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Preface 

Manganese nodules are one of the major oceanic resources for the mankind and 

the entire Law of the Sea regime was in fact initiated to prepare a legal framework to 

exploit them since their initial discovery during the famous expedition of H.M.S. 

Challenger during 1872-1876. Economically, most potential area lies between Clarion 

and Clipperton fracture zones in the Northeast Pacific. And the second most important 

area in terms of richness is the Central Indian Basin (CIB) which has been studied since 

early eighties by India. To improve our understanding about the regional variability in 

nodule distribution, environment of formation, and different controls on the metal 

content variability and their incorporation into nodule matrix, and economical potential 

of different metals hitherto not considered,  a well defined systematically chosen 

sample set from all over CIB is analyzed mainly for morphology, mineralogy and 

detailed geochemistry. As REE act as tracers for depositional environment, we may be 

able to decipher the origin of nodules too. 

Earlier studies have shown a relation between oxygenation conditions in the 

water column and the REE geochemistry of ferromanganese oxides in South Pacific.  

This hypothesis can be tested with the systematic data intended to be studied as the CIB 

is a suitable area where the oxygenated Antarctic bottom water enters from the saddles 

within the 90°E ridge. Regional distribution maps and statistical tools were used to 

decipher the various controls on the regional distribution of minor, trace and REEs in 

nodules. The Fe isotope variations in the CIB nodules and the solid-phase speciation of 

minor, trace, REEs, the isotopic re-organization of U – Th and other trace elements in 

chemically separable mineral phases are other aspects examined in this study.  

The morphological analyses of 23,000 nodules representing 194 locations in a 

nodule rich area of CIB covering 150,000 km
2
 were carried out. The salient results 

from morpho-chemical analysis lead to the understanding of formation history of 

nodules, factors controlling surface texture and size, chemical composition, tectonics 

etc. Earlier work on the geochemistry of major, minor, trace and rare-earth elements 

were carried out on random samples, but this study is important as the geochemical 

studies were carried out  on nodules from a systematic sampling grid (at 0.5° spacing). 

The selection of samples as true representative of each station was carried out in 

proportion to the recovery of nodules in all the substations from the same location. The 

geochemical analysis were also carried out on  nodule sample powder mixed with 
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various sized nodules in the weight proportion in which they occurred  to make the 

sample a true representative of the station considered.  

The thesis is divided into seven chapters. A brief discussion of each chapter is 

given below. 

Chapter 1 provides a general introduction to the nodules, their economic 

importance, grade, abundance and geographical distribution over the globe. This 

chapter includes highlights of Indian Ocean nodule programme by the National Institute 

of Oceanography Goa for the last three decades. An account of scientific contribution 

on CIB nodule deposits by earlier workers is also summarized. Finally the scope and 

importance of present study is also presented. 

Chapter 2 provides the general geology of the study area. The major tectonic 

features like ridge systems, basins, abyssal hills and seamounts fracture zones and its 

distribution in CIB are described. The sediment types vary in the basin demarcating 

different sediment domains, siliceous oozes with more terrigenous sediments in the 

northern part, predominantly siliceous sediments in the central part and red clay 

sediments in the southern part of the study area. The age of CIB crust and its evolution 

is also briefed. The importance of the CIB over other Indian Ocean basins in terms of 

resource potential and nodule formation processes in different basins is also described. 

Chapter 3 provides the morphological variation of the nodules from CIB. The 

objective of this study is to map the morphological variations of the CIB polymetallic 

nodules spatially and decipher the controls of basin morphology and prevailing 

oceanographic processes on these variations. A detailed morphological study of the 

manganese nodules was undertaken on 23,000 nodules from 194 locations in the CIB. 

Nodules with rough surface texture dominate most of the area except the south-eastern 

part of the basin, which is floored more by the smooth nodules. Smaller nodules (< 4 

cm) are common and are dominant both in density and mass in the south-eastern part of 

the basin, whereas north-western part and the central part show dominance of larger 

rough nodules with higher density and mass. Smooth nodules are also found in 

shallower depth (< 5000 m), on the seamount tops and along the slopes, whereas the 

rough nodules are mostly seen in deeper areas. Significantly, eastern part of the basin 

show smooth nodules with smaller size. Smooth nodules > 4 cm diameter are rare and 

show low oxide layer thickness and low bio-sediment remnants compared to rough 

surfaced nodules. Large variation in morphological types of nodules are found in CIB 
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with spheroidal, oblong, triangular, rounded, sub-rounded or irregular shapes, with 

irregular shaped nodules being most common. Most common nucleus is altered basalt, 

while pumice, shark teeth, clay and older nodule nuclei are also seen.  

The results of the study show the abundance of smaller nodules with smooth 

surface texture towards the eastern side of the study area. These features are probably 

responding to the bottom current activity. It is suggested here that since the eastern part 

of the study area is closer to the saddles in the 90ºE ridge (which is the entry point of 

the Antarctic Bottom Water (AABW) currents into the CIB), the influence of AABW is 

reflected in the shape and size of the nodule in this area. This work is published in 

International Geology Review journal. 

Chapter 4 deals with the chemical variation of CIB nodules and its spatial 

distribution, grade and comprehensive resource evaluation. In all 41 elements have 

been analyzed in about 236 nodules making this the single-most systematic and largest 

data set. The controlling factors responsible for the major, minor, trace and rare earth 

elements of nodules from the central Indian Ocean are discussed. Spatial maps of 

elemental distribution with respect to topography are generated. Manganese 

concentration in CIB nodules varies from 12 to 33 % and high manganese content is 

observed in very rough nodules from the deep basin in the central part of CIB. Nickel, 

copper, zinc, barium and lithium also show a similar distribution pattern. The iron 

content in CIB nodules varies from 4 to 20% and is high in topographic high regions 

like seamount top and slopes. In the eastern part of the basin, more smaller and smooth 

nodules are found, which are rich in iron content. Deep basin nodules show low iron 

content. Cobalt, strontium, vanadium and titanium show strong positive correlation to 

iron and also shows similar distribution pattern. All possible geological and 

oceanographic controls on the major and minor element variability are discussed. The 

total REE content of the nodule is high in the south eastern, southern and western 

regions of the study area where more smooth and mixed nodules are common. The deep 

basins in the central part of the CIB were found to have very low REE content. The 

deep basin diagenetic nodules are hosting less REE contents compared to hydrogenetic 

nodules from the seamount tops and slopes. The major controlling factors for the 

enrichment of REEs in the CIB nodules are found to be topography of the region, 

AABW currents entering CIB through Ninety East Ridge, surface texture, sediment 

distribution etc.  
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 CIB hosts economically important nodule deposits compared to other Indian 

Ocean basins like the Crozet, Wharton and Somali basins. The study area lies between 

9 to -16.5 latitude and 72 to 84E longitudes, covers an area of 1111289 km
2
 with an 

average nodule abundance of 6.6 kg/m
2
, and thus hosts about 73336 million tonnes of 

dry nodules. Traditionally, for ore/metal grade, 3 metals viz., Cu, Ni and Co are 

considered. Here we have made a comprehensive resource evaluation by estimating the 

tonnage of major, minor, trace metals and REEs using elemental concentration and 

nodule abundance. It is shown that Zn, Ba, Pb, total REEs, Mo, Sr, Ce, Zr and Li in 

addition to those considered traditionally are economically important. This work is 

presented in 7
th

 International Conference on Asian Marine Geology and a manuscript 

communicated to International Geology Review journal. 

Chapter 5 summarizes the results of sequential leach experiment carried out on nodule 

and crust samples. Most of the elements in polymetallic nodules are believed to be 

associated with either manganese or iron oxides/oxyhydroxides in manganese nodules. 

Inter-elemental correlations or multivariate statistics are used widely in the 

interpretation of elemental associations and nodule formation history, 

paleoceanographic conditions (Eh, pH) and processes prevailing at the time of nodule 

formation. But inter-element correlations have limitations as the major correlations are 

found either with iron, manganese or aluminosilicates. Sometimes the relations can be 

spurious in view of large variations between the concentrations of major and trace 

elements. In addition, some elements may be loosely adsorbed to the other amorphous 

mineral phases which cannot be deciphered from bulk chemical data. In view of this, 

leaching of various chemically separable element hosting phases was undertaken. 

Loosely bound phase was found to contain dominantly, Li, Sr and U metal oxides. 

Manganese oxide phase predominantly contained Mn, Co, Ni, Cr, Cd, and Pb. Iron 

oxide/oxyhydroxides fraction contained mainly Fe, Sc, V, Cu, Mo, Ba, Th and REEs. 

Aluminosilicate residual phase contained typically refractory elements such as Al, Rb, 

Zr, Nb, Cs, Hf and Ta. Positive cerium anomaly is mainly found in iron leach phases 

and negative cerium anomaly is typically seen in the loosely bound leach phase, which 

is a seawater signature. Positive europium anomaly was interestingly found to be 

related to manganese leach phase suggesting a possibility of manganese supply from 

hydrothermal sources. 



 

xiii 

 

The U-Th activity in different leach fractions reveals 
238

U and
234

U activity is 

closely associated (65-75%) with loosely bound mineral phases in rough nodule bulk 

and oxide sample. On the other hand, smooth nodule oxide sample has 20% of 
234

U 

activity in loosely bound phase and aluminosilicate phase is responsible for 65% of the 

total activity. In both oxide samples, 
234

U show more activity in aluminosilicate phase 

indicating that the 
234

U is associated with detrital minerals present in nodules. 
232

Th and 

230
Th activity in the rough nodule bulk sample is closely associated with iron- bound 

phase. Leaching of smooth nodule (bulk) show that the 
230

Th and 
232

Th activities are 

high in iron and aluminosilicate phases but in the oxide part of the same nuclides, 

activity of nodules were confined to Mn and Fe mineral phases. 

Manganese nodules and crusts in the deep sea environment are the best tools to 

study the records of iron isotopic variations in the deep oceans (Levasseur, et al., 2004). 

This will give important information about paleo-circulations, redox conditions, source 

provenance, style, intensity of weathering and tectonic changes in the environment. The 


56

Fe values in the 16 nodule and three crust samples vary from -0.63 ‰ to -0.06 ‰ 

and the 
57

Fe values vary between –0.95 to 0.1‰. More Fe isotopic fractionation is 

seen in smooth nodules than rough nodules. Smoth nodules are showing good 

correlation between 
56

Fe and 
57

Fe and Fe % and suggest that the hydrogenic 

processes are  responsible for larger Fe isotopic fractionation. On the other hand, our 

work on rough surfaced nodules suggest that the diagenetic processes may play a role 

in isotopic fractionation. This work is presented at GoldSchmidt International 

Conference 2010 and full paper is under review in Geochimica et Cosmochimica Acta 

jounal.  

Chapter 6 summarizes the empirically calculated growth rates and age of 

initiation of nodules in the CIB. The growth rates of nodules were calculated 

empirically using the Mn, Fe, and Co content (proposed by Lyle, 1982; Sharma and 

Somayajulu, 1987 and Manheim and Lane-Bostwick, 1988).The age of initiation of 

nodules in CIB are closely related to the Himalayan uplift and monsoonal 

intensification in the south Asian continent, which may have contributed more 

sediment/metal input to the Indian Ocean necessary for nodule formation. The tectonic 

and climatic factors seem to have been responsible for initiating nodule growth in CIB. 

