
1963 G EOCHEM ISTRY---------------  - jrT^ NO. 5

DA T A  ON THE G E O C H E M I S T R Y  OF  

M A N G A N E S E  N O D U L E S  F R O M  THE INDIAN  

O C E A N

D .N .  PACHADZHANOV, G. A. BANDURKIN, 
A. A. MIGDISOV and Yu. P . GIRIN

V. I. V e rn a d sk i i  In s t i tu te  of G e o c h e m is t r y  
and A n a ly t ica l  C h e m is t r y  

A cad em y  of S c ie n c e s ,  USSR, M oscow

(ABSTRACT)

A n a ly se s  a r e  g iven  f o r  the  c o re  and o u te r  co l l i f o rm  sh e l l  of a  manganese 
nodule  c o l le c ted  a t  a  dep th  of 5000 m in the  Indian O ce an ,  and fo r  the red clay 
th a t  e n c lo s e s  the n odu les .  T r a c e  e le m e n ts  d e te r m in e d  inc lude  r a r e  earths ,  
Nb, T a ,  T h ,  and V.

T he  c o r e s  of the nodu les  w e re  once  c o m p o sed  of b a s a l t i c  ro c k ,  but now 
a r e  p h i l l ip s i te  and n o n tro n i te .  T he  o u te r  s h e l l  is  com p osed  of manganite , with 
adm ixed  q u a r t z ,  p h i l l ip s i te ,  and s o m e  geo th i te .  The c o r r e l a t i o n s  established 
between th e  r e d o x  p o te n t ia l s  and th e  co n c e n t ra t io n  coe ff ic ien ts  f o r  12 element! 
ind ica te  th a t  E h  p lay s  a  g r e a t e r  r o l e  in the  fo r m a t i o n  of th e  m anganiferous 
sh e l l s  than  c o p re c ip i t a t io n  p r o p e r t i e s .

INTRODUCTION

In te r e s t  in a b y s s a l  o c ean ic  s e d im e n t s  h a s  g row n  c o n s id e ra b ly  in recent 
y e a r s ,  and p a r t i c u l a r  a t te n t io n  h as  been  paid to m a n g a n e s e  nodules  that occur 
o v e r  v a s t  a r e a s  of the  ocean  f lo o r  [1-5]. The m a n g a n e s e  nodu les  of the Pacific 
and A tlan t ic  o c ea n s  have  been  s tu d ied  in so m e  d e ta i l ,  but t h e r e  is li tt le infor
m ation  on m a n g a n e s e  no du les  f r o m  the  Indian O cean .

T he  m a t e r i a l s  u sed  in th i s  in v e s t ig a t io n  w e re  m a n g a n e se  nodules  and rod 
clay co l lec ted  by L. M. K h itro v  a t  s t a t io n s  4575 and 4555 in the Indian Ocean 
dur in g  th e  1959-1960  c r u i s e  of the  o c e a n o g ra p h ic  v e s s e l  " V i t y a z " ’ (see map 
[6]), The m a t e r i a l s  w e re  co l lec ted  f r o m  a  dep th  of 5000 m e t e r s .
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MINERALOGICAL DESCRIPTIO N  OF THE S A M PL ES

The nodu les  a r e  f la t tened  e l l ip s o id a l  b o d ie s  tha t  r a n g e  f r o m  3 to 20 cm  in 
length. N odules  f r o m  s ta t io n  4575 have  a  w e ll  defined w hite  c o re  and a b lack  
outer s h e l l ,  but nodules  f r o m  s ta t io n  4555 have  e i t h e r  a  v e r y  s m a l l  c o re  o r  
none a t  a l l .  T he  o u te r  sh e l l  h as  a w e ll-d e f in e d  c o l lo fo rm  s t r u c tu r e .

M inera log ica l  in v es t ig a t io n  of the  sh e l l  show s th a t  i t  i s  c o m po sed  of Fe(III)- 
manganite and adm ixed  q u a r t z ,  p h i l l ip s i te ,  and a  s m a l l  am o u n t  of geo th i te .

