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Abstract - Chemical composition of 613 polymetallic nodules from 150 stations in the Central Indian
Ocean Basin (CIOB) are determined and variations in Mn, Fe, Cu, Ni, Co, Zn and moisture content
are studied with respect to their size and surface texture. Using these parameters nodule forming
processes governing the size are discussed and three models for the formation of nodu]§ are
suggested.

-In CIOB, the water depth varies from 4700 to 5550 m and the topography is mainly uneven. About
25 nodule types have been recognised of which spheroidal and ellipsoidal nodules of small to
medium size with rough surface texture { Ssrand Ser) have70% of occurrence. X-ray diffractograms
of 79 samples showed todorokite peak in small size nodules. The peak area of todorokite decreases
from small to larger size nodules.

At every station, the average concentration of Mn, Cu, Ni, Co and Zn decreases whereas that of Fe
and moisture content increases from medium { 2-4 cm ) to very large size (> 10 ¢m ) nodules. Feand
moisture content is maximum in larger nodules; Mn, Cu, Ni and Zn in smaller nodules and Co is
maximum in smaller as well as bigger { 6-8 cm ) size nodules. Mn shows strong positive correlation
with Cu, Ni, Zn and Mn/Fe whereas Mn and Fe are negatively correlated in all size nodules. Fe
shows strong association with Co and moisture content.

The average Mn/Fe (3.69) is higher than that of the Pacific Ocean nodules (2.76). The large variation
in Mn/Fe (2.97 to 5.55) indicate multiple source of supply for the elements and suggest different
accretionary processes for nodule formation. Nodules of specific size group have common mor-
phological, mineralogical and chemical properties and their variations are best explained by propos-
ing three models. Thesmaller nodules are formed diagenetically in the presence of pore water supply
whereas the larger nodules indicate hydrogenous precipitation.

INTRODUCTION

Polymetallic nodules are spread over all ocean basins which vary in composition
and abundance. The nodules cover larger area in the Pacific than in the Indian and
Atlantic Oceans. The study related to the Pacific Ocean nodules is extensive and several
papers appeared which discussed numerous fundamental problems such as the ones
by HORN et al. (1972); GLASBY (1977); BURNS and BURNS (1977). Limited published
literature exists on the Indian Ocean nodules (BEZRUKOV and ANDRUSHCHENKO,
1974; CRONAN, 1977; SIDDIQUIE et al., 1978; FRAZER and WILSON, 1980; CRONAN
and MOORBY, 1981) before the National Institute of Oceanography (NIO), Goa, un-
dertook several expeditions since 1982 to the central Indian Ocean Basin (CIOB). So
far more than 60 research papers have been published from the NIO, wherein they
discussed biology (PARULEKAR et al., 1982), reserves (SIDDIQUIE et al., 1984), mor-
phology (MUKHOPADHYAY, 1987 ), mineralogy (RAO,1987), topography (PATTAN
and KODAGALI, 1988), and geochemistry and formation of different sized CIOB
nodules (VALSANGKAR and KHADGE, 1989).

Although there has been quite good amount of contribution towards the problems
posed to nodule composition and origin , the mystery of formation of deep-sea nodules
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is an unsolved scientific problem at present. This has stimulated the present paper
where correlation of nodule types and composition has been established for over 600
nodules covering a very large area (28938 sq.km) in the CIOB where first generation
mine site has been indicated. Formation of different sized nodules due to variation in
accretionary processes are discussed and three conceptual models are proposed to
explain the observed variations in the composition with respect to nodule size.
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Fig. 1. Sample locations in the Central Indian Ccean Basin. o - Sample
number. Contours are in meters { in thousands ).

METHODS

Sampling was done by boomerang grabs during cruises of M.V.Skandi Surveyor
in 1987-88 (55-10; S5-14 to §5-17). From each station (Fig.1) different size nodules were
selected for the study which totalled 4 to 6 depending on availability. Shape, size and
surface texture of each nodule was described before it was crushed for bulk analyses.
Accurately weighed 0.1 gm nodule powder was dissolved in 10 ml 1:1 HC], 5 ml
HClO4 and 5 ml HF by digesting on sand bath and slow heating. Elemental composition
of Mn, Fe, Cu, Ni, Co and Zn was determined on atomic absorption spectrophotometer
(A AS), double beam, model PE-5000; and the moisture content was calculated by deter-
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mining dry weight at 110°C. X-ray diffractograms (XRD) of 79 samples were obtained
on Phillips diffractometer model PW 1729.