The monsoonal megapulses in Asian monsoon reported by different workers are 

compared with nodule initiation events and a close coincidence between the timing of 
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these two processes was visible. Nodule formation in CIB seems to have started in the 

middle Miocene when first monsoonal megapulse is reported and a phase of major 

nodule initiation took place during the middle Pleistocene when fourth monsoonal 

megapule was reported (Nath, et al., 2005). This work is under review in Geophysical 

Research Letters journal. 

Chapter 7 summarizes the results and major conclusions drawn from the present 

research work. 
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CHAPTER 1 

 INTRODUCTION 

 

 

 

Polymetallic nodules were discovered in 1868 in the Kara Sea, in the Arctic Ocean of 

Siberia (Murray and Renard, 1891). During the scientific expeditions of the HMS 

Challenger (1872-76), which was the first major oceanographic campaign, many small 

dark-brown balls, rich in manganese and iron were collected and given the name of 

manganese nodules. Albatross expeditions to Pacific Ocean (1899-1900 and 1904-

1905) collected extensive manganese nodules and limits of nodule distribution in the 

west coast of America between latitudes 6
o
 30 and 20

o
N was delineated (Agassiz, 1901, 

1906, Murray and Lee, 1909). Manganese nodules were found to occur in most oceans 

of the world. Murray and Renard (1891) suggested that the nodules of economic 

interest are found in three areas, the north central Pacific Ocean, the Peru Basin in the 

southeast Pacific, and the center of the north Indian Ocean. The most promising of 

these deposits in terms of nodule abundance and metal concentration occur in the 

Clarion and Clipperton Fracture Zone of the eastern equatorial Pacific between Hawaii 

and Central America (Mero, 1962). Mero (1962) established the economic interest of 

the nodules and considered them to be the potential resources for nickel, copper, cobalt 

and even manganese. Thus, many industrialists started to explore the Central Pacific 

Ocean. Kennecott and Newport Shipbuilding Company (1962) was the first company to 

start sampling cruises in Pacific Ocean. Companies like AFERNOD undertook 

important researches in nodule exploration, mining and processing. In early seventies, 
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the "National Science Foundation" launched a research program that was implemented 

by fifteen scientific laboratories to study the genesis of the nodules (www.ifremer.fr). 

This initial rush resulted in intense exploration activities followed by seabed areas 

being allotted to the erstwhile “Pioneer Investors” (now called the “Contractors”) with 

exclusive rights over the ferromanganese nodule deposits in different parts of the world 

oceans by the International Seabed Authority (ISA, 1998) established under UN Law of 

the Sea (UNLOS) for the purpose (Sharma, 2011). Increasing awareness of the 

distribution and potential of deep-sea minerals such as the ferro-manganese nodules and 

crusts (Cronan, 2000; Rona, 2003) has kept the world‟s interest in these deposits alive, 

even leading to the preparation of a geological model of polymetallic nodules in the 

Clarion-Clipperton Fracture Zone of the Pacific Ocean (ISA, 2009). 

Nodule Characters: Ferromanganese nodules which also called as 

polymetallic nodules are concretionary mineral deposits on the sea bottom formed of 

concentric layers of Mn, Fe, Cu, Co, Ni and many other metal hydroxides around a hard 

core called nucleus. The nucleus could be an altered basaltic rock piece, pumice, a 

phosphatic shark tooth, or even fragments of earlier nodules. Nodules vary in size from 

tiny microscopic particles to larger than 15 cm in diameter. However, the common size 

range in nodules is between 2 and 10 cm in diameter with shape of potatoes and thus 

are also called “black potatoes” (Carson, 1951). Their surface texture is generally 

smooth, sometimes rough, mammilated (knobby) or otherwise irregular. The bottom, 

buried in sediment, is generally rougher than the top. 

Nodule growth: Nodule growth or the accretionary process of the metal 

oxides is one of the slowest ore forming processes in the order of a millimeter per 

million years (Morgan, 2000 and references therein). Several processes are involved in 

the formation of nodules, including the precipitation of metals from seawater 

(hydrogenous), the remobilization of Mn at the sediment-water interface (diagenetic), 

the derivation of metals from hot springs associated with volcanic activity 

(hydrothermal), the decomposition of basaltic debris by seawater (halmyrolitic) and the 

precipitation of metal hydroxides through the activity of microorganisms (biogenic). 

Diagenetic and hydrogenous processes are dominant processes in the genesis of 

nodules. Several of these processes may operate concurrently or they may follow one 

another during the formation of a nodule.  

http://en.wikipedia.org/wiki/Sea
http://en.wikipedia.org/wiki/Shark_tooth


                                                                                                                    Chapter 1. Introduction 

 

3 

 

Chemistry: The chemical composition of nodules varies according to the kind 

of manganese minerals and the size and characteristics of the core. Those of greatest 

economic interest are Mn (27-30 %), Ni (1.25-1.5 %), Cu (1-1.4 %) and Co (0.2-

0.5 %). Other constituents include Fe (6 %), Si (5%) and Al (3%), with lesser amounts 

of Ca, Na, Mg, K, Ti and Ba, along with hydrogen and oxygen. Nodules lie on the 

seabed/sediment, mostly half or some are completely buried. They vary greatly in 

abundance, in some cases touching one another and covering more than 70 per cent of 

the bottom. The total quantity of polymetallic nodules on the sea floor was estimated as 

500 billion tonnes (Archer, 1985). They can occur at any water depth, even in lakes, but 

the highest concentrations are found on vast abyssal plains in the deep ocean between 

4000 and 6000 m. The prerequisite conditions to form the nodules are low 

sedimentation rate, availability of nucleus around which accretion of oxides takes place, 

oxidizing environment and low velocity bottom water currents (Glasby, 1976). 

 

1.1 Economic importance 

Marine manganese nodules are well known for their economic importance 

due to enrichment of all the metal concentrations than their surrounding environment 

like sediments, seawater and oceanic crust. Most of the metals present in the nodules 

are much higher than those in upper continental crust. Although Mn and Fe are more in 

oceanic nodules, their Cu, Ni and Co determines the grade and economic importance of 

the nodule. The grade of an ore is defined as the economically exploitable weight 

proportion of metal in the mineral deposit expressed in percentage. Cu, Co and Ni are 

important (accounting to about 2-3 %) in manganese nodules. London Metal Market 

shows (www.metalprices.com), the average Cu price of ~2.5 $/lb, Ni of ~12 $/lb, and 

Co of ~30 $/lb. Applying these values to the Indian lease area in the Central Indian 

Ocean, that is estimated to contain about 7 million tonnes each of Cu and Ni and ~0.7 

million tonnes of Co, would translate approximately to ~175, ~800, and ~200 billion 

rupees respectively, yielding a total three metal resource value of roughly around Rs. 

1100 billion or ~US $ 24 billion at the present exchange rate (Banakar, 2010).  

Abundance or areal distribution 

Abundance of the nodule is defined as the total areal coverage or total weight 

of the nodules in square meter area of the seabed. This varies from place to place and 
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depends upon the size of the nodule, environment, availability of metal concentration, 

nucleating materials etc. The first used tool to get information about nodule distribution 

was dredging (Menard, 1964), later grab sampling (Free-fall and Van Veen) and deep 

sea coring (box and spade corers) have become popular as important tools to find the 

abundance. Coring will give additional information about surface and buried nodules. 

Underwater photography and television systems are used sometimes as an accurate tool 

for the better picture on nodule abundance, size, shape and its variations. Several 

factors play a role in controlling the distribution of nodules in the sea floor such as the 

topography, nucleus availability, and rate of accumulation of sediments associated with 

nodules. The most favorable sedimentation rates are in the order of 1-3 mm /ka or less 

(Hays, et al., 1969).  

 

1.2 Global distribution  

Most of the world ocean deep basins are floored by polymetallic nodules 

(Figure 1.1). The total amount of polymetallic nodules lying on the sea floor was 

estimated at more than 1.5 trillion tonnes by Mero (1965). The estimate was reduced to 

500 billion tonnes later by Archer (1985). The total nodule coverage in world ocean 

basins is calculated as 54 x 10
6
 km

2
 (Archer 1985). Ocean wide distributions with more 

details about the Indian Ocean are described below. 

Pacific Ocean 

Polymetallic nodules are scattered all over the Pacific Ocean, on its 

continental slope, shelf, abyssal basins and submarine rises around central and eastern 

regions. Among all the central abyssal basins these deposits are abundant (> 10 kg/m
2
) 

and have good grade. Ferromanganese nodules are carpeted in the Pacific Ocean and 

cover an area of 23 x 10
6
 km

2
 with an estimated resource of 1.5 x 10

12
 tonnes of good 

grade nodules deposits (Archer, 1985). The prime area in the Pacific is covers an area 

of 2.5 million sqkm between 6.5
o
 and 20

o
 N and 114

o
 and 155

o
 W (Horn et al., 1972). 

The western Pacific near 170
o
W, a large area bounded by Mid Pacific Mountains, the 

Line Islands, Marshall Islands and equatorial high productivity zone show abundant 

nodule coverage (Cronan, 1967). Compared to the North Pacific region, nodules are 

irregularly distributed in the South Pacific. Most important nodule deposits occur in 

triangular south western Pacific basin bounded with Austral islands, Tonga–Kermadec 
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Trench and Pacific Antarctic Ridge. The area includes Manihiki Plateau, Society 

Islands, Tahiti and Tuamotu Archipelago (Horn et al., 1972). Extensive nodule deposits 

have been reported in the south of Australia, near Tasmania and from Campbell Plateau 

and Macquarie Ridge near New Zealand (Summerhayes, 1967). 

 

 

Figure 1.1. World distributions of manganese nodules (Seibold, 1978) 

Indian Ocean  

Indian Ocean nodule deposits are the second largest nodule deposits in the 

world. They are wide spread in all the Indian Ocean basins on either side of the ridges 

(Figure 1.2). They cover around 10- 15 million km
2
 area with a calculated reserve of 

1.5x10
11

 tonnes of nodules (Frazer and Wilson, 1980; Cronan and Moorby, 1981, 

Siddiquie et al., 1984; Archer 1985; Gujar et al., 1988). The best nodule deposits 

among all Indian Ocean basins is CIB possibly due to very less sedimentation rates ( <3 

mm/ka) which is bounded by ridge systems and lies between 7
°
 and 20

°
S and 70

° 
and 

86
°
E. CIB nodule deposits are rich in Cu and Ni and having an average grade of 2.5% 

and abundance > 5 kg/m
2 

and considered to have para-marginal grade (Frazer and 

Wilson, 1980; Siddiquie and Rao, 1988; Gujar et al., 1988; Banakar, 2010; Sharma, 

2011). Three sides of the CIB are covered with Central Indian Ridge, South East Indian 

ridge and Ninety East Ridge and the Basin receives some terrestrial inputs from the 

north. So the northern part of the CIB is less abundant in the nodules compared to the 

southern CIB (Sudhakar, 1989; Nath, et al., 1989). 
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Crozet basin bounded by south west Indian ridge, south east Indian ridge and 

Kerguelen plateau with average water depth of 4570 m has sub-marginal grade of 

nodule deposits. In the Crozet basin manganese nodules vary in their chemistry and 

mineralogy according to the host sediment types in the area. The total grade of the 

Crozet basin nodules are less than that of CIB nodules. The average abundance of 

Crozet basin nodule deposits is 5-10 kg/m
2
. 