The m a n g a n e se  m in e r a l  w as  iden t if ied  a s  F e ( I I I ) -m a n g a n i te  on th e  b a s i s  of 
the s im i la r i ty  of i t s  X - r a y  pow der p a t t e rn  (Table 1) to  th e  p a t t e r n  ob ta ined  by 
"’user f r o m  nodules  f ro m  the P a c i f ic  [7],

T a b le  1

O u te r  Shell of Nodule f r o m  s ta t io n  4575.
Nodule f r o m  s ta t io n  4575.

C o re  of

d/n ' 1 d/n / II d/n | I d/n ;

4,07 1 1,535 3 4,97 3 1 ,891 0,5
4,28 1 1,416 7 4,46 9 1 ,833 2
3,73 0,5 1,368 6 4,02 4 1,779 3
3,34 10 1,284 1 3,76 3 1,714 3
3,19 5 1,254 1 3,53 4 1,671 3
2,95 0,5 1,223 0,5 3,34 1 1,628 2
2,46 7 1 ,195 2 3,19 10 1,605 1
2,27 1 1,179 2 3.00 1 1,506 8
2,13 1 1,077 3 2,95 2 1,473 4
1,988 0,5 1 ,046 1 2,82 4 1,364 0,5
1,915 0.5 1,031 2 2,71 6 1 ,343 2
1 ,876 0,5 1,012 1 2,51 7 1,298 3
1,818 4 _- __ 2,39 1 1 ,257 3
1,727 0,5 _ _ 2,07 2 1,216 2
1.CG4 2 _ _ 2,00 3 1 ,163 1

- - 1 ,152 1

D -  57. 3 m m ; F e  rad ia t io n .
P ho to g rap h s  by K. F e d o to v a ,  c a lc u la te d  by A. Volkova. 
N ote : All c o m m a s  a r e  eq u iv a len t  to d e c im a l  po in ts .

B u se r  iden t if ied  h is  m a t e r i a l  by c o m p a r iso n  w ith  the  X - r a y  pow der p a t t e rn  
of syn thetic  F e (III) -  m an ga  n i te ,  w hich  is  M n(II ) -m an gan i te  (Mn20 ? ' n H 2O) with 
Mn(IV) p a r t ia l ly  r e p la c e d  by Fe(III). T h is  m in e ra l  h a s  the  s t r u c t u r e  of l i th io — 
phorite. The c o r r e c tn e s s  of th is  id en t if ica t io n  of th e  p r in c ip a l  m i n e r a l  in  the  
Indian Ocean nodu les  a s  F e ( ]H )-m an g an i te  i s  c o n f i rm e d  by the  fa c t  th a t  a l 
though th e  m in e ra l  con ta ins  a c o n s id e ra b le  am oun t of i r o n  (~18% F e 20 3), the 
powder pho tographs  show only a s m a l l  am o un t of f r e e  i r o n  hy d ro x id e  (geothite) .

The co re  of the  nodu les  i s  com posed  m a in ly  of p h i l l ip s i te  m ixed w ith  n o n -  
tronite  (Table 1).

ANALYTICAL METHOD 

The r a r e  e a r t h s  w e re  d e te rm in e d  a s  h y d ro x id e s  and o x a la te s  a f t e r  p r e l im in a r y
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M ang anese  n o d a les  f r o m  s ta t io n  4575 

a ~ p o l i s h e d  s u r f a c e ,  b —g e n e r a l  view

e n r i c h m e n t  by X - r a y  s p e c t r o g r a p h ic  a n a ly s is  on the  DRUS in s t ru m e n t  in the 
X - r a y  l a b o r a to r y  of the  IMG RE [8]. N iobium  and ta n ta lu m  w e re  determ ined  
sp e c t ro c h e m ic a l lv  by an im p ro v ed  m ethod  d e s c r ib e d  in [9],

V anadium  and th o r iu m  w e re  d e te r m in e d  by m e th o d s  d e s c r ib e d  in the l i te ra
tu r e  [10, 11], and the a lk a l i s  (Na and K) w e re  d e te r m in e d  by f l a m e  photometry.