Table 1. Distribution of different size nodules in CIOB

Size Smali Medium Inter- Big Large Very Whole
mediate large Data
Range < 2 2-4 4-6 6-8 8-10 >%10 < 2 to
{cm) > 10
Nodule Surface Texture (%)
Rough 87.50 68.62 68.64 69.23 100.00 66,67 69.09
Smooth 12,50 30.00 26.6% 26,92 - 33.33 28.04
Roughg to - 1.38 4,66 3.85 - - 2.87
Smooth
Nodule Types (1)
Spheroidal 4.50 51.35 32.05 13.33 - - 40.95
Ellipscdal 4.50 22.97 38.46 13,33 - - 28.33
Discoidal - 5.86 1.92 6.67 75.00 - 4.52
Elongated - 1.80 2.56 33.33 - 100.00 5.00
Irregulaxr - 18.02 25.00 33.33 - - 21.19
Poly- - 17.84 25.08 25.71 25.00 - 2).38
nucleate
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Fig. 2. Relation between todorokite peak area and nodule size, sample
numbers are in figures and alphabets denotes subsamples.
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RESULTS
Morphology

Morphological study shows large variations in size, shape and surface charac-
teristics in the CIOB nodules. In all 25 different nodule types are recognised. The
nodule distribution show that the nodules of intermediate size (4-6 cm) consists max-
imum number of types (21) whereas that of large (8-10 cm) and very large (> 10 cm)
size consist only two nodule types. Number of nodule types also vary with the nodule
size which is 5 in small (< 2 cm), 18 in medium (2-4 cm) and 12 in bigger (6-8 cm)
size nodules. Nodule distribution with respect to size ( Table 1) further show that in
small, medium and intermediate size nodules, occurrence of spheroidal and ellipsoidal
typesareabove70%. Itisalso noticed that, from small to large size nodules the percentage
of occurrence for rough surface nodules decreases (87 to 66%) whereas that of smooth
surface nodules increases (12 to 33%).

Mineralogy

X-ray study of 79 samples showed small and broad peaks of todorokite in small
size nodules. Among the others, quartz and § - MnO2 (vernadite) occur as an important
accessory minerals. Occurrence of phillipsite and feldspars is poor and that of birnessite
is rare. It is interesting to note that peak area of todorokite decreases from small to
larger size nodules (Fig. 2).

Table 4A. Correletion matrix for small size (< 2 cm) nodules

Moisture Mn Fe Cu Ni Co
Mn .27
Fe 0.50 -0.31
Cu -0.01 0.73 -0.56
Ni 0.02 0,91 -0.61 0.96
Co -0.07 -0.29 .69 -0.24 ~-0.38
Zn -0.23 0.77 -G.48 .84 .84 -0.17

( r= 0.63 for 9%%., n=8, df=n-2 )

Table 4B. Correlation matrix for medium size (24 cm) nodules

Mcisture Mn Fe Cu Ni Ce
Mn 3.23
Fe 0.31 -0.31
Cu -0.02 0.66 -0.60
Ni -0.02 0.72 ~C.54 c.75
Co 0.14 -¢.13 6.37 -0.25 -0.24%
Zn -0.03 .27 -0.22 0.3e .21 ~0.06

( r= 0.32 for 29.9%., n=309., df=2)

Table 4C. Correlation matrix for intermediate size (4-6 cm) nodules

Moisture Mn Fe Cu NI Co
Mn 0.23
Fe 0.38 -0.34
Cu -0.1l6 0.64 -0.66
Ni -0.12 0.68 -0.60 80.77
Co .42 -0.19 0.79 -0.5%4 -0.50
in 0.10 0.39 -0.11 0.29 0.27 0.07

( r= 0.32 for 992.9%; n=237, df=2 )



Table 4D. Correlation matrix for big size (6-8 cm) nodules

Moisture Mn Fe Cu Ni Co
Mn -0.05
Fe 0.49 -0.19
Cu -0.33 0.49 -~0,80
Ni -0.45 0.5 -0.70 0.72
Co 0.02 -0.1% 0.68 -0.17 -0.1l4
in -0.04 0.7¢ -0.31 0.54 0.52 -0.13

{ r = 0.45 for 99.9%; n=48, df=2)

Table 4E. Correlation matrix for large size (8-10 cm) nodules

Moisture Mn Fe Cu Ni Co
Mn 0.91
Fe 0.26 0.30
Cu .20 0.32 -0.81
Ni 0.14 0.27 -0.81 0.97
Co 0.54 0.49 0.95 -0.e6l ~-0.63
Zn 0.38 c.71 -0.36 0.79 0.84 -0.15%

