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Abstract 

Detailed bathymetric surveys from part of the Central Indian Ocean 
revealed several bathymetric features such as hills, slopes, valleys, 
and plains. Areas with a local relief of a few to hundreds of meters 
generally have a high abundance of polymetallic nodules with a 
patchy distribution. Areas with less relief have lesser abundance 
but a regular distribution. North-south topographic profiles have 
a smoother sea floor than the east-west ones. Near the minor faults, 
the abundance is high. Mn,Ni,Mn/Fe levels are higher in the plain 
areas, and rough terrains have high Fe,Co and low Mn/Fe levels. 

Introduction 

Polymetallic nodules are distributed worldwide; al- 
though they have been studied for about a century, 
the factors responsible for their variety in abundance, 
chemistry, and growth are not fully understood. High 
abundances ( I0  to 15 k g / m  2) of  polymetallic nodules 
and up to 2.5 percent for N i + C u + C o  combined are 
found in the Central Indian Ocean Basin and the Pa- 
cific Ocean. However,  considerable variation is no- 
ticed in the distribution and chemical composition of  
the manganese nodules from the Central Indian Ocean 
Basin. It is necessary to study the reasons for these 
variations to make an assessment of  the economic fea- 
sibility of  nodule sites and for design of  a mining sys- 
tem. 

During the 'Surveys for the Polymetallic Nodules, '  
Conducted by the National Institute of  Oceanography 
in Goa, detailed echosounding surveys and nodule 
Sampling with free fall grabs were undertaken in the 
Central Indian Ocean Basin. It is shown on the 12 
kHz echosounding records that topographic relief of  

a few to hundreds of  meters is quite common. In this 
report, an effort is made to illustrate the bathymetric 
complexity of  the region and establish relations be- 
tween topography and the distribution of the poly- 
metallic nodules. For comparison, both the large-scale 
regional and small-scale local topography of the area 
are considered. 

The study is important in the assessment of eco- 
nomic feasibility of  nodule deposits and the investi- 
gation of  small-scale bathymetric obstacles that are 
l ikely to cause problems for the mining system to be 
developed. Bathymetry (water depth and topography) 
is a key factor in mine site sizing (Kaufman t974). 
Besides from these long-term economic implications 
of  the study, small-scale geological processes respon- 
sible for the varying abundance of ferromanganese 
nodules can be deciphered. 

A number of bathymetric and basement features were 
encountered during the cruises, such as abyssal hills 
that reach heights up to a few hundred meters, slopes, 
and valleys. The average water depth is around 5,200 
m. The ruggedness of  the basement floor is consid- 
erable both regionally and locally. The local microre- 
lief is suggestive of  the synchronous tectonic activity 
with sediment deposition (Van Andel and others 1973). 

Previous Work 

Studies have been performed in the Pacific Ocean to 
establish a relationship between topography and dis- 
tribution of polymetallic nodules. Results indicate that 
nodules are more abundant in areas of high relief such 
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as the Clarion-Clipperton zone (Craig 1979). Maxi- 
mum nodule coverage (Moore and Heath 1966) oc- 
curred on the steepest slopes, as well as on local to- 
pographic highs, hill tops, and slopes (Frazer and Fisk 
1981). There is inverse relationship between grade and 
abundance of  the polymetalic nodules (Menard and 
Frazer 1978). The abundance increases with depth and 
is high on the periphery and the flanks of  abyssal hills 
and low in the troughs (Peutot and Melguen 1979). 

In the Atlantic Ocean it was reported that man- 
ganese nodules occur more on rugged topographic ter- 
rain and the distribution is patchy on such areas (Ew- 
ing and others 1973). Fewer or no nodules were 
reported from areas of  low relief. In the Indian Ocean 
it was found that the abundance is higher on relief 
terrains and significantly lower on plains in the Cen- 
tral Indian Ocean Basin (Pattan and Kodagali 1988). 

Bathymetry and Sampling 

Sixteen free fall grab stations at intervals of  a quarter 
degree were occupied. This large data base was used 
to study the influence of the regional and local to- 
pography on the abundance of polymetallic nodules. 
Between four and seven free fall grabs (FFG) were 
launched at each station in a hexagonal or square pat- 
tern with one being in the center when an odd number 
was used. The distance between the grabs was ap- 
proximately 200 m apart. 