Madagascar basin and Mascarene basin are located in the western side of 

central Indian ridge and southwest Indian ridge. These are shallow basins compared to 

CIB and Wharton basins, and endowed with iron rich manganese nodules. High 

concentration of cobalt (0.29%) and lead is reported in nodules with calcareous clay 

sediments. The abundance vary <5 to >40 kg/ m
2 

in this region (Nath and Shyamprasad, 

1991). Mozambique basin south east of Africa shows some deposits of polymetallic 

nodules with enrichment of Cu, Ni, Pb, Zn and Co. Terrigenous sediments from African 

continent inhibit the large scale formation of nodule deposits (Mukhopadhyay et al., 

2008). Seychelles – Somali basins covered with calcareous oozes and pelagic clay 

contain manganese rich polymetallic nodule deposits. These nodules are rich in copper 

and nickel with high Fe/Mn ratio compared to neighboring Crozet, Mozambique, 

Mascarene basin nodules. In the northeastern seamount regions of Somali basin nodules 

are cobalt rich (0.45%) (Mukhopadhyay et al., 2008). 

The Wharton basin is the deepest basin in the Indian Ocean separated from 

CIB with Ninety East Ridge and the north eastern side by Sumatra Trench system. 

Depth of 6000 m is common in the Wharton basin with an average depth of 5260 m. 

The absence of seafloor spreading magnetic anomalies suggests a pre-Mesozoic age of 

Wharton basin. High percentage of Mn, Ni and Cu is reported from Wharton basin 

nodule and very large scale variation in the abundance (<5 to 15 kg /m
2
) and grade of 

the nodules within short distances (Cronan, 1980). 

South Australian basin mainly covered with calcareous and pelagic clay has 

nodules with high content of Mn, Cu, Ni, Zn and low Fe, Co, Pb content suggesting that 

they are mainly of diagenetic type. Some of the nodule deposits are present in the EEZ 

of Australia and are of economically sub-marginal grade (Frazer and Wilson, 1980; 

Siddiquie et al., 1984).  
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Figure 1.2. The manganese nodule reserves in different basins of Indian Ocean (Siddiquie and Rao, 

1988). 

Nodules and encrustations were reported along the Carlsberg Ridge, Ninety 

East Ridge and central Indian Ridge (Cronan, 1977). The nodules from Carlsberg Ridge 

shows low Mn/Fe ratio (< 2) and are proposed to be hydrogenetic origin and source of 

metal from volcanism, and the nuclei are found to be mainly of volcanic glass and 

basaltic fragments (Karisiddaiah, 1985).The chemistry and mineralogy of Carlsberg 

ridge nodules were used to decipher their origin (Valsangkar et al., 1988). Banakar and 

Borole (1989) have studied nodules from the EEZ of Seychelles and dated the nodules 

using 
230

Thexcess method and estimated their growth rate (1.5 mm/million yrs). The 

subequatorial Indian Ocean nodules have lower Mn/Fe and Cu/Ni values related to 

lesser water depth and terrigenous input from northern Indian Ocean (Banerjee and 

Mukhopadhyay, 1990). In Mascarene Basin, manganese nodules cover an area of 

11900 km
2
 near Mauritius Island with varying abundance (1.23-10 kg/m

2
). These 

nodules are rich in Fe, Co, REEs mainly Ce compared to Mn, Cu and Ni and suggest a 

hydrogenetic mode of formation in oxygenated environment (Nath and Shyamprasad, 

1991). The Somali basin nodules are dated using thorium excess and found to be an age 
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of 13Ma and are closely related to the time of extensive Antarctic bottom water 

(AABW) in to the basin (Banakar and Borole, 1989). The internal structure of nodules 

from Somali Basin gave a clear indication to the palaeo-carbonate compensation depth 

(CCD) variations (Banakar et al., 1993). Bengal Fan, an area of high sedimentation 

rates has micronodules with high Mn content and depleted Fe content (Chauhan, et al., 

1993). Recent reports show that the Andaman volcanic arc in Northeastern Indian 

Ocean host Mn-rich todorokite bearing hydrothermal and hydrogenous manganese 

oxides (Suryaprakash et al., 2012; Kameshraju et al.,2012) which must be responsible 

for high Mn content in back-arc basin sediments in the Andaman Sea (Kurian et al., 

2008). 

Atlantic Ocean 

The nodule distribution in the Atlantic Ocean is very limited compared to 

Pacific and Indian Oceans. High terrestrial input and high sedimentation rate, shallow 

sea and most of the basinal area above calcium compensation depth in the Atlantic 

Ocean inhibits the formation and growth of good nodule deposits (Cronan, 1977).  An 

area of 8 x 10
6
 km

2
 with nodule coverage and an estimated nodule reserve of 0.05 x 

10
12

 tonnes in the Atlantic Ocean are proposed by Archer (1985).  Blake Plateau shows 

good growth of nodule deposits (Manheim, 1972) facilitated by strong current 

prevailing in the area inhibiting sediment accumulation. Kelvin seamount area, western 

North Atlantic, South of Walvis Ridge in the southern Atlantic regions are also reported 

to have good nodule deposits (Horn et al., 1972).  

Arctic Ocean  

The first sub-marine ferromanganese concretions were discovered in 1868 in 

the Kara Sea (Russia) off Siberia (Murray and Renard, 1891). These are shallow marine 

nodule deposits and are found at a water depth of 30- 120 m over yellowish brown 

oozes sediments. The other basins in the Arctic manganese deposits are least studied. 

Ferromanganese deposits from Barents, Kara and White Sea are reported by Manheim 

(1965).  

Antarctic Ocean 

Polymetallic nodules are reported from a seamount off Wilkes Land 

Antarctica which show similar characters to that of early diagenetic Pacific nodules in 

chemical composition, concentric structures, rough texture etc. However, the shale-
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normalized rare-earth element patterns and Mn, Cu, Ni content and mineralogy were 

closely related to hydrogenetic Pacific nodules (Ohta et al., 1999). Goodell et al., 

(1971) reported large nodule deposits in the Drake Passage between South America and 

Antarctica and in Scotia Sea.  

 

1.3 Indian Nodule Programme  

India is the only developing country among a small group of developed 

nations, to take up the remarkable challenge of exploring the oceanic polymetallic 

nodules from a depth ranging from 4,000 to 6,000m (four to six km). It has launched an 

ambitious programme of seabed exploration of some of the strategically important 

metals with a view to exploiting them for the national benefit (see Sharma, 2010 and 

Banakar, 2010 for recent reviews). The operation aimed at this has been going on for 

long with the initial years having been spent on the enormous scale of preparations 

needed for exploration and exploitation (Siddiquie and Rao, 1988). The program is 

funded by Ministry of Earth Sciences (formerly Department of Ocean Development), 

Government of India and the nodal agency for the exploration is CSIR-National 

Institute of Oceanography. Initially, different universities, government departments and 

public sector units were involved in the programme under the leadership of CSIR-

National Institute of Oceanography. So far, a large area has been explored, surveyed, 

mapped, identified and evaluated. Samples have been collected from as many as 23,000 

stations (www.nio.org). Till date, about 1000 tonnes of polymetallic nodules have been 

excavated for the development of metallurgical processes with the objective of 

establishing pilot-scale plants for extracting Ni, Cu and Co from the nodules. Indian 

nodule programme started in the year 1982. Scientists from the CSIR-National Institute 

of Oceanography, recovered first nodule from the Arabian Sea during 1981 onboard 

"R.V. Gaveshani", and it become the first step to the Indian nodule programme. In 

1982, India was recognized as a Pioneer Investor in deep seabed mining, by the United 

Nations Convention on the Law of Sea. Subsequently, a massive effort was put in by 

India for exploration of polymetallic nodules in the CIB by using a number of research 

vessels (see Sharma, 2010 for a recent review of Indian efforts).  

The milestones achieved by this Indian nodule programme are listed below 

(www.nio.org); 
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1. January, 1981: First nodule sample collected  

2. July, 1981: Formation of the Department of Ocean Development  

3. April, 1982: India recognized as a "Pioneer Investor" 

4. January, 1984: Application for the registration as a "Pioneer Investor" 

5. August, 1987: Exclusive rights allocated to the "Pioneer Investor" 

6. July, 1994: India relinquished 20% of the Pioneer Area as part of the 

obligation to the UNCLOS  

7. June, 1995: India ratifies the UNCLOS III convention  

8. July, 1995: India elected as the council member of the International 

Seabed Authority  

9. October, 1996: Relinquishment of 10 % of the Pioneer Area as a part of 

the obligation to the UNCLOS  

10. 2001-2002: Relinquishment of the final 20% of the allocated area to the 

ISBA  

11. 2010- First Generation Mine site identified 

 

1.4 Previous work 

The earlier work on the Indian Ocean nodules included that of Bezrukov, (1963), 

Laughton (1967), Cronan and Tooms, (1969), McKelvey and Wang, (1969). They all 

have reported the distribution and grade of Indian Ocean nodule and all these data were 

compiled by Berzukov and Andrushchenko, (1972) and they found that best nodule 

deposits in the Indian Ocean are in the CIB. Similarly, Siddiquie et al. (1978) proposed 

the manganese nodule from Indian Ocean basins especially basins east of central Indian 

ridge, west and south Australian basins are rich in Mn, Ni, and Cu are promising nodule 

resource. One of the early descriptions of nodules from the Indian Ocean was by 

Glasby (1972) on geochemistry of manganese nodules from NW Indian Ocean, 

whereas more comprehensive data were published by Frazer, et al., (1978) in their 

report on availability of Cu, Ni and Mn from ocean Fe–Mn nodules based on data 

collected at Scripps Institution of Oceanography (SIO), USA. However, it was Frazer 

and Wilson (1980), who provided a detailed description of manganese nodule resources 

in the Indian Ocean from five regions, based on 7000 samples and 700 analyses. Nearly 

at the same time, Cronan (1980) summarized all the earlier works about Indian Ocean 
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nodules with all available data in his book, that Indian Ocean nodule deposits are 

abundant in well oxygenated basinal regions of low sedimentation. More recent reviews 

on scientific and economic aspects of the CIB nodules can be found in Jauhari and 

Pattan (2000); Mukhopadhyay et al., (2002; 2008); Jauhari and Iyer (2008); Sharma 

(2010); Banakar (2010). The nodules are rare or nearly absent in the continental 

margins and abyssal plains near continents (Arabian Sea and Bay of Bengal) where 

high rates of sedimentation prevail.  