Moisture Mn Fe Cu Ni Co
Mn 0.44
Fe 0.19 -0.03
Cu 0.38 0.23 0.70
Ni 0.34 .20 0.69 0.99
Coc 0.24 0.08 0.94 0.89 0.88
Zn 0.54 0.11 c.87 .90 0.88 0.94

Moisture Mn Fe Cu Ni Co
Mn 0.18
Fe 0.36 -0.27
Cu -0.09 0.58 -0.61
Ni -0.08 0.64 -0.59 0.76
Co 0.17 -0.12 0.41 -0.28 -0.27
Zn ¢.00 0.29 -0.1i9%9 0.35 0.25 ~0.06

(r= 0.32 for 99.9%, n=613, df=n-2)

Geochemistry

As large number of samples have been analysed it is difficult to present all the
analyses. Range and averages are given in Tables 2 and 3 respectively.

Average chemical composition (Table 2) show good correlation with nodule size.
In fact, nodules of specific size group have common chemical properties. Medium size
(24 cm) nodules have high Mn (24.29%), Cu_(1.14%), Ni (1.20%) and Zn (0.13%),
whereas very large size (> 10 cm) nodules have high Fe (7.76%) and moisture (17.37%).
Similarly, medium size nodules have high Cu+Ni+Co (2.44%) and high Mn/Fe ratio
(5.55). The Cu+Ni+Co content and Mn/Fe ratio decreases whereas Fe and moisture
content increases with increase in nodule size. Average values of Co and Zn are nearly
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constant. Variation in elements ( Fe, Cu, Ni, Co, Zn, moisture and Mn/Fe ratios) with
respect to Mn for 613 analyses is shown in Fig. 3a and 3b..

Table 4 ( A to G) shows correlation matrix for different size nodules in the CIOB.
It is observed that Mn correlates very strongly with Cu, Ni and Zn in all size nodules
except for very large nodules of > 10 cm (Table 4F). Similarly, Fe correlation with Co
is strong in all size nodules except for big nodules of 6-8 cm size (Table 4D). Excellent
correlation is seen between Cu, Ni and Zn in all size nodules. Also, good correlation
between Ni and Zn can be seen for all the nodules except for medium and intermediate
size. Very large nodules of > 10 cm size also show strong correlation of Co with Fe,
Cu, Ni and Zn which is not duplicated in other nodules. It is also interesting to note
that moisture content show good correlation with Fe for medium (2-4 cm, Table 4B),
intermediate (4-6 cm, Table 4C), big size nodules (6-8 cm, Table 4D) and also for the
whole data (Table 4G).

DISCUSSION

Morphology

Although 25 different nodule types have been recognised, there can be many
more in other parts of the CIOB. The major morphological types are spheroidal and
ellipsoidal with rough surface texture which has 70% of occurrence. These results are
comparable with those from the SW Pacific. GLASBY et al. (1986) reported 72 to 89%
of occurrence for small (<3 c¢m), 10 to 26% for medium (3-6cm) and 1 to 4% for large
(> 6cm) nodules from 3 basins in the SW Pacific where spheroidal and ellipsoidal
nodules together have 50 to 88% of occurrence. Higher occurrence of small to medium
size nodules of spheroidal and ellipsoidal shape in both the Indian and Pacific Oceans
therefore suggest their formation more or less under similar conditions with faster
growth rates in comparison with the other nodule types.

{ Cu+Ni+Co}

Fig. 4. Triplot of Mn-Fe<{Cu+Ni+C0)X10 for (a) < 2 cm, (b) 24 cm, (¢} 4-6 cm, (d)6-8 cm,
(e) 8-10 cm and (f) > 10 cm size nodules. W - Average Pacific Ocean, GLASBY et al (1986)

Geochemistry

The chemical composition of CIOB nodules vary with respect to size and type of
nodules. GLASBY etal.(1982) also reported similar compositional variations with respect
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to morphology for three different nodule types in the Pacific. An inverse correlation
between nodule size and major ore elements (Table 3) suggest formation of different
size nodules at different locations. Higher concentrations of Mn, Cu, Ni and Zn only
in the case of medium (2-4 cm} and intermediate (4-6 cm) size nodules clearly indicate
that these nodules were formed during diagenesis and were favoured due to additional
supply of source through pore waters. The smaller size is due to faster growth and
the resulted rough surface texture is because of longer contact with sediment-water
interface as noted by USUI et al. (1987). This is further supported by their high Mn/Fe
ratios in medium and in intermediate size nodules which are 5.55 and 4.95 respectively.
Medium and intermediate size nodules have more abundance of todorokite which is
revealed from the higher peak area (Fig. 2). Todorokite mineral being the main carrier
of Mn, Cu and Ni elements, the higher percentages of Mn, Cu and Ni are expected
only in the case of medium and intermediate size nodules owing to the depletion of
todorokite abundance in the larger nodules, in the present study.