DISCUSSION OF RESULTS

As can be seen  f ro m  T a b le s  2, 3, and 4, t h e r e  is  a  s h a r p  d if fe ren ce  be
tween the c h e m ic a l  co m po s it io n  of th e  c o re  and the  o u te r  sh e l l  of the manga
n e se  nodu les ,  The o u te r  s h e l l s  a r e  s i m i l a r  in co m p o s i t io n  to the o u te r  Mn-Fc 
sh e l ls  of the  no du les  f r o m  the  P a c i f ic  O cean [2, 12, 13, 14],

T h e re  is  v e ry  l i t t le  in fo rm a t io n  on the co n ten ts  of R E ,  Nb, and T a  in the 
no du les ,  and fo r  th i s  r e a s o n  we sh a l l  d i s c u s s  o u r  d a t a  in s o m e  d e ta i l .

The co m p o s i t io n  of the  RE g ro up  in the nodu les  f r o m  the  Indian Ocean is 
c h a r a c t e r i z e d  by a  Cc m ax im u m  and a s m a l l  Dy m a x im u m .  a.nd may be called 
s e le c t iv e ly  c e r i a n .  In th e i r  c e r i a n  c h a r a c t e r  the m a n g a n e s e  nodules  resemble 
o th e r  d e e p - s e a  s e d im e n t s  (for e x a m p le ,  see  the d a ta  on the  com posit ion  of 
ph ospha t ie  no du les  f r o m  the  P a c i f ic  [11] and E l W a k e e P s  d a ta  [4]), but they 
exhib i t  a  g r e a t e r  d e g r e e  of se le c t iv i ty .

It w as  shown by R ank am a  (10] th a t  m an g a n e se  nodu les  a r e  s t ro ng ly  enriched 
in Nb as  co m p a re d  w ith  o th e r  d e e p - s e a  s e d im e n ts .

O ur d a ta  show tha t  the  Indian O cean  nodules  a r e  e n r ic h e d  in Nb, and also 
tha t  niobium and tan ta lu m  a r e  s e p a r a te d  in the p r o c e s s  of fo rm a t io n  of the 
n odu les .  Two f a c t o r s  a r e  ev id en t ly  r e s p o n s ib l e  fo r  the  s e p a r a t i o n  of these 
v e ry  c lo se ly  r e l a te d  e le m e n ts .

F i r s t ,  b e c a u s e  of i t s  g r e a t e r  c h e m ic a l  i n e r tn e s s  ta n ta lu m  d oes  not pass Into 
so lution a s  r e a d i ly  a s  n io b iu m , and seco n d ,  in aq u e o u s  so lu t io n s  niobium Is 
" m a sk e d "  by t i tan iu m  to  a  g r e a t e r  d e g re e  than ta n ta lu m  [17], a s  shown by the 
constancy  of the  N b /T i  r a t i o ,  and n iob ium  fo l low s t i ta n iu m  d u r in g  the formation 
of the nodu les  (T ab le  5).
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T ab le  2

Chemical O o j^p o s i t i^ i jo f  M anganese  Nodules a r ^  ^ e d  C la^  t. %)

Compo
nents

Nodule, s ta .  4575 Red
c lay ,

s ta t io n
4575

C o m po 
nen ts

N odule, s t a .  4575 Red
c lay ,

s ta t io n
4572

o u te r
she l l c o re o u te r

sh e l l c o re

SiO*
TiO*
Al^Oj
F e A
FeO
MnO

15.29 
1 ,44 
5,37

17,78
0,85

22.30

47,11
1,77

13,67
14,29
0,38
0,46

46,38
0,74

17,26
6,62
0,52
0,68

MgO 
CaO 
Na,0 ■ 
KtO 
P A  . 
Corg

not d e t .  
not d e t .  