The abundance, chemical variation and the grade of the manganese nodules 

in CIB are closely related to their sediment environment in which they formed 

(Sudhakar, 1989) and mineralogy and surface texture depends on the associated 

sediments (Rao, 1987). Small nodules of low grade are associated with red clay and 

larger nodules of high grade are associated with siliceous oozes (Banerjee and Miura, 

2001). Manganese nodules from the sub-equatorial Indian Ocean (4.5-10.5° S) are 

varying in their mineralogy, surface texture, Mn/Fe, Cu/Ni, shape and size from NE 

region to SW region (Banerjee and Mukhopadhyay, 1990). Valsangkar and 

Karisiddaiah (1993) suggested size of the nodule is closely related to the process of 

accretion and elemental enrichment in nodules, in which increasing size of nodule will 

decrease the percentage of Mn, Cu and Ni (Valsangkar et al., 1992). Pattan and 

Kodagali (1988) found a strong correlation between the topography, Mn/Fe and 

abundance of the nodules. Abundance of the nodule is high in rugged topography of hill 

top and slopes compared to abyssal plains which show least, but Mn/Fe is inversely 

proportional to topography and abundance. Jauhari and Pattan (2000) explained inverse 

relationships to exist between topography and abundance with  abyssal plains 

dominated by Mn, Cu, Ni rich smaller nodules of diagenetic origin, high Mn/Fe ratios 

compared to the rough topography regions with Fe, Co and low Mn/Fe ratios 

(Kodagali, 1988). Mukhopadhyay and Nath (1988) found that the seamount nodules are 

hydrogenetically precipitated and are less spherical, have smooth surfaces, low 

oxide/nucleus ratio, Mn/Fe ratios, Ni, Cu concentrations compared to nodules from 

plains with spherical rough surfaces and high oxide/nucleus and Mn/Fe ratios, Ni, Cu 

concentrations as a result of diagenesis. A few sediment cores collected in the basin 

show occurrence of buried nodules (Banerjee et al., 1991; Pattan and Banakar, 1993 

and recently by Pattan and Parthiban, 2006). They observed that the buried nodules can 
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be of both hydrogenetic or diagenetic in origin. An inverse relation between abundance 

and grade is reported by Sudhakar, (1988). The CIB nodules are less oxidized as 

compared with Pacific Ocean nodules where Mn(IV) is about 98%. The CIB nodules 

show an O:Mn ratio ranging from 1.73 to 1.75 in different sedimentary facies and 

indicate around 75% Mn to be in the form of Mn(IV) (Pattan and Mudholkar, 1990). 

The electron spin resonance spectra of the CIOB nodules show a qualitative presence of 

Mn(II) that can accommodate a high percentage of cations in the nodules (Pattan and 

Mudholkar, 1990). As regards to Fe, the CIOB nodule spectra exhibit a well-resolved 

doublet (Pattan and Mudholkar, 1991), a characteristic feature of paramagnetic Fe (III) 

(Gager, 1968). 

The investigation on bacterial communities living over the surface of the CIB 

nodule revealed that the major bacterial populations favors Mn(II) oxidation and 

dominate over MnO2 reducing bacterial communities (Chandramohan et al., 1987). The 

nodules from CIB fall mainly in 2-6 cm size range and smaller nodules are more 

spheroidal than bigger nodules of near ridges (Mukhopadhyay, 1987). Based on Mn/Fe 

ratio of the CIB nodules, Jauhari (1987, 1989) suggest most of them are 

hydrogenetically precipitated and its chemistry strongly related to sediment 

distribution. Though, nodules from different sediment domains show distinctly different 

geochemical characteristics, recent study by Pattan and Parthiban (2011) on the 

geochemistry of nodule-sediment pairs show that none of the major trace and REE 

exhibits any type of inter-elemental relationship between nodule and sediment pairs. 

Therefore, they have opined that it may not be appropriate to correlate elemental 

behavior between these pairs. The internal structure in the nodules was found to vary 

with environment of formation, columnar structure with botryoids and fracture in 

abyssal plain nodules while abyssal hill nodules show parallel lineation (Pattan, 1988).  

230
Thexcess studies revealed that growth rates of nodules in top layer (1.2 

mm/Ma) are less than that of bottom layers (1.9-3.2 mm/Ma; Banakar, 1990). 

Phosphatic micro fish skeletal debris (Ichthyoliths) found in the manganese nodule 

nuclei of CIB were dated to belong to Paleogene periods (Gupta, 1987) and suggests 

that all nodules studied are younger than Paleocene. 

Volcanogenic influence on manganese nodule formation and distribution has 

been debated since long. Bonatti and Nayudu (1965) attributed the association of 
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nodules with phillipsite and montmorillonitic clay, regarded as alteration products of 

palagonite, to a genetic relation of nodules to basic submarine volcanism. They have 

suggested that the acid solutions produced by mingling of sea water and basic magma 

may leach out and concentrate manganese. Sea water, continually entering the system, 

may cause neutralization and oxidation resulting in precipitation of manganese oxides. 

According to them, minor elements concentrated with manganese may also be of 

volcanic origin. Abundance variation with topography is already discussed above. 

Higher abundances associated with rugged topography and in areas dotted with abyssal 

hills and seamounts could be due to the availability of nuclei (volcanogenic products).  

On a regional scale, structural features seem to control the disposition of manganese 

nodule deposits in the CIB (Iyer and Sudhakar, 1993). Iyer and Sudhakar (1993) have 

shown that the trends of seamounts and abyssal hills and the near north-south 

orientation of the fracture zones correlate with the distribution of ore grade manganese 

nodules. Such deposits were found to occur within and in the vicinity of the pumice 

field. Juxtaposition of these fields and observations based on nodule nuclei has 

prompted them to suggest the role of pumice on the occurrence of manganese nodules 

in the basin. Further support comes from lack of recorded evidence of pumice north of 

10°S where the nodules are scanty. This is similar to the finding of van-Stackelberg 

(1987) that the abundant supply of pumice nuclei must have influenced the regional 

distribution of manganese nodules in the Clarion-Clipperton Zone. Studies by Martin-

Barajas et al., (1991) indicated that the Indonesian Arc volcanism may be responsible 

for the nucleation and initiation of manganese nodules in the CIB. 

The influence of land derived sediments from Bengal fan are reaching up to 

8
°
S and are inhibiting the nodule formation in the CIB (Nath et al. 1989). Using the 

radiochemical techniques, Banakar (1990) explained the turnover of individual nodule 

in the sediment water interface due to bottom water currents and biological activity. 

Ferromanganese oxides such as nodules and crusts are considered as sinks for cerium as 

they are typically rich in Ce compared to their trivalent neighbors (e.g., Piper, 1974; 

Elderfield et al., 1981; Glasby et al., 1987; Nath et al., 1992). The studies on REE 

pattern and Ce anomaly in nodules from the CIB and the Western Indian Ocean reveals 

the Ce in nodules is largely hosted by the amorphous mineral phase FeOOH.xH2O 

(Nath et al., 1992). The relationship of Fe, Ce anomaly and ∂MnO2 further suggests that 
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Ce is chemisorbed onto iron oxyhydroxides which are epitaxially intergrown with 

∂MnO2 (Nath et al., 1994).  

 

1.5 Scope and objectives of this study 

Though the initial but substantial work done on the Pacific Ocean nodule 

deposits as the part of „bloom in global nodule research‟ precedes the focus on Indian 

Ocean, considerable work was carried out on CIB nodules and the associated 

depositional environment after India embarked its nodule program. However, most of it 

was fragmented and limited to some specific regions, different domains and of limited 

geographic extent. A total basin-wide systematic sample selection and large scale 

analysis is lacking. The present study forms the first investigation with systematic 

representative sampling at an interval of 0.5º and covers the entire CIB to understand 

the competing factors controlling the morphology, regional scale variation in 

geochemistry and metal values, and different depositional environments. The chemical 

variations of CIB nodules reported earlier are mainly from some selected nodules, 

selected locations or domains and regional maps useful for a prospector are lacking. 

Furthermore, geochemical studies in the past were either carried on the bulk powders or 

oxide layers without considering the representation of size population. In this study, the 

chemical examination is done with true representation of a station considering all the 

substations, and the size distribution prevailing in each station. Moreover most of the 

geochemical maps generated in the past were for five metals Mn, Fe, Co, Cu and Ni 

which were of economic interest. But, a comprehensive data set of multiple elements 

comprising of major, trace and rare-earth elements was lacking. Renewed interest in 

oceanic sediments and nodules is gaining with the utilization of elements such as REEs 

in new technologies (see e.g., Kato, et al., 2011). Thus the present study assumes 

importance as this forms the largest systematic basin level chemical examination of 

seven major elements and thirty one minor trace elements (includes REEs) from the 

CIB. Most accepted view of nodule formation is through the multiple accretionary 

processes (e.g., Dymond, et al., 1984; see for a recent view on process of formation of 

CIB nodules by Mukhopadhyay and Ghosh, 2010). However, as it will be shown in this 

thesis, several interlinked factors may control the distribution and characteristics of the 

nodules. The geochemical data are viewed here with a perspective of nodule characters 
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and overriding influence of different depositional environmental characteristics, such as 

topography, bottom water circulation patterns on the morphology and chemistry of 

nodules. Very limited studies are reported on the growth rate of CIB nodules which is 

an important parameter in understanding the evolution of depositional environment as 

the radiochemical techniques are not available easily. This study is an attempt to 

understand the regional variation in growth rate in the entire basin using three different 

well established empirical formulae. The age of initiation of nodule mineralization was 

calculated using the empirically calculated growth rate and thickness of the nodule 

oxide in the entire basin, which reveals the topographic/tectonic controls and climatic 

influence on the formation history of the CIB nodule. This is first attempt in this region 

to understand the role of distal and local tectonics, and climate-related geological 

processes on nodule formation. 

Most of the inter-element relations interpreted and genetic history 

reconstructed is based on the bulk chemistry data. Correlations can sometimes be 

spurious when we are using data sets of largely varying composition (see Skala, 1979). 

Sequential leaching in nodule and crust samples on the other hand will give better 

understanding about the mineral phase association and genetic relationships. In an 

earlier work, using selective leaching experiment, Nath et al., (1994) have established 

that the cerium anomaly and REE scavenging in deep sea manganese nodule is closely 

related to iron mineral phase and FeOOH x H2O in hosting REEs. Here for the first 

time from CIB, an attempt is made to chemically separate major metal bearing mineral 

phases in a sequence and study the mineralogical association of minor and trace 

elements in nodules from different depositional environments. Earlier studies have 

shown a relation between oxygenation conditions in the water column and the REE 

geochemistry of ferromanganese oxides in South Pacific. This hypothesis can be tested 

with the systematic data intended to be studied as the CIB is a suitable area where the 

oxygenated Antarctic bottom water enters from the saddles within the 90°E ridge. 

Furthermore, isotopic activities of U-Th nuclides in chemically separable mineral 

phases of nodules are studied which to our knowledge is the first attempt. This assumes 

importance as U-Th isotopes are used in estimating growth rates. The fractionation in 

Fe isotopes during the crust/nodule growth is believed to record the changes in fluxes 

from various sources like the river runoff, atmospheric input and marine hydrothermal 
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input (Zhu et al., 2000; Beard, et al., 2003; Levasseur, et al., 2004; Chu et al., 2006; 

Anbar and Rouxel, 2007). Levasseur et al., (2004) reported iron isotope fractionation in 

5 crust sample from Indian Ocean. However, worldwide only one nodule is studied for 

Fe-isotopic composition (Levasseur et al., 2004). A first major report on the iron 

isotope variation and its fractionation in nodules is presented here.  