On the other hand, the larger nodules which have lower concentrations of Mn,
Cu, Ni and Zn suggest their formation by hydrogenesis thereby allowing enrichment
in Fe and moisture content. The larger nodules therefore have lower Mn/Fe ratios.
Changes in the rate of sedimentation is inferred from such large variations in Mn/Fe
ratios (PIPER and WILLIAMSON, 1977). A triplot of Mn-Fe-(Cu+Ni+Co)x10 for dif-
ferent size group of the CIOB nodules ( Figs. 4 a to f) show a spread between oxic
diagenetic and hydrogenous accretionary processes. Large variations in Mn/Fe ratio
(2.97-5.55) according to (HALBACH et al., 1981) indicate early diagenesis and multiple
accretionary processes (VALSANGKAR et al., 1988) supporting the above view.

The CIOB nodules can be grouped into six different sizes. Nodules of each size
group have nearly constant chemical, mineralogical and morphological characteristics.
Different size nodules therefore indicate their formation under different accretionary
processes which were active at different locations with varying intensity.

The sampling area consists mainly of siliceous ooze (SUDHAKAR, 1989). VAL-
SANGKAR and KHADGE (1989) considered high biological productivity in the CIOB
to explain the high Mn/Fe ratios and high Cu+Ni content in nodules. Such favourable
conditions are expected near carbonate compensation depth (CCD). The high grade
nodules in the NE Pacific Ocean are also thought to be controlled by high biological
productivity and CCD (EXON, 1983; CRONAN, 1987).

Following geochemical models are suggested for the observed variation in mor-
phology and chemical composition of CIOB nodules with respect to size :

i) CCD Model : According to BELYAEVA and BURMISTROV A (1985), the average
CCD in the CIOB is about 4735 m. In the regions of high silica formation in surface
water, the siliceous- diatomaceous organisms after their decomposition ( i.e. CCD) on
the seafloor, release Mn, Cu and Ni and thereby allow silica enrichment in the adjacent
sediments. The elements thus released act as an additional source which are absorbed
in the nodules through pore waters during diagenesis. The nodules grow rapidly but
to smaller size with rough surface texture. Such nodules typically show enrichment
in Mn, Cu and Ni; high Mn/Fe ratios and have todorokite as principal mineral phase.

i} Deep-sea model : Maximum water depth in the study area is 5500 m which is
deeper than CCD and therefore indicate lack of biological productivity. The nodules
therefore grow slowly by hydrogenesis in the absence of additional source. Thus, larger
size nodules are formed which show enrichment in Fe and moisture content. They
predominantly have smooth surface texture, low Mn/Fe ratios and & -MnQOz (vernadite)
as major mineral phase.



iii) Mixing model : Diagenetically formed smaller nodules at lower depths near
CCD are moved towards deeper water regions due to bottom currents where they
mix with the larger nodules formed by hydrogenous precipitaions.

Acknowledgements - Authors thank Shri RRNAIR for his interest and encouragements. The scientific and -
technical staff on board the vessel M.V.Skandi Surveyor during her cruises of 55-10 and 55-14 to S5-17 are
specially thanked for theirassistance during sample collection. Shri V.M.DATE, UH JAVALl and G.A PRAB-
HU are thanked for the help in printing of figures, tracing the line diagrams and XRD work respectively. The
work was carried out under the Project- ‘Surveys for polymetallic nodules’, by the D.O.D., New Delhi.

REFERENCES

BELYAEVA N.V. and L BURMISTROVA (1985) Critical carbonate levels in the Indian Ocean. Journal of
Foraminiferal Research, 15, 337- 341,

BEZRUKOV P.L. and P.FANDRUSHCHENKO (1974) Geochemistry of iron- manganese nodules from
the Indian Ocean. International Geological Review, 16, 1044-1061.

BURNS R.G. and V.M BURNS (1977) Mineralogy of manganese nodules. In : Marine Manganese Deposits,
. G.P.GLASBY, editor, Elsevier, New york, 185-248.

CRONAN D.5.(1977) Deep-Sea nodules: distribution and geochemistry. In: Marine Manganese Nodules,
G.P. GLASBY, editor, Elsevier, New york, 11-44.