The free fall grab sampling approach has advan- 
tages over conventional dredging and other methods 
of sampling because a more accurate determination of 
sample location is given and thus exact abundance of 
nodules can be calculated. The time spent on the op- 
erations is also less as many grabs can be launched 
simultaneously. The rapid rate of  sinking (75 to 80 
m/rain)  of  the device also minimizes the effect of  
currents. 

Echosounding was carried out during the survey by 
Raytheon Echosounders (12 kHz) and recorded in the 
analog form on the Line Scan Recorder. During the 
survey, recorder was adjusted to four second sweep 
rate with four second delay to obtain an increased res- 
olution of  the topography. 

Profiles drawn along the sampling stations show the 
topography of the area in which the sampling was done 
(Figs. 1 A-D) .  Three of  these profiles are parallel to 
a latitude, whereas one is parallel to a longitude. These 
profiles are drawn with a vertical exaggeration of 1:20. 
The positions of  the FFG launches are shown by a 
downward arrow on the detailed bathymetric profiles 
(Figs. 2 to 5) that are presented at true scale to give 
a correct picture of  the local geology. These profiles 
and the sampling data are used to study the influence 
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Figure 1 (A-D).  Bathymetric profiles (vertical Exaggeration [V.E.] 
= 1 : 20) illustrating regional bathymetry adjacent to FFG sampling 
stations, Blocks on each profile indicate position and depth ranges, 

of regional and local topography on the abundance of 
the polymetallic nodules. 

The average abundance at a station is calculated by 
dividing the total weight of  the nodules collected at a 
station by the number of  FFG that recovered the nod- 
ules. The average weight divided by the area of  cov- 
erage of the grab (0.13 square meters) gives the av- 
erage abundance of  the nodules per station. The re- 
covery efficiency for each station is also calculated 
(Table 1). It is the percentage ratio of  the number of  
free grabs lowered at a station to the number that suc- 
cessfully brought in nodules. It is found that the total 
average efficiency is 65.8 percent and average abun- 
dance is 7.84 k g / m  2. 

Results and Discussion 

Though there are only 16 stations from which data is 
used for the present study, it is found that a sufficient 
variety of bathymetric domains are present in the re- 
gion. The topographic profiles drawn (Figs. 1 A to 
D) illustrate the regional bathymetric character of  the 
survey sites. The average sea floor abundance of the 
polymetallic nodules and the recovery efficiency of 
the free fall grabs is tabulated in Table 1. 
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F igure  2, Detailed bathymetric profiles (V.E. = nil) and FFG 
launching sites at stations V1, V2, and V3. 

Survey sites V1, V2, and V3 are set in an area of 
moderate bathymetric relief. Average water depth in 
these sites is 5,200 m. The profile (Fig. 1 A) shows 
the nature of  the sea floor on a regional scale around 
these sites. This profile is parallel to a longitude. Site 
VI is on the flanks of a broad valley, the deepest point 
of which is 5,500 m. At site V2 the relief is about 75 
m, whereas site V3 is at shallowest depth (5,100 m). 
The local geology around these sites is indicated in 
the profiles drawn to true scale in Figure 2. It is ob- 
served in station V1 that the depth is uniform but as 
the site is on a valley slope in a regional sense, the 
abundance here is high, average 9.85 k g / m  2. In site 
V2, where the local relief also varied 50 m. Five grabs 
Were lowered, three of which were at greater depths 
than the other two. The abundance from the group of 
three grabs is higher than that at shallowest depth. 
This shows that the distribution of  nodules is patchy 
at sites having some local relief. 