The following are specific objectives around which the thesis is built.  

 to study the detailed morphological features of nodules and its relation with 

the bathymetry of the area collected in a close grid pattern (0.5° interval) 

 to study the distribution pattern of trace and REEs in nodules with varying 

topography and tectonic features  of the basin 

 to evaluate the economic potential of trace and REEs of nodules for assessing 

if any value addition can be made 

 to study the relation between nodule nucleus and elemental concentration in 

nodules. 

 to study the bulk chemistry of representative nodules and to develop regional 

distribution maps of the elemental distribution in the basin 

 to assess the geochemical variation in different chemical separable phases of 

the nodules. 

 to determine if any relation exists between the nodule chemistry and the 

tectonic setting of the area 

 to derive the growth rate of nodules empirically from the nodule composition 

and to decipher the climatic signals recorded if any in the nodules 

 to generate an initial data set on fractionation of U, Th, and Fe isotopes 

In order to accomplish the above objectives, morphological analysis of 23,000 

nodules were carried out from 194 locations (includes 801 substations collected in 

different oceanic cruises and different spot sampling devices.) from the nodule rich area 

covering ~150,000 km
2
 in the CIB, and geochemical analysis were carried out on 

nodules from 236 stations. Regional distribution maps and statistical tools were used to 

decipher the various controls on the regional distribution of minor, trace and REEs in 

nodules. Sequential extraction studies for solid-phase speciation were carried out on 10 

nodule samples and 5 crust samples for minor, trace, and rare-earth elements. Same 

extraction scheme was employed to study the U-Th isotopic re-organization in four 
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phases of four samples; two bulk nodules and their oxide counterparts. Elemental 

association with chemically separable mineral phases will help to understand the 

accretion modes and formation processes of these elements into the nodule matrix. The 

iron isotope fractionation studies (16 nodules and 3 crust samples) from the outer 

scrapings of the nodule/crust samples were analyzed for the better understanding of 

changes in fluxes from various metal sources responsible for the manganese nodule 

formation in the CIB. 
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CHAPTER 2 

GEOLOGY AND OCEANOGRAPHY OF 

THE CENTRAL INDIAN BASIN 

 

 

 

 The Indian Ocean is the third largest ocean in the world and covers 

approximately one-fifth of the total world ocean area. It is the youngest and physically 

most complex of the world’s five major oceans. It stretches for more than 10,000 km 

between the southern tips of Africa and Australia and, without its marginal seas, has an 

area of about 73.44 million km
2
). The average depth of the Indian Ocean is about 

3,890m, and its deepest point is in the Sunda Deep of the Java Trench off the southern 

coast of Java, which is about 7,450 m. The Indian Ocean is delineated from the Atlantic 

Ocean by the 20°E meridian running south from Cape Agulhas, and from the Pacific by 

the meridian of 146°55'E (www.wikipedia.org). The northernmost extent of the Indian 

Ocean is approximately 30°N in the Persian Gulf. The Indian Ocean has asymmetric 

ocean circulation. Island nations within the ocean are Madagascar, the world's fourth 

largest island, Reunion Island, Comoros, Seychelles, Maldives, Mauritius, and Sri 

Lanka. The archipelago of Indonesia borders the ocean on the east (e.g. Stow, 2006).  

 The African (to the west), Indian-Australian (east), and Antarctic crustal 

plates (to the south) converge in the Indian Ocean at the Rodrigues Triple Junction 

(RTJ). The RTJ is located at 70°E and 26°S (near the Eponymous Island). This junction 

http://www.britannica.com/EBchecked/topic/424285/
http://www.britannica.com/EBchecked/topic/7924/
http://www.britannica.com/EBchecked/topic/43654/
http://www.britannica.com/EBchecked/topic/301733/
http://www.britannica.com/EBchecked/topic/301673/
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is marked by branches of the mid-oceanic ridge forming an inverted Y, with the stem 

running south from the edge of the continental shelf near Mumbai. The eastern, 

western, and southern basins thus formed are subdivided into smaller basins by ridges. 

 

Figure 2.1. Physical Map of Indian Ocean (www.zim24travel.com) 

The Indian Ocean continental shelves are narrow and have an average of 200 

km in width, but off western Australian coast the shelf width exceeds 1,000 km. North 

of 50°S latitude, 86% of the main basin is covered by pelagic sediments, of which the 

main components are foraminiferal, or radiolarian ooze and red clay. The remaining 

14% is floored with terrigenous sediments. The major seas include Gulf of Aden, 

Andaman Sea, Arabian Sea, Bay of Bengal, Great Australian Bight, Laccadive Sea, 

Gulf of Mannar, Mozambique Channel, Gulf of Oman, Persian Gulf and Red Sea. It is 

artificially connected to the Mediterranean Sea with the Suez Canal from the Red Sea. 

Indian Ocean has active spreading ridges that are part of the worldwide system 

of mid-ocean ridges. This is characterized by the existence of three large accretionary 

ridges whose spreading rates, corresponding to the quantity of magma supplied at their 

axis during the same period of time, are very different. The Central Indian Ridge (CIR), 

Carlsberg Ridge (CR), South-east Indian Ridge (SEIR) and South-west Indian Ridge 

(SWIR) are the major active mid-oceanic ridges in the Indian Ocean (e.g., Schlich, 

1982). The Chagos-Laccadive, Ninetyeast ridges and 85°E Ridge are the most 

prominent and longest aseismic ridges in the Indian Ocean. They are more or less 

continuous linear features traversing in the deep ocean floor and rises to more than 

3000 m above from the surrounding ocean floor. Major abyssal basins in the Indian 
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Ocean area are Central Indian Basin, Mascarene basin, Mozambique basin, West 

Australian basin, Somali basin, Arabian basin, Perth basin, Ceylon Plain, Cocos Plain, 

Cuvier Plain, Gascoyne Plain, Oman Plain, Eyre Plain, Great Bight Plain and South 

Australian Plain (Schlich, 1982).  

 

2.1 Geology of Central Indian Basin 

The CIB is approximately 6000 km long and 1600 km wide, and its depth 

reaches 6090 m. The northern part of CIB is plain sloping gently, while in south there 

are hills and mountains. Afanasiy Nikitin seamount in the northern part of the basin 

reaches a maximum height of 1549 m (Krishna, 2003). The CIB is surrounded by two 

prominent north−south trending aseismic ridges: the Chagos–Laccadive Ridge (CLR, 

generated from the Reunion hot spot) to the west and the Ninetyeast Ridge (NER from 

Kerguelen hotspot) to the east. The Deformed Boundary Zone (DBZ) is located to the 

north of the CIB while the Indian Ocean Ridge System (SWIR and SEIR) is located to 

its south (e.g. Mukhopadhyay et al., 2002). CIB shows many morphotectonic features, 

such as seamounts, hills, ridge-normal lineaments and ridge-parallel lineations 

(Kameshraju, 1993; Mukhopadhyay et al., 2002; and references therein). The CIB crust 

north of 10.26°S formed earlier to 58.2 Ma at a fast spreading rate of 90 mm/year (half 

rate). The crust between 10.26° and 10.96°S was formed during 58.2 to 56.5 Ma with 

an intermediate spreading rate (55 mm/year). The crust between latitudes 10.96° and 

13.76°S was formed during 56.5 and 51.6 Ma at a superfast rate of 95 mm/year. The 

southern most part of the nodule field was formed (younger than 51.6 Ma) at a slow 

rate (26 mm/year). The asymmetrical flexuring of seafloor in north and central CIB 

(high spreading rate) is due to tensional stress and resulted in the formation of widely 

spaced faults, folds with low amplitude and large wavelength. This may be due to the 

effect of soft collision of India with Eurasia (~58 Ma). In the southern CIB, the seafloor 

flexuring is closely spaced, long, symmetrical and of high amplitude which may be due 

to hard collision at ~51 Ma (DeMets et al., 1990; Mukhopadhyay et al., 2002; van-

Hinsbergen et al., 2012). 

The average water depth increases from west to east. The western part (71° to 

74°E) is extremely rugged compared to the eastern part of the CIB (79° to 82°E) which 

has moderately rugged topography, while the central CIB (74° to 79°E) is almost a 

plain. The CIB has a slope angle between 0° and 3° (Kodagali, 1991) but the slope may 
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be as high as 18° in seamount dominated areas (Mukhopadhyay and Batiza, 1994). 

Mukhopadhyay et al. (1997) found that the bathymetric variations of the CIB is related 

to the rate and direction of spreading and plate reorganisation. Ridge parallel lineations 

in the central and eastern parts of the CIB trend 100–280° while the lineations are 

trending 145–325° found in the west of 73°E. The lineations trending ESE–WNW are 

in general, well spaced, show broad wavelength and low amplitude, whereas those 

oriented approximately NW–SE are closely spaced with high amplitude (Small, 1998). 

The ridge parallel faults are common in CIB and the density and number of faults 

increase from north to south and the faults are generally oriented between N80°E and 

N110°S. The length of faults varies from ~4 km in the older crust (north) to about 56 

km on the younger crust (south). The throw along these faults varies between less than 

50 m to more than 100 m. (Mukhopadhyay et al., 2002). 

Krishna et al. (2009) demonstrated that the compressional activity within the 

CIB crust started at around 15.4–13.9 Ma from fault displacement data from seismic-

reflection profiles. Krishna et al. (2009) show that 12% of the total reverse fault 

population had been activated and 14% of the total strain accumulated prior to a sharp 

increase in the deformation rate at 8.0–7.5 Ma. Long-wavelength (100–300 km) folding 

in the CIB was multiphase, with major events occurring in the Miocene (8.0–7.5 Ma), 

Pliocene (5.0–4.0 Ma), and Pleistocene (0.8 Ma). The Miocene phase was the most 

intense and resulted in crustal deformation in the south (18ºS). The Pliocene 

deformation activity shifted northward and the Pleistocene deformation activity was 

focused in the equatorial region (Krishna et. al., 2001). The seismic data show that the 

timing of reverse faulting, and significant shortening of the lithosphere, coincided with 

the phases of folding (Krishna et al., 2001).  

The different types of volcanics found in CIB are tholeiitic basalts, ferrobasalts, 

spilites, pumice, altered basalts, zeolitites and volcanogenic sediments, volcanic 

spherules and glass shards (Mukhopadhyay et al., 2002; Mascarenhas-Pereira et al., 

2006; Jauhari and Iyer, 2008). Tholeiitic basalts are predominant as pillows and 

massive outcrops near topographic highs and as fragments in the CIB. A veneer of glass 

occurs on the pillows and at times displays alteration hues and iron stains. Commonly 

these basalts are coated with ferromanganese oxides (Iyer and Karisiddaiah 1990). 

Spilites have been recovered near the 79°E Indrani FZ and the pumice in the CIB are 

trachyandesite (SiO2~60%) or rhyodacite (SiO2~70%) (Iyer and Sudhakar, 1995). 



                                                                        Chapter 2. Geology and Oceanography  

22 

 

Fracture zones  

Three major fracture zones along 73ºE (Vishnu Fracture Zone), 76.5ºE (triple 

junction trace on the Indian plate-TJT-In) and 79ºE (Indrani) are identified trending 

almost north south in CIB (Kameshraju, 1993). Analysis of magnetic data and 

bathymetry from the CIB reveals the identification of the Cenozoic magnetic anomalies 

21 to 24 on the N-S profile along 71°E. This confirms the presence of the 73°E fracture 

zone and suggests that the CIB crust in this region was generated at the Southeast 

Indian Ridge spreading centre (Kameshraju, 1990). The elevated central portion of the 

Vishnu fracture zone shows many small abyssal hills with ESE–WNW orientation. 

(Mukhopadhyay et al., 2002). The disposition of magnetic anomalies and the nature of 

ridge-parallel lineations in the surrounding areas suggest formation of Vishnu FZ from 

the east–west section of Central Indian Ridge at a half-rate of 80 mm/year between A26 

and A23 and at 36 mm/year between A23 and A21. The fracture zone has offset the 

magnetic lineations of the same age right-laterally by about 70 km, the offset is larger 

in the eastern side than in the western side (Kameshraju, 1990). The fracture zone 

widens from ~14 km in the north to ~17 km in the south. The fine scale bathymetric 

variations reveal that the average amplitude and wavelength of the seafloor crenulations 

within the FZ are 233m (range 40–530m) and 22.5 km (range 8.1–38.2 km), 

respectively (Kessarkar, 1998).  