2,43 
0,47 
0,48 
0,36

4,22 
2,21 
3,77 
1,03 
0,13 
0,45

3,29
0,74
5,72
2,71

not de t .  
1,04

N. V. Y e re m e y e v a ,  an a ly s t .
Note: All c o m m a s  a r e  eq u iva len t  to d ec im a l  po in ts .

T a b le  3

C onten t 'Q ^.ce  E le m e n ts  (wt. %)

E lem en t
Nodule f r o m  s ta .  4575 Nodule f r o m  s ta .  4555 Recl-clay,

. /Station
4572

o u te r
she l l

c o re ou te r
sh e l l c o re

-

N b A
T a A

V
Th

IR E

42,0.10"? 
0,21 -10 

9,0.10 1 
20,6-10 * 

0,20

11. t0~< 
2,79.10"* 

1 ,8 .10"J 
3 ,7 -10‘*

not de t .

not d e t .  

6,5*10'* ^
23- iO ~ A

0,10

nopve t .

7,7-10 4
not de t .

22,6-10"* 
0,85.10'* 

not de t .  
12,8.10"* 
not de t .

Note: All c o m m a s  a r e  eq u iv a len t  to  d e c im a l  po in ts .

To d e te rm in e  the o r ig in  of th e  m a n g a n e se  nodu les  we e x am in ed  the  conten t 
and p rop o r t io ns  of c e r t a in  e le m e n ts  in  th e  fo llow ing s e r i e s  of ro ck s :

j I. Shale 
J  (argillite)

HI. D e e p - s e a  clay IV. Red d e e p - s e a  
clay

!V. O u te r  M n-Fei 
! sh e l l  of nodules  !

II. B asa l t VI. C o re  of j 
nodu les  |

In this s e r i e s  of r o c k s ,  two m e m b e r s  (I and II) a r e  a p p a re n t ly  the  p r in c ip a l  
source of d e e p - s e a  se d im e n ts .  M em b e r  I is t e r r i g e n o u s  m a t e r i a l  (clay s u s 
pension) with the a v e ra g e  co m p o s it io n  of a r g i l l a c e o u s  s e d im e n t s  ( a r g i l l i t e  o r  
shale accord ing  to T u re k ia n  and Wedepohl [IS]) and m e m b e r  If i s  a  p ro d u c t  of 
subm arine  v o lc an ism  (basalt) .

The r e s t  of the  m e m b e r s  r e p r e s e n t  a  s ing le  g en e t ic  s e r i e s  of d e e p - s e a  d e 
posits that r e f l e c t  s u c c e s s iv e  s t a g e s  of a l t e ra t io n  of the in i t ia l  m a t e r i a l .  The
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m a n g a n e se  no du les  a r e  th e  f in a l  p ro d u c t  of this 
p r o c e s s .

E x am in a t io n  of th e  c h e m ic a l  a n a ly s e s  given 
in T ab le  5 le a d s  to  a  n u m b e r  of co nc lus ions .

1. The s i m i l a r i t y  b e tw een  th e  conten ts  and 
r a t i o s  of s o m e  of the  e le m e n ts  (Mn, F e ,  Ti,  
T h ,  T i / A l ,  K /N a) in  b a s a l t s  and in  the co res  
of th e  nodu les  s u g g e s t s  th a t  th e  c o r e s  w ere  
f o r m e d  m a in ly  f r o m  v o lcan ic  m a t e r i a l .

2. In th e  o th e r  m e m b e r s  of the  s e r i e s  
( f ro m  s h a le  to th e  o u te r  s h e l l  of th e  nodule), 
t h e r e  a r e  r e g u l a r  i n c r e a s e s  in the  contents of 
N i*, Co*, Mn, and Ce w h ile  the  co n ten ts  of 
F e ,  V, T i ,  T h ,  and Nb r e m a i n  con s tan t  through 
th e  whole s e r i e s  e x c e p t  in th e  o u t e r  sh e l l  of 
th e  n o d u le s ,  and th e n  r i s e s  a b ru p t ly .  The 
co n ten t  of lan than um  i s  co n s ta n t  throughout 
the  s e r i e s , and the  co n ten ts  of A1 and Ta de
c r e a s e  in th e  o u te r  sh e l l  of th e  nodules .