CRONAN D.S. and 5.A.MOORBY (1981) Manganese nodules and other ferro-manganese oxides from the
Indian Ocean. Journal of Geological Soceity of London, 138, 527-539.

CRONAN DS. (1987) Controls on the nature and distribution of manganese nodules in the western
equatorial Pacific Ocean. In: Marine Minerals: Advances in Research and Resource Assessment, P.G.TELEKI,
M.R.DOBSON, ].R. MOORE and U.von STACKELBERG, editors, NATO AS] Series C, 941, D.Reidel,
Dordrecht, Holland, 177-188,

EXON N.F. (1983) Manganse nodule deposits in the Central Pacific Ocean and their variation with latitude.
Marine Minerals, 4, 79- 107.

FRAZER ].Z. and L.L. WILSON (1980) Manganese nodule resources in the Indian Ocean. Marine Mining,
2, 257-292.

GLASBY G.P. (1977) Why manganese nodules remain at sediment- water interface. New Zealand Journal
of Science, 20, 187-190.

GLASBY G.P., G.FRIEDRICH, T.THIJSSEN, W.L.PLUGER, HKKUNZENDORF, A.K.GHOSH and
G.S.ROONWAL (1982) Distribution, morphology and geochemistry of manganese nodules from the
Valdivia 13/2 area, Equatorial north Pacific. Pacific Science, 36, 241-263.

GLASBY G.P., N FEXON and M.A MEYLON (1986) Manganese nodules in the SW Pacific. In: Sedimentation
and mineral deposits in the Southwestern Pacific Ocean, D.5S.CRONAN, editor, Academic Press, Florida,
Pp- 237-262.

HALBACH P, C.SCHERHAG, UHEBISCH and V.MARCHIG (1981) Geochemical and mineralogical
control of different genetic types of deep sea nodules from the Pacific Ocean. Mineralia Deposita, 16,
59-84.

HORN D.R., M.EWING, BM.HORN and M.N.DELACH (1972) World-wide distribution of manganese
nodules. Ocean Industry, 7, 26-29.

MUKHOPADHYAY R. (1987} Morphological variations in the po]yfnetall‘ic nodules from selected stations
in the Central Indian Ocean, Geo-marine Letters, 7, 45-51.

PARULEKAR A.H, SN. HARKANTRA, Z.A. ANSARI and 5.G.PMATONDKAR (1982) Abyssal benthos
of the Central Indian Ocean. Degp-Sea Research, 29, 1531-1537.

PATTAN J.N. and V.N. KODAGALI (1988) Seabed topography and distribution of manganese nodules
in the Central Indian Ocean. Mahasagar, 21, 7-12.

PIPER D.Z. and M .E.WILLIAMSON (1977) Composition of Pacific Ocean ferromanganese nodules. Marine
Geology, 23, 285-303.

RAO V.P.C. (1987) Mineralogy of polymetallic nodules and associated sediments from the Central indian
Ocean Basin. Marine Geology, 74, 151-157. '

SIDDIQUIE H.N., DR.DAS GUPTA, N.RSEN GUPTA, P.C. SRIVASTAVA and TK.MALLIK (1978) Man-
ganese-iron nodules from the Indian Ocean. Indian Journal of Marine Sciences, 7, 239-253.

SIDDIQUIE H.N., A.R.GUJAR, N.HHASHIMIand A.B.VALSANGKAR (1984) Superficial mineral resources
of the Indian Ocean. Deep-Sea Research, 31, 763-812.

570



SUDHAKAR M. (1989) Ore grade manganese nodules from the Central Indian Basin: An evaluation.
Marine Mining, 8, 201-214.

USUI A, A.NISHIMURA, M.TANAHASHI and STERESHIMA (1987) Local variability of manganese
nodule facies on small abyssal hills of the Central Pacific Basin. Marine Geology, 74, 237-275.

VALSANGKAR A B, G.V.RAJAMANICKAM, S.M KARISIDDAIAH and H.N.SIDDIQUIE (1988) Mor-

phological and inter layer geochemical studies on manganese nodules from the southwestern Carisberg
Ridge. Marine Geology, 84, 81-94.

VALSANGKAR A.B.and N.H.KHADGE (1989) Size analyses and geochemistry of ferromanganese nodules
from the Central Indian Ocean Basin. Marine Mining, 8, 325-347.

VOLKOV L1 (1979) Manganese nodules. In: Chemistry of the Ocean -Geochemistry of bottom sediments, Nauka,
Moscow, 2, 414- 467.

571