The Indrani FZ (parallel to ~79°E) shows crest-trough topography with an 

elevation difference (300 m). The topography has steep gradients in the south and is 

gentler in the north. The seafloor along the western flank is shallower than that of the 

eastern flank. Seamounts along this fracture zone are mostly located in the south 

(Kameshraju et al., 1993). The lithospheric thickness of this fracture zone as deduced 

from the gravitational edge effect is 100 km and the thermal structure, considering the 

horizontal heat conduction, indicated the elastic limit of the lithosphere up to 23 km 

(Kameshraju et al., 1993). 

The presence of a fracture zone at 75°45'E revealed by strike of the magnetic 

anomalies 21, 22, 23, 24 and 25 and trends N12°E, parallel to the fracture zones 73º 

and 79ºE. The evolution of the Indian Ocean Triple Junction might have caused the 

observed differential offsets in the magnetic anomalies across the 75°45'E fracture 

zone. This suggests that the evolution of the triple junction and the reorientation of the 

SEIR and CIR resulting in the major spreading direction changes in the CIB during the 
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Eocene are the major processes that have influenced the evolution of the ocean floor 

(Kameshraju and Ramprasad, 1989). 

 

Seamounts and abyssal hills  

General topography of the basin varies with small abyssal hills to seamounts 

giving rough bottom morphology. Multibeam mapping of the CIB reveals presence of 

abundant isolated seamounts and seamount chains sub-parallel to each other and closely 

related to the major fracture zones along 73° E, 79° E and 75°45′ E. Das et al. (2007) 

identified eight parallel seamount chains in CIB that trend almost north–south and 

reflecting the north-ward motion of the Indian plate. Around 200 seamounts are 

reported from CIB (Mukhopadhyay and Khadge, 1990; Das et al., 2007 and references 

therein). The CIB can be divided into two distinct regions, the highly deformed north 

(north of 9°S) and northeastern part and the relatively undeformed southern part (south 

of 9°S). Majority of the CIB seamounts were formed during the period 61 to 52 Ma, 

and the formation of seamounts have peaked between 56 to 52 Ma (Das et al., 2007). 

This closely corresponds with the Indo-Eurasian collision event, during which time the 

spreading rate increased (95–55 mm/yr; Das et al., 2007). The seamounts are aligned in 

a line trending almost north south direction. The abundance of seamounts in CIB is 

comparatively lesser than that of Pacific and Atlantic Ocean. The normalized 

abundance of the CIB seamount is 976 seamounts/10
6
 km

2
 but on a finer scale this 

value varies from 500 to 1600 seamounts/10
6
 km

2
. Analyses of bathymetry, gravity and 

seismic reflection data of the diffusive plate boundary in the CIB reveal a new kind of 

deformed structure besides the well-reported structures of long-wavelength anticlinal 

basement rises and high-angle reverse faults (Krishna et al., 2002). It is observed that a 

linear elevated feature almost east-west direction is present in the study area and most 

of them with a height of 100-200 m and followed by the trough. Most of the rough 

nodules are scattered over this features. General slope of the area trends towards 

southeastern part of the CIB. All the seamounts are aligned in line trending almost 

north south direction. Eight parallel N-S trending seamount chains were identified and 

these reflect the motion of the Indian plate in the geologic past (Das et al., 2007). 

According to seamount morphology Das et al. (2007) classified seamounts from CIB in 

to four different classes.  
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 Type 1: low height-width (HW) ratio < 0.08 indicates low slope angle (< 10°) 

and low flatness (< 0.12) 

 Type 2: HW ratio of 0.081–0.16 shows variable slope angle (6°–15°) and 

flatness (0.08–0.3) indicates seamount complex indicates subsequent eruption 

 Type 3: an intermediate HW ratio of 0.161–0.23 shows high slope angle (> 10°) 

and high flatness (> 0.2) represents older seamounts with collapse summits that 

formed through fissure eruption. 

 Type 4: high HW ratio > 0.23 points to a high slope angle (>10°) and low to 

moderate flatness (< 0.2), indicates a point source of magma eruption indicates 

point source with flow of magma along the seamount slope.  

 

Figure 2.2. The N-S trending seamount chains in the central part of study area (Das et al., 2007) 

 

Mukhopadhyay et al. (2002) summarized that the majority of seamounts in the 

CIB were formed near the spreading ridge axis. Presence of fracture zones does not 

necessarily influence seamount density. The Triple junction traces in Indian plate 

appear to be magmatically pronounced and have actively influenced the seamount 

abundance. Seamounts show multiple episodes of growth. The local intraplate 

volcanism was facilitated by tectonic reactivation, flexuring and faulting. The off-axis 

production of individual, isolated seamounts is far and few. Intraplate volcanism, which 
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is of local and minor scale, mostly enlarged the dimensions of pre-existing near-axis 

seamounts. The seafloor deformation and seamount distribution suggest that the ‘soft 

touch’ between India and Eurasia was initiated sometime during chron A 26 (i.e., ~58 

Ma), while the first major collision event occurred around A 23 (51.6 Ma) (DeMets et 

al., 1990; Mukhopadhyay et al., 2002; van-Hinsbergen et al., 2012). 

Iyer et al. (2012) concluded that in CIB, single-peaked seamounts are dominant 

(89%), multi-peaked are less (8%) and composite ones are rare (3%) and formed near 

the ridges, and their abundance depends on availability of magma. A few seamounts 

show multi-stage of growth and were formed by local intraplate secondary eruptions 

(Iyer et al., 2012).  

 

Sediment distribution 

Major part of the ocean floor is covered with the sediments except some rock 

outcrops (Iyer and Sharma, 1990). Rivers and wind are the major contributors to the 

ocean sediments. The most important part of these sediments comes from the 

weathering products from the land region and seabed itself. Biogenic remains, aeolian 

deposits, volcanic exhalative and authigenic deposits also contribute to ocean sediment. 

Thus, each layer of the oceanic sediments deposited in different time period in the 

geological past represents the climatic signal, geologic processes and chemical changes 

that occurred at that time. Indian Ocean receives major sediment input from Indus in 

the Arabian Sea, Ganges and Brahmaputra in the Bay of Bengal, rivers flowing over 

Western Ghats and Eastern Ghats also supply sediments but may not reach distal areas. 

Dust input from Arabia, Rann of Kutch to the Arabian Sea and from Australia reaches 

central and southern parts of the Indian Ocean. Ridge system on the three sides of CIB 

(Kameshraju, 1993)
 
inhibits the supply of lithogenic input and provides a favorable 

environment for the formation and growth of the polymetallic nodules. It receives 

sediments mainly from north (Ganges and Brahmaputra) (Nath et al., 1989; 1992; Nath, 

2001) resulting in low nodule abundance in the northern CIB. CIB is also protected 

from circum polar bottom currents and Antarctic Bottom Water currents by these three 

major ridge systems, but the AABW enters through the deep saddles on the Ninety East 

Ridge (5ºS and 10ºS) in to the CIB and spreads northward (Jauhari and Pattan, 2000; 

Vineesh et al., 2009) and thus cannot bring sediments with it. Gordon et al. (2002) 

clearly demonstrated the entry of AABW currents into the CIB from nutrient rich 
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benthic layers and argued for its influence extending up to Bay of Bengal. Would this 

have any influence on the characteristics and formation of CIB nodule is not known.  

  Central Indian Ridge acts as a barrier to the entering of strong bottom 

water currents to CIB from Madagascar basin and Crozet basin. The sedimentation rate 

in CIB is very low (2.7 mm/ka 14ºS and 78ºE, 3.4 mm/ka 10ºS and 82ºE) (Udintsev, 

1975; Banakar et al., 1989; Borole, 1993)
 
. The central part of the CIB is characterized 

by siliceous radiolarian ooze and the southern part by red clay (Udintsev, 1975; Nath et 

al., 1989; 1992; Nath, 2001). The basement age of CIB is reported to be 50-60 Ma 

(Mukhopadhyay et al., 1995) and is covered with terrigenous sediments on the northern 

part (up to 5ºS latitude), from 5ºS to 14.5ºS the major sediment type is siliceous ooze 

with sporadic calcareous patches found at around 12-14ºS latitude and 82.5-83.5ºE 

longitudes. The southern part of the basin (south of latitude 14.5°S) is covered with red 

clay (Nath et al., 1989). The continental source indicators like illite- kaolinite- chlorite 

abundance are decreasing from north to south in CIB tracking the dispersal of 

sediments derived from turbiditic currents originating from mouth of Ganges and 

Brahmaputra (Nath, 2001). Montimorllionite content is highest in red clays of southern 

part and may have been derived from basinal basalt weathering (Rao and Nath, 1988). 

The sediments are poor in organic carbon (Nath and Mudholkar, 1989; Gupta and 

Jauhari, 1994; Nath et al., 2012) typical of deep-sea well oxygenated areas. Areas of 

sediment removal and bottom focusing were found by Banakar et al. (1991) and Borole 

(1993). Volcanogenic glass/ash was found dispersed throughout the basin (Gupta, 

1995; Iyer et al., 1997, 1999; Pattan et al., 1999; Sukumaran et al., 1999; Mascarenhas-

Pereira et al., 2006). Metalliferous components within the sediments were found at two 

seamounts (Iyer et al., 1997, 1999). Distinct signatures of hydrothermal fluid 

circulation and recent hydrothermal alteration were found in sediments at the flank of a 

seamount along the 76°30’fracture zone (Nath et al., 2008) in the pelagic clay domain 

of CIB. The sediments were ferruginous, devoid of organic matter and contained 

signatures of intense dissolution of siliceous skeletons. Selective leaching of these 

sediments have shown that the HCl leachable fraction had distinct shale-normalized 

REE patterns (positive Eu anomalies; negative Ce anomalies, HREE enrichment) 

typical of plume particulates (Mascarenhas-Pereira and Nath, 2010). And the same 

sediments also contained autotrophic microbes which are usually prevalent in typical 
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submarine hydrothermal systems (Das et al., 2011) suggesting that the southern portion 

of the basin is hosting hydrothermal activity in an intraplate setting.  

Nath et al., (1992) have summarized the sediments in the CIB as five different groups: 

1) Northern most part of the CIB floored with illite-kaolinite-chlorite rich (90%) 

terrigenous sediments mostly derived from Himalayan river input.  

2) Siliceous sediments from northern central part of CIB, without any manganese 

nodule deposits and are affected by terrigenous sedimentation (Nath et al., 1989). 

3) Siliceous sediments in the south central part of the CIB with large nodule deposits 

(Sudhakar, 1989) with low sedimentation rate 2 mm/ka (Banakar et al., 1991).  

4) Calcareous sediments from shallow areas (Nath et al., 1992). 

5) Pelagic red clays from the southernmost part of the CIB (Rao and Nath, 1987). 