Site V4 is located near the top of a valley 250 m 
deep, and recovery is low (1.85 kg/m2). Obviously, 
the nodules rolled down the valley. The sediment cover 
as evidenced from the echosounder records is very 
thin. Site V5 is along the same latitude and on the 
slope of  an adjoining valley (Fig. 1B). This valley is 
rather steep and recovery in this site is absolutely nil, 
possibly because nodules rolled down the valley. At 
these two sites, the fact that regional topography seems 
to have influenced the abundance of nodules as local 
relief is inconsequential (Fig. 3). 
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F i g u r e  3. Detailed bathymetric profiles (V.E. = nil) and FFG 
launching sites at stations V4, V5, V6, V7, and V8. 

Sites V6, V7, and V8 are along the same latitude 
(Fig. 1 C). They are set in the roughest topographic 
terrains encountered during this study. Two uncharted 
abyssal hills with peaks reaching to over 350 m are 
observed. The structures as seen in the figure may 
illus~ate the trend of intermediate lineation zones. Lines 
on the profile indicate the possible faults. These faults 
which might have originated at the bottom and ex- 
tended to the top (Andrews 1971) are perpendicular 
to the south east Indian Ocean Ridge. Site V7, set in 
a broad valley, shows local variations in depth up to 
50 m. Average sea floor coverage of the nodules in 
the site is 8.65 K g / m  2. Site V8 is on the shallow part 
of the valley but the local depth variation (Fig. 4) is 
considerable (up to 250 m). The recovery in each grab 
lowered in this station is shown in Table 2. Recovery 
in this highly rugged area is high, the average being 
14.55 k g / m  2. But the distribution is patchy with two 
grabs showing negligible recovery. This phenomenon 
of higher abundance in places of high relief is in ac- 
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F igure  4. Detailed bathymetric profiles (V.E. = nil) and FFG 
launching sites at stations V9, V10, and VI 1. 
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cordance with what is reported in North Equitorial Pa- 
cific Ocean (Craig 1979). 

Sites V12, VI3,  V14, and V15 are set in areas of 
comparatively low bathymetric relief (Fig. 2D). At 
Site V I2, depth is 5,150 with very less local relief. 
Recovery (3.85 kg /m 2) also is low. Same is the case 
with sites V13 and V14 which are on a higher altitude 
on the peaks of  the sides of  a valley and understand- 
ably report less coverage (1.0 and 2,3 kg /m 2, re- 
spectively). Nodules might have rolled down the vaT- 
ley here as there are no obstacles posed by the presence 
of the micro relief (Fig. 5). Site V15, on the other- 
hand, situated on the same latitude is at the bottom 
of the depression which is 175 m deep. The local to- 
pography as seen from the detailed profiles (Fig. 5) 
is also quite rugged. As in the case of site V8 which 
also had high relief, this site also has a higher abun- 
dance of 15.846 kg /m z. The distribution of the nod- 
ules is patchy in this station also. Two out of the seven 
FFG lowered did not bring any nodules. 

The recovery in each grab lowered at stations V3, 
V8, and VI5 is shown in Table 2. It shows how spo- 
radic the distribution of nodules is in these regions of 
rugged topography. In contrast to this, the data of grabs 
from sites V4, V9, and V13 show uniform distribu- 
tion of nodules. The local and regional topography at 
these stations is much less rugged in comparison to 
sites V3, V8, and V15. This shows that the distri- 
bution in areas of  rugged topography with higher av- 
erage abundance, have patchy distribution of ferro- 
manganese nodules whereas areas with little or no relief 
have lesser abundance but more uniform distribution. 
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Figure  5. Detailed bathymetric profiles (V.E. = nil) and FFG 
launching sites at stations VI2,  VI3 ,  V t4 ,  and VI5.  

Overall, it is observed that the nodule abundance 
is in direct relation to the local relief. The regional 
topography in which the station is set also plays a key 
role in the distribution and coverage of the polyme- 
tallic nodules. It is also observed that the distribution 
is patchy in areas where the abundance is high and 
relief is more. In plains, although the abundance is 
less the distribution is uniform. 

The profiles parallel to the latitudes were found to 
indicate more ruggedness of  the sea floor in compar- 
ison (Figs. 1 B -D )  with profiles parallel to the lon- 
gitude (Fig. 1 A). Such areas may be associated with 
some structural trend, and they also show irregular 
microtopographic character. The nodule coverage in 
such areas is variable. Areas with some bathymetric 
relief but lacking in ruggedness of local topography 
contain lower but more uniform nodule abundance. 