3. An in t e r e s t i n g  f e a tu r e  of th e  s e r i e s  is 
the  tendency  of c h e m ic a l ly  r e l a t e d  e lem ents  
to  s e p a r a t e .

F o r  in s ta n c e ,  the  N b /T a  r a t i o  which is
13. 8 in  the  s h a l e s  i n c r e a s e s  in the  abyssal red 
c lay  to 22. 6, and r e a c h e s  170. 5 in the outer 
sh e l l  of the  no du les .  Some o th e r  r a t io s  be
have  in the s a m e  way.

4. T h e  e le m e n ts  a r e  c o n c e n t ra te d  to d i f fe re n t  d e g r e e s  in the  o u te r  shell of 
the n odu les .  A r r a n g e d  in the  o r d e r  of d e c r e a s in g  c o n c e n t ra t io n  coeffic ients, 
th e  e le m e n ts  fa l l  into the  fo llow ing sequence :**

Mn -  Co-. Ni Ce-» V -  Fc-» Nb -  Ti Th -  La A1 -  Ta. m
(103) ( i l l )  (HI)  ( IS )  (7)  ( 1 7 )  ( I I )  ( l )  (1.7) (J.S)  (Q. « )  (0.01) H I

As can be seen  f r o m  th is  s e q u e n c e ,  e l e m e n ts  w ith  v a r i a b le  v a lenc e  have 
the  h ig h e s t  c o n c e n t ra t io n  co e f f ic ie n ts .

The c o n c e n t ra t io n  co e f f ic ien t  of i r o n  may have  a  h ig he r  v a lu e  because  the 
nodules  an a ly zed  a r e  r e l a t i v e ly  low in i r o n  as  c o m p a r e d  with the Fe-M n 
nodules  d e s c r ib e d  in the  l i t e r a tu re * * * .

If the s a m e  e le m e n ts  a r e  a r r a n g e d  in the o r d e r  of d im in ish in g  redox  poten
t i a l ,  they  g ive  the  fo l low ing  s e r ie s :* * * *

* D a ta  f r o m  r e f e r e n c e  [IS],
con ten t of the e le m e n t  in the

„. t o u te r  sh e l l  of the no du les  Tf .,** T he  coe ff ic ien t  of c o n c e n t ra t io n  = ---------------   ■- :——r —,---------- . If theco n ten t  in sh a le
conten t of an e le m e n t  in the  red  c lay  is  tak en  a s  the n u m e r a to r  the values of 
th e  c o e f f ic ien ts  d e c r e a s e  but the g e n e ra l  tend enc y  is p r e s e r v e d .

***It  should be noted  th a t  s in c e  the a v e ra g e  Fe  con ten t in c lays  is  (-'4.7%) 
i t s  c o n c e n t ra t io n  coe ff ic ien t  canno t  be h ig h e r  than  —15.
***“ V a lu es  of Eh a r e  g iven f o r  pH - 8 [2 0 ,’ 21].

T a b le  4

C onten t of the  R a r e  
E a r th s  (% of E RE = 100)

E l e 
m en t

S K E ,
s ta .4 5 7 5

C o re ,
s ta t io n

455 5

LsjOj 7,71 3,67
CeO, 55,67 67,43
P r A 6,86 1,38
N d A 6,42 8,73
SnqOj 1 ,71 2,75
EujOj 0,43 0,91
Gd A 0,43 2,29
Tbto , 0,22 0,46
Dy2Oj 14,13 3,67
H o A 1,28 0,91
E r A 1,28 2,29
T u A 0,43 0,46
YbjOj 3,00 4,59
L u A 0.43 0,46

T 100,00 100,00

Note: All c o m m a s  a r e  
e q u iv a len t  to 
d e c im a l  po in ts .
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T a b le  5

The T ab le  is  B ased  on Our D ata  (for Red Clay and Nodules) and on 
the  D a ta  of T u rek ia n  and W edepohl [IS]

E le m e n ts
and

r a t i o s

Shale
(I)

D eep -  
s e a  c lay  

(III)

Red c lay  
(IV)