 

2.2 Age of CIB crust and evolution  

The evolution of Indian Ocean starts from the Cretaceous Period in the 

geological time. The evolution of Indian Ocean closely relates to the destruction of the 

Tethys Sea and formation of the Himalayan mountain ranges (Sclater and Fisher, 1974, 

Sclater et al., 1976, Curray et al., 1981). The opening of western Indian Ocean and 

seafloor spreading started by the breakup of Gondwanaland in the Late Jurassic time 

(anomaly M22, ~152 Ma). The separation of Antarctic-Australian plate from India-

Madagascar-Seychelles plate started around ~133 Ma (Early Cretaceous; Ramana et al., 

1994). Initial separation of Indian continent from Gondwanaland began at around ~127 

Ma and this spreading continued N-S until 90 Ma (Curray et al., 1981). The northward 

journey (90-53 Ma) of the Indian continent occurred between two great transform 

faults: Ninety East Ridge on the east and Chagos – Laccadive ridge on the west. The 

breakup of Madagascar from India started in Late Cretaceous time. The drifting of 

India from Madagascar is suggested to have commenced at about 86.5 Ma (Yatheesh et 

al., 2006). Seychelles rifted from the Indian continent and gave birth to the Carlsberg 

Ridge around the time of spreading anomaly 28 (~68 Ma) (McKenzie and Sclater, 

1971). The Reunion hotspot had created the Deccan flood basalts on western Indian 

Shield around 66-68 Ma (Fisk et al., 1989). The soft collision between India and Asia 

was about 53 Ma (early Eocene Period; Sclater and Fisher, 1974) which has paved the 

way for initial formation of mighty Himalayas. The next phase of evolution took place 

between 53 and 33 Ma.  During this period the separation of Australian plate from the 
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Antarctic plate by SEIR started. During the same time Ninety East Ridge became 

inactive and Indian and Australian plates became single Indo-Australian plate and 

separation from Antarctic plate continued to Present (Sclater and Fisher, 1974). The 

latest event in the history of Indian Ocean is the formation of Red Sea and Gulf of 

Aden, which separates Arabia from Africa. 

 

Figure 2.3. Tectonic map of CIB (modified from Nath et al., 2008). All the dots 

denote the seamounts and lines denote ridge axis and major fracture zones. 

The magnetic anomalies of Late Cretaceous and Cenozoic age are reported on 

both sides of the South West Indian Ridge (SWIR), South East Indian Ridge (SEIR) 

and Central Indian Ridge (CIR) (Segoufin and Patriat, 1981; Patriat, 1987; Royer et al., 

1988). Anomaly 29 is the oldest reported magnetic anomaly mapped in the western 

Central Indian Basin. Kameshraju and Ramprasad (1989) reported magnetic anomalies 

numbered 21, 22, 23, 24 and 25 ( Early and Middle Eocene / ~43-56 Ma) in the 

southern part of CIB trending in an east-west direction associated with the 79°E 

fracture zone. The seafloor-spreading model studies indicate a variable spreading rate 

of 3.6 cm/yr between anomalies 21 and 23 (Middle Eocene) and 8.0 cm/yr between 

anomalies 23 and 25 (Early Eocene), these rates are approximately the same as reported 

earlier for the SEIR (McKenzie and Sclater, 1971, Sclater and Fisher, 1974, Sclater et 

al., 1976). Patriat and Segoufin (1988) proposed the reconstructions of evolution of 
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79°E fracture zone originated as a result of the ridge jump along the CIR during the 

middle Eocene time of anomalies 22 to 20. The observed and modelled magnetic 

lineations (anomalies 21 to 25) from the west of the suggested triple junction trace are 

assumed as these anomalies have been originated from the SEIR (Kameshraju and 

Ramprasad, 1989). Sclater and Fisher (1974) have found that these anomalies have 

been originated from an ancient east-west trending SEIR.   

The Central Indian Basin has a complex evolutionary pattern as it might have 

been affected by the evolution of the triple junction, the slower spreading CIR and the 

medium rate spreading SEIR (Tapscott et al., 1980). 

Deep sea drilling in the eastern Indian Ocean shows that the oceanic crust off 

Western Australia is approximately 140 million years old (Heirtzler et al., 1973). 

Müller et al., (1997) suggest that the age of CIB to be around 40-80 Ma. (Figure 2.4) 

 

Figure 2.4. Schematic map showing the ages of the ocean crust in the world ocean (Müller et al., 1997). 

 

2.3 Oceanography of CIB 

  Studies of chemical properties of the water column during the INDEX 

Experiment in CIB show three equator-ward moving water masses (deSousa et al., 

2001). The fastest moving water mass with subsurface salinity is maximum in the depth 

range 125-200 m, characterized by high salinity (34.74-34.77 psu) and oxygen 

minimum associated with weak maxima in nutrients. The second water mass with deep 

oxygen maximum (234-245 µM) in the depth range 250-750 m, associated with minima 

in nutrients and relatively high pH. The third water mass with salinity minimum water 

(34.714-34.718 psu) corresponding to the Antarctic Intermediate Water (AAIW) at 

depths 800-1200 m in the density (sigma-theta) range 27.2-27.5 (deSousa et al., 2001).  
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The temperature depth profile along 8
°
S (I2) of the CIB is shown below (data 

and maps from http://www.ewoce.org). The temperature variations are large up to 2000 

m depth and reach up to 3
° 
C (Figure 2.5). The warmer water on the top layer 20-27

°
C 

reaches to a depth of about 200 m in the I2 profile and the depth of warmer pool is 

increasing continuously the depth from equator to the study area. In the deeper levels 

almost same temperature (2-3
°
C) are shown along I2profile.  

 

Figure 2.5. Profile I2 shows the distribution of temperature in seawater on a W-E transect across 

the Indian Ocean at latitudes of 8°S. (www.ewoce.org). 

 The average oxygen concentration of the high salinity near-surface water 

was found to be 251 µM at 32
o
S between longitudes 70

o
E and 80

o
E (Toole and Warren, 

1993). A shallow oxygen minimum was associated with the subsurface salinity 

maximum and was found to be strongest in the north and weakened towards the south. 

In this layer, the average concentration of oxygen at 13
o
S was around 112 µM. This 

minimum is caused by the in situ consumption of oxygen by sinking detritus (Warren, 

1981a,b).The dissolved oxygen content in the water column in the CIB is examined 

along 8
°
S (I2).  

 

Figure 2.6. Profile I2 shows the distribution of dissolved oxygen in seawater on a W-E transect 

across the Indian Ocean at latitudes of 8°S. (www.ewoce.org). 

The I2 dissolved oxygen profile shows high oxygen content (200 µmol/kg) in 

the surface layers and decreases suddenly to form an oxygen minimum zone (200-

1100m water depth) (Figure 2.6). The dissolved oxygen content of this region is found 
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to be 60 µmol/kg. Oxygen minimum zone (OMZ) is more prominent in the Wharton 

basin when compared to CIB. In CIB, OMZ shows two distinct layers 200-400 m top 

layer and 700-1100 m down layer separated by oxygen rich (120 µmol/kg) layer from 

400-700 m. The dissolved oxygen content is increasing in the deeper layers, CIB show 

oxygenated bottom waters (180 µmol/kg) where as in Wharton basin oxygen content 

reaches up to 200µmol/kg. Bottom waters are oxygen rich as found in the I2 profile.  

The dissolved silicate concentration in CIB waters are examined in the vertical 

profile, along 8 
0
S (I2). It shows low silicate (0-5µmol/kg) layer from surface to 100m 

water depth. Deeper layers show continuous increase of silicate concentration with 

depth, the silicate rich (130µmol/kg) layers occurs below 3000 m water depth. Bottom 

layers show high silicate and more towards western side than the eastern side of CIB 

(Figure 2.7). The bottom waters show very high concentration throughout the CIB 

suggesting benthic fluxes of silica to the seawater.  

 

Figure 2.7. Profile I2 shows the distribution of silicate in seawater on a W-E transect across the 

Indian Ocean at latitudes of 8°S. (www.ewoce.org). 

deSousa et al. (2001) observed the surface mixed layer in CIB, which was about 

40 m thick, showed a northward shallowing trend and was characterized by low salinity 

(34.67 psu), high oxygen (223–245 µM), high pH (>8.2), and low nutrient contents . 

The concentration of nitrate was below 0.02 µM (deSousa et al., 2001). This low-

salinity layer is caused by local excess of precipitation (Warren, 1981a), and/or by the 

influx of low-salinity Pacific water, as ‘‘Indonesian Through flow’’ (Warren, 1981a; 

Fieux et al., 1996). Between 10
o
S and 11

o
S, a sharp salinity front, at 50 m depth 

separated the lower salinity waters (<34.67 psu), marking the influence of the 

Indonesian Through flow, from the higher salinity waters (>34.70 psu). The top of the 

thermocline was marked by a rapid fall in oxygen concentration from 225 to 100–125 

µM and was associated with rapid increase in nutrient concentrations and decreased pH 
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(deSousa et al., 2001). The deep water properties in CIB remained almost constant 

below 3000 m depth, except a gradual decrease of phosphate from 2.4 to 1.95 µM. The 

salinity of seawater varied within a very narrow range of 34.719–34.720 psu, but nitrate 

and silicate were varied within a range of 34.4–34.6 and 110–120 µM, respectively 

(deSousa et al., 2001). The deep waters in CIB are believed to be of Antarctic origin 

carried northwards by circumpolar currents without any changes in its properties (Toole 

and Warren, 1993, Warren, 1981a, b, 1982).  

deSousa et al (2001) explained the entry of Sub-Antarctic Mode Water 

(SAMW) (Warren, 1981a) in to CIB from the southwest. Below the subsurface salinity 

maximum layer, deep oxygen maximum (180 µM) layer is present at the depth range of 

250–750 m. The maximum was intense in the western side of the basin and was 

associated with weak minima in nutrients (nitrate: 14–22 µM, phosphate: 0.6–2.2 µM 

and silicate: 12–22 µM and relatively high pH, >7.8). This relatively low concentration 

of nutrients and higher pH associated with SAMW also support the entrance of SAMW 

in the CIB (deSousa et al., 2001). Antarctic Intermediate Water (AAIW) was seen as a 

400m thick band in the depth range 800–1200 m and between 27.2 and 27.5 density 

levels also reported in CIB (deSousa et al., 2001). 

Matondkar et al. (2005) reported as average chlorophyll A value of 0.775 

mg/m
3
 in the CIB (INDEX experiment area) during the southern summer at surface and 

17.75 mg/m
2
 in the water column. Similarly, average primary productivity at surface 

was 3.72mgC/m
3
d and was 51.23mg C/m

3
d in column. The chlorophyll A maxima 

reported at 50 to 80m was the characteristic feature of the euphotic zones of the area. 

Average phytoplankton counts at the surface were low, compared to those at 25m and 

75m. Matondkar et al. (2005) concludes that the waters in the CIB have low 

productivity in the surface as well as subsurface layers. Pavithran et al. (2007) reported 

a total of 27 species of benthic organisms in sediments, with polychaetes having the 

highest density and diversity in the CIB. These organisms are dependent on the surface 

primary production for their food.  