The formation of manganese nodules is dependant 
primarily on existance of a solid substrate (seed) in 
an oxidised environment (Horn and others 1973). The 
nodules acrete around nuclei composed of  rock frag- 
ments, palagonite, fragmented nodules, sediment clasts, 
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Table 1. Nodule Recovery, Abundance, and Chemical Analyses at Different Stations 
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Recovery Nodule Average 
Station efficiency abundance (No. of Mn Fe Co Ni Cu H20 Ni + Cu + Co 

no. (%) (Kg/m 2) assays) (%) (%) (%) (%) (%) (%) (%) Mn/Fe 

V1 71 9.85 7 27.98 7.37 .13 .97 1.11 18.11 2.21 3.96 
V2 80 6.35 8 : 28.32 7.42 .14 1.02 1.17 17.13 2.33 4.05 
V3 100 6.31 7 21.97 10.37 .17 .78 .66 19.12 1.61 2.18 
V4 71 1.85 3 32.81 5.69 .11 1.09 1.38 18.07 2,08 6.01 
V5 00 - -  no sample - -  
V6 57.14 9.42 6 21.91 13.22 .21 .68 .49 21.38 1.39 1.67 
V7 80 8.65 8 25.51 9.61 .17 .95 .89 19.06 2.0t 2.8 
V8 75 14.55 6 20.32 10.89 .17 .72 .51 18.08 1.4 1.87 
V9 100 7.5 8 25.74 8.52 .15 .9 .95 17.9 2.0 3.36 
VIO 85.7 8.14 I0 21.79 10.15 .15 .76 .7 18.62 1.69 2.49 
V11 00.0 - -  no sample 
V12 50 3.85 3 25.4 8.93 .15 .94 1.16 18.42 2.25 2,9I 
V13 75 1.0 2 29.77 6.85 .14 1.0 1.14 14.25 2.28 4.45 
VI4 75 2.3 5 29.27 7.29 .13 .96 1.18 17.38 2.28 4.10 
VI5 71 15.84 8 20.68 16.14 .25 .45 .32 22.75 1.02 1.27 
V16 42.85 03.85 6 23.6 8.5 .14 .85 .8 16.75 1.79 3.05 

shark moth ,  etc.  Abyssa l  sed imenta t ion  a lso  has in- 
f luence on nodule  deve lopment .  Rap id  sed imenta t ion  
reduces nodule  growth  by  bury ing  nodules  and po-  
tential nuclei .  The sed iment  th ickness  which varies  
cons iderab ly  over  short  d is tances  is also inf luenced by  
ba thymetr ic  re l ie f  (Johnson 1972). 

Sed imen t  t ranspor t  f rom abyssa l  hi l ls  to ad jacent  
val leys increases  sed imenta t ion  rates ,  thus decreas ing  
the rate o f  nodule  d e v e l o p m e n t  in low ly ing  areas.  
Slow depos i t ion  rates br ing forth rapid  nodule  deve l -  
Opment in and a round  hil l  f lanks and crests ,  which  
explains  the h igher  abundance  in these regions .  

Metal Content in Nodules 

Table 1 g ives  the bulk chemica l  compos i t ion  o f  the 

manganese  nodules .  These  ana lyses  were  car r ied  out  
USing s tandard A t o m i c  absorp t ion  spec t ropho tomete r  
methods.  Nodules  were  chosen  for  ana lyses  as a rep-  
resentat ive in shape ,  s ize,  and  m o r p h o l o g y  for the 
part icular  grab sample .  The  bu lk  chemica l  compos i -  
tions represent  the compos i t iona l  t rends,  but  vari-  
ations in chemis t ry  for  internal  chemica l  layers  and 
size and m o r p h o l o g e y  cannot  be s tudied (Halbach  and 
others 1975). Some  k n o w n  corre la t ions  exis t  be tween  
transition elements composing nodules in world Ocean. 
Accord ing  to Cronan (1972) there is a direct  re la t ion-  
ship between Manganese and C u + N i  content. Fe  shows 
posi t ive corre la t ion  with coba l t  content  and inverse  
correlat ion to M n , C u ,  and Ni.  M n / F e  rat io  is a lso  an 