O u te r  
she l l  of 
Nodules  

(V)

B a s a l t
(II)

C o re  of 
N odules  

(VI)

Mn 0,085 0,67 0.52 17,25 0,15 0,35
0,94*

Fe 4,72 6.5 5,04 12,7 8,65 10,3
Mn/Fe 0,02 0,1 0,1 1,3 0,017 0,03
CodO"1 0,19 0,74 0,90 23 0,48 not det .
NidO 0,08 2,25 2,60 60 1,3
Co/Ni 0,28 0,33 0,35 0,30 0,37 »
V-10"1 1 ,3 1,2 1,3 9,0 2,5 1,8
Al 8,0 8.4 9,15 3,04 7,8 7,24
Ti 0,40 0,40 0,44 0.86 1,38 1,01
Ti/Al • 100 5,7 5,4 4,8 28,2 18,0 14,2
NbdO"1 11,0 14,0 15,0 29,0 19,0 1,0
Nb/Ti d0~J 24 30,0 35,4 33,7 13,8 7,3
TadO"* 0,80 ■ — 0,69 0,17 1,10 2,33
Nb/Ta 13,8 — 22.6 170,5 1,3 3,28
LadO'3 9,2 12,0 5,5-13,0** 13,0 1,5 not dot.
CedO'3 5,9 13,0 14,0 89,5 4,8 »
ThdO"4 12,0 7,0 12,8 20,0 4,0 3,7

0,48K/Na 2,77 0,63 0,53 0,22 0,40

* L a n d e r g r e n ' s  d a ta  [19].
** D ata  f o r  the Indian O cean  a f t e r  E l W akeel e t  a l  [4]. 
Note : All c o m m a s  a r e  equ iva len t  to  d e c im a l  p o in ts .

N i2~ 3 C o 2"*'3 M n2~ 4 C e3~ 4 V4"*5 F e 2~ 3 
+ 0 .8 2  +0.G5 + 0 .54  + 0 .3 5  +0.05 - 0 . 2

(2)

A c o m p a r iso n  of s e r i e s  (1) and (2) show s tha t  the  se q u e n c e  of the  f i r s t  
three e le m e n ts  i s  r e v e r s e d ,  while the  se qu ence  of the o th e r  t h r e e  e le m e n ts  r e 
mains the s a m e .  T h is  can be exp la ined  in the fo l low ing  way. T he  v a lu e s  of 
Eh and pH in the ocean  m e a s u r e d  by s e v e r a l  in v e s t i g a to r s  [22-25] a r e  as  
follows:

N e a r -b o t to m  s e a  w a te r  pH 8, Eh + 0 .4
Red a b y s s a l  c lays  pH 8, Eh +0. 4; +0. 6
A byssa l ooze  ben ea th  r e d  c lay  pH 7 -8 ,  Eh up to -0 .  2

When the bo un dary  be tw een  the oxidiz ing  and r e d u c in g  zo n es  r i s e s ,  the
sediments e n te r  a zone w ith  low er Eh v a lu e s  and th e i r  co n s t i tu e n t  e le m e n ts  
are reduced and p a s s  into so lu t io n  [26], E le m e n ts  w ith  high r e d o x  p o ten t ia ls  
are m o re  e a s i ly  r e d u c e d ,  t h e i r  c o n c e n t ra t io n s  in the  p o re  s o lu t io n s  i n c r e a s e ,  
and they d iffuse  to w a rd s  the su r f a c e  of the  s e d im e n ts  w h e re  t h e i r  c o n c e n t r a 
tions a r e  lo w er .  As the  e le m e n ts  m ove  u p w a rd s ,  th o se  w ith  the h ig h e r  p o ten 
tials a r e  p re c ip i t a te d  f i r s t ,  and the  r e s u l t  of th e s e  two p r o c e s s e s  i s  a  s t ro n g  
fractionation of the  e le m e n ts .  M a n ganese ,  fo r  e x a m p le ,  h a s  a  h ig h e r  red ox  
potential than iron  and will p a s s  into so lu tion  m o r e  r e a d i ly  in the  redu c ing
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zone. At the  s a m e  t i m e ,  d u r in g  th e  upw ard  m o v e m e n t  i r o n  b e c a u s e  of i t s  
low er  po ten t ia l  w ill  be  p r e c ip i t a te d  s o o n e r  than  m a n g a n e se .

