nodul e s - r i  ch fac i  es"  corresponds t o  the  "R-faci es" 
( residual  f ac ies  y rea t ly  enrictied i n  r e s i s t a n t  foraminifera spec ies)  
of Berger (1976, p. 313). 
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careful ly  typi ng the manuscri p i .  
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