indicator  in the chemica l  var iabi l i ty  o f  nodules .  
Chemical  analyses o f  nodules (Table 1) shows great 

var iabi l i ty  in compos i t ion  in spite o f  stat ions be ing  
quite c lose  to each other.  Genera l ly  it is obse rved  that 
Mn-Ni  and F e - C o  have di rec t  re la t ionship .  M n / F e  

ranges from 1.2 to 4 .45 ,  on ly  one station ave rage  is 
6.01.  Accord ing  to the genet ic  c lass i f ica t ion  o f  po-  
lymeta l l ic  nodules  based  on the M n / F e  rat io  and 
C u + N i + C o  content ,  deep-sea  nodules  are o f  "hydro -  
genous"  or igin if  the M n / F e  rat io  is in the range  o f  
0 . 5 - 5 . 1  and there is high C u + N i + C o  content  (Bon-  
nati and others  1972), At  p laces  such as the spread ing  
centers  and near  the submar ine  volcanoes ,  resul t ing  
depos i t s  are "hyd ro the rma l . "  Such depos i t s  have  M n /  
Fe rat io less than 0.5 and low C u + C o + N i  levels .  
Obv ious ly ,  al l  the samples  col lec ted  and ana lyzed  
during the present  s tudy fall in the "hydrogenous  de-  

posi t"  class .  

Table 2. Nodule Abundance From Different Grabs Lowered at 
Stations From Rugged Terrains and Plains 

Regions of rugged 
topography: Regions of plain topography: 

Sta- Free Abun- Sta- Free Abun- 
tion fall dance don fall dance 
no. grab (Kg/m 2) no. grab (Kg/m 2) 

V3 A 10.0 V4 A 03.87 
B 15.38 B 0,00 
C 15.38 C 00.92 
D 0.77 D 04.62 
E 0.62 E 00.77 

V8 A 16,00 F 00.92 
B 16.00 G 04.62 
C 0.0 V9 A 03.85 
D t 1.54 B 03,85 

V15 A 16.77 C 04,00 
B 00.00 D 09.70 
C 27.69 V13 A 01.55 
D t30.00 B 02.46 
E 24.23 C 02.46 
F 08,46 D 00.00 
G 01.08 
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The varying chemical composition is related to 
nodule size and/or to morphology (Halbach and oth- 
ers 1975). From this study it is observed that the di- 
versity in chemistry can also be due to the combi- 
nation of geochemical processes acting in different 
bathymetric settings. The Mn/Fe ratio is compara- 
tively higher in stations set in a plain topographic ter- 
rain (stations V4, V9, and V13). Among these, the 
station V4 has maximum Mn/Fe ratio of 6.01. These 
stations also report high Mn and Ni (1.09, 0.9, and 
1.0, respectively). Stations V3, V8, and V15 lie on 
regions of rugged topography and report low Mn/Fe 
ratio of 2.18, 1.87, 1.27, respectively, which is much 
less in comparison to area from plain terrain. Also, 
these stations report high cobalt (.17, . 17, and .25) 
and high Fe content. The direct relationship between 
Mn and Cu+Ni and Fe-Co content as established by 
Burns and Fuestenau (1966) and Cronan (1972) is 
vindicated in the Central Indian Ocean also. 

Conclusions 

1. Polymetallic nodule abundance has direct rela- 
tionship with bathymetric relief. The more relief, the 
higher the abundance will be. Both regional and local 
topography have direct bearing on nodule abundance. 

2. Distribution of nodules is patchy in areas of high 
relief and uniform in plains. 

3. Sea floor topography as seen in profiles parallel 
to latitude is more rugged compared to that in profiles 
parallel to longitude. Regions where few minor faults 
are identified (Fig. 2 C) yield higher abundance of 
nodules. 

4. Nodules from plains have high Mn/Fe,Mn,Ni 
whereas those from rugged regions have high Fe,Co 
but low Mn,Ni and Mn/Fe. 
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