T hu s ,  so lu t io n s  n e a r  the  s u r f a c e  of th e  s e d im e n t s  w ill  be e n r ic h e d  in man
g a n ese  a s  co m p a re d  w ith  i ro n .  T h e  f r a c t io n a t io n  of th e  e le m e n ts  is  enhanced 
a s  th is  p r o c e s s  i s  r e p e a t e d  ag a in  and ag a in  w ith  g r a d u a l  b u r i a l  of th e  s e d i
m en ts* .

The m a x im u m  v a lu e  of Eh in the  bo ttom  e n v i r o n m e n t  is  t-0. 6 (approximately 
equal to th e  re d o x  p o ten t ia l  of Mn), and e le m e n ts  w ith  h ig h e r  p o te n t ia l s  a r e  
d if f icu l t ly  ox id ized .  T h e r e f o r e ,  the  high c o n c e n t r a t io n s  of Ni and Co in the 
nodules  a r e  only p a r t ia l ly  exp la ined  by ox idat ion . A d e f in i te  ro l e  i s  played 
h e r e  by th e i r  c o p re c ip i t a t io n  w ith  Mn h y d ro x id e s  [27, 28}. E le m e n ts  with 
red o x  p o te n t ia l s  c lo s e r  to  th e  r e d o x  p o ten t ia l  of Mn w il l  be c o p re c ip i ta te d  to 
a  g r e a t e r  d e g r e e .

In v iew  of a l l  t h i s ,  s e r i e s  (1) and (2) m ay  be c o n s id e re d  id e n t ic a l  fo r  e le 
m en ts  w ith  v a r i a b l e  v a len c e .

T hu s ,  th e  c l e a r  c o r r e l a t i o n  b e tw een  the r e d o x  p o te n t ia l s  and the  concentra
tion coe ff ic ien ts  of Mn, C o, Ni, C e, V, and F e  in th e  m a n g a n e se  nodules  indi
ca te s  th a t  Eh p lay s  th e  m o s t  im p o r t a n t  r o l e  in  th e i r  c o n c e n t ra t io n .

The co n c e n t ra t io n  of the  e le m e n ts  w hich  do not change th e i r  v a len ce  in the 
deep  s e a  e n v i ro n m e n t  (Th, Nb, Ti)** ev iden tly  is  c aused  by so r p t io n  on Mn 
h y d ro x ides  [28, 29],

S u m m a ry

1. New d a ta  have  been  ob ta ined  on th e  co n ten ts  of s o m e  r a r e  e lem en ts  (RE, 
Nb, Ta) in m a n g a n e s e  nodu les  f r o m  the  Indian O cean .

2. T h e  d a ta  o b ta ined  su g g e s t  a  g en e t ic  r e l a t i o n  be tw een  th e  c o r e  of the 
nodules  and v o lcan ic  m a t e r i a l .

3. T h e  c o r r e l a t i o n  e s ta b l i sh e d  be tw een  the re d o x  p o te n t ia l s  and the con
c e n t r a t io n  co e ff ic ien ts  f o r  s o m e  e le m e n ts  in the  m a n g a n e s e  no du les  indicates 
th a t  Eh p lays  the  d o m in a n t  ro l e  in  the fo r m a t io n  of the  nod u les .

In co n c lu s io n  the  a u th o r s  e x p r e s s  t h e i r  th ank s  to L. M. K h i t ro v  fo r  provid
ing m a t e r i a l  f o r  th i s  in v e s t ig a t io n ,  to a l l  th e i r  a s s o c i a t e s  who helped  in the 
r e s e a r c h ,  and to  A. B. R onov f o r  r e a d in g  the  m a n u s c r ip t  and m ak ing  a  number 
of va lu ab le  c o m m e n ts .
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