Overall, CIB has low to moderate productivity in the surface oceans, has at least 

4 water masses, has well oxygenated bottom water rich in dissolved silica. 
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CHAPTER 3 

MORPHOLOGICAL VARIATIONS 

 

 

 

3.1 Morphology of nodules  

The morphology of manganese nodule represents the size, shape and surface 

texture of individual nodules. The size of the nodules varies from few millimetres to 20 

centimetres. The size and shape of a nodule may mainly depends upon the size and 

shape of the nucleus materials (Glasby, 1973). A similar size range in nodules from an 

area reflects near uniform environmental conditions that prevailed at the time of its 

formation. Valsangkar et al. (1992) have shown a relation between size, surface texture 

and the metal grade of the nodules. For example, the spherical and ellipsoidal nodules 

ranging in size from < 2 cm to 2-4 cm with a rough, granular texture are abundant in the 

siliceous sediments in the Central Indian Basin and shows good metal grade compared 

to the larger nodules. This is attributed to the influence of diagenesis, calcium 

compensation depth, biological productivity and they play a major role in the formation 

of smaller nodules. Different-sized nodules suggest formation at different places and 

this in turn may indicate movement of bottom currents. Perhaps the first nodule 

morphological description was made during the H.M.S. Challenger Expedition when 

the nodules were first discovered. Different classification schemes were used in the past 

(Moritani et al., 1977, Raab and Meylan, 1977). Raab and Meylan’s field classification 

method involved 3 nodule parameters namely, size, shape and surface texture. 
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According to this classification, nodule morphology is described by using 3 symbols, 

the prefix representing the size class, the suffix representing the surface texture, and the 

central symbol indicating the shape. For example, s(E)s would represent small 

ellipsoidal nodule with smooth surface and l(D)r would denote a large discoidal nodule 

with rough surface texture. Large local variability has limited the usage of this 

classification (Mukhopadhyay et al., 2008) and a simpler classification would be much 

straight forward. Earlier publications on CIB nodule morphology were limited to small 

areas (Mukhopadhyay, 1987, Mukhopadhyay and Nath, 1988, Jauhari, 1989). Here an 

attempt to describe the nodules on a very systematic manner (half a degree sampling) 

by describing all the nodules recovered in each station is made to prepare regional maps 

of morphological variability and to understand the tectonic, geological and 

oceanographic processes governing the morphological variability. The objective of this 

study is to map the morphological variations of the CIB polymetallic nodules spatially 

and decipher the controls of basin morphology and prevailing oceanographic processes 

on these variations. Also determined are the oxide layer thickness and their relation to 

the surface texture in the present study.  

 

Materials and Methods 

As Central Indian basin is the second richest manganese nodule deposits of the 

world oceans and best among all Indian Ocean basins, the CSIR-National Institute of 

Oceanography (CSIR-NIO) Goa did extensive survey on abundance and resource 

estimation of CIB nodule deposits for the Government of India. Thousands of nodules 

samples from different location in the CIB are well preserved in NIO nodule repository. 

Around 23,000 nodules from 194 stations (including 801 substations) are examined in 

this study from a nodule rich area of 1,275,000 sq. km in the CIB. This area lies 

between 7ºS to 16º30’S latitude and 72º E to 83º30’E longitude (Figure 3.1) and the 

stations were selected at a grid of 0.5 degree spacing. This study represents the largest 

and systematic study on CIB nodule morphology (probably the first of this size for any 

ocean to our knowledge) which has been undertaken so far. The nodules have been 

collected mainly by free fall, Okean, VanVeen and Peterson grabs. The nodules were 

classified into various classes at two-centimetre size intervals. The variation in size and 

weight of nodule population among all stations with respect to latitude and longitude 

were studied. The shape, nucleus types and surface texture of each nodule was studied 

and the general dominating shapes and surface texture of each size class were noted and 
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are plotted on the map to study its variation and distribution throughout the basin. For 

the oxide layer thickness study, many representative nodules from each substation were 

selected and the average thickness of oxide layer was measured using Vernier-Calipers. 

 

Figure 3.1. Locations of sampling stations from the CIB which are considered for this study. Inset 

shows the rectangular area with the Indian Pioneer area marked. 

 

3.2 Size 

 The manganese nodules occur in all the major oceans and are recovered from all 

latitudes which show a size range from 0.5 to 25 cm in diameter, with an ocean-wide 

average of about 4 cm (Mero, 1977). Earlier studies in the CIB have shown that the size 

ranges from less than 1 cm to more than 10 cm in diameter and smaller nodules <4 cm 

are commonly found (Valsangkar and Khadge, 1989). Jauhari (1990) reported the CIB 

nodules to show a wide range of morphologies and compositions, based on size, shape 

and surface texture, but spheroidal nodules having a diameter between 2 and 4 cm are 

more common in CIB. While the former study is based on few dredged stations where a 

location control is lacking, the latter study is based on single nodule from each station 

and thus unrepresentative of a given location. 
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Figure 3.2. Distribution of small nodules in number percentage in a given station (colour coded) with 

respect to topography (yellow lines. Data from http://topex.ucsd.edu). a) 0-2 cm, b) 2-4 size class. 

 

In this present study, the nodules are classified into five classes with two-

centimetre intervals like 0-2, 2-4, 4-6, 6-8, and above 8 cm. Smaller nodules (< 4 cm) 

dominate the entire basin with the 0-2 cm size class nodules dominating the eastern part 

of the basin, northern side of the study area and small patches on the seamount tops. 

Other class of smaller nodules (2-4 cm size range) is the dominant size class in CIB, 

which is present in the eastern and southern part of the study area except deep basins 

(Figure 3.2). Larger nodules (>4 cm) dominate in the areas of deep basins. Among 
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them, 4-6 cm sized nodules are abundant in the north-western part of the CIB, while 

those between 6 and 8 cm are limited to central part of the basins only (Figure 3.3).  

 

 

Figure 3.3. Distribution of larger nodules in number percentage in a given station (colour coded) 

with respect to topography (yellow).  a) 4-6 cm size class;  b) 6-8 cm size class. 

 

The larger nodule class (6-8 cm) dominating stations were found along the foot-

hills of the seamount chains which are related to the fracture zones, which indicate that 

the availability of bigger rock fragments as nucleus may have controlled the size of 

nodules in this region. More sub-rounded smaller nodules are abundant in the south-

eastern region of the study area. 
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3.3 Shape 

Irrespective of the size class they belong to, irregular nodules predominate in 

the entire CIB (Figure 3.4). Smaller nodules are comparatively more rounded, 

subrounded or spheroidal. Larger nodules show irregular, elongated, tabular, triangular 

and mammillated shapes. The shapes of most of the nodules are found to be closely 

related to the substrate or nucleus in which they grew. Irregular shaped nodules are 

generally found to consist of altered basalt as nucleus. The topography of the area 

seems to be the major controlling factor for the shape of nodule in CIB. Different 

shaped nodules are present within the same station suggesting a local variability 

(Mukhopadhyay and Nath, 1988). According to the degree of roundness, the stations 

have been classified into fourteen classes (Figure 3.4 a-d). Details are explained in 

Table 3.1.  

Table 3.1 The group of shapes observed in the nodules classified in to 14 classes according to 

degree of roundness. 

Class Grouping of shape (Degree of roundness increases) 

1 Spheroidal (Sp) 

2 Subrounded(Sr) 

3 Subrounded, discoidal(D) 

4 Subrounded, discoidal, flat (F), irregular(I) 

5 Spheroidal, subrounded, Irregular 

6 Elongated(E), subrounded 

7 Discoidal (D) 

8 Discoidal, Oblangate(O), Irregular 

9 Elongated(El) 

10 Flat, subrounded 

11 Flat(F) 

12 Triangular(T), Flat 

13 Irregular, Flat, Triangular(T) 

14 Irregular(I) 

 

Spheroidal and sub-rounded smaller nodules (<4 cm) are predominant in the 

deep basins of the western, central eastern and south-eastern parts of the study area. 

Irregular, flat and discoidal smaller nodules are mainly associated with topographic 

highs and seamounts of rugged topography. Irregular nodules of the same size class are 

most common on seamounts (Figure 3.4). In general, the degree of roundness of small 

nodules (<4 cm) increase from topographic high towards the deep basins. 
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Figure 3.4. Variation in shape of the nodules (colour coded) with topography (black). Shape is 

classified into 14 types in the order of increasing irregularity in shape; a) 0-2 cm; b) 2-4 cm; c) 4-6 

cm; d) 6-8 cm.  

Irregular nodules are most common in large nodule size classes (>4 cm). Sub-

rounded, spheroidal, oval shaped nodules of 4-6 cm size class are again limited to the 

deep basinal area between the seamount chains related to 76.5° and 79ºE fracture zones 

and along the eastern part of the area. Sub-rounded nodules in higher size classes (6-8 

cm and >8 cm) are rarely found and are distributed in deep basins. The areas related to 

seamounts are showing irregular nodules where altered basalt is the dominant nucleus 

which may be controlling the shape of the CIB nodules. Deep basins in between the 

seamounts chains with pumice as the major nucleus type shows increasing degree of 

roundness. Triangular nodules are concentrated in areas where the shark teeth as 

nucleus are dominant. From all these it can be concluded that the shape of the nodules 
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primarily depend upon the size, shape and availability of nucleating materials and can 

also depend upon the topography of the area. 

Table 3.2. Shape of nodules in different size classes. 

[Sperical (S), elongated (El), flat (F), triangular (T), spheroidal (Sp), subrounded (Sr), discoidal (D), 

irregular(I), Elongated (E), ellipsoidal (Es), oblangate (O), oval (Ov)] 

Latitude 

(O S) 

Longitude 

(OE) 

Water 

depth 

(m) 

Shape of nodules observed in different size classes Morpho-

logy 
0-2 cm 2-4 cm 4-6 cm 6-8 cm 

> 8 

cm 

-16.01 78.48 5050 Sr,F,I F,I I F F,I Rough 

-16.00 78.47 5050 Sr,I F,I F,E       

-16.00 78.49 5050 I,F,D I,F,E I,E       

-15.51 73.47 5100 I,Sr F,OL F       

-15.51 73.48 5100 D T,D,I         

-15.49 73.99 4950 F,S,Sr Sr,Es,I,F I,E I     

-15.50 74.98 4800 D,I E,T,I I,F       

-15.50 75.00 4800 I,T,F I,F E,B,I I,F I   

-15.52 75.47 4950 Sr,D Sr,F,I I,Sr       

-15.51 75.49 4950 Sr,F Sr,I,E,F I,E       

-15.49 75.98 5250   I I,F,E     Mixed 

-15.51 75.99 5325 I,D,Sr D,F,I,Sr I,E,D   I Smooth 

-15.50 76.48 4975   I,Sr I     Rough 

-15.50 77.00 5150   Sr,D,E,I D,I     Rough 

-15.51 78.49 4880 I D,E,I,Sr F,I E     

-15.49 78.99 4800 Sr,S,T D,Sr,I E,I,D B     

-15.50 79.00 4800 Sr,I I,D,F,Sr I   B   

-15.48 82.94 5040 S,Sr,D,I B,Sr,I     I,E   

-15.49 83.51 4860 E,Sr,F,T,I Sr,F,I,E F,T,I,Sr T,Esr     

-15.02 82.47 4720 Sr Sr,F,I I       

-15.02 75.48 4950 Sr,F,S,D,I S,Sr,I I,E E,B,I     

-15.00 75.49 4950 Sr D,Sr,I I,E       

-15.00 78.49 5100 S,Sr,I S,Sr,Es Es,E       

-15.00 73.49 4900 T,E,F,I I,F         

-15.00 72.50 4627 I,D I I     Mixed 

-15.00 74.49 

 

Sr Sr,I         

-15.00 76.49 5090   D,Sr I E   Rough 

-15.00 78.49 5100 Sr Sr,I         

-15.00 76.49 5080 F I,F I,E I   Rough 

-15.00 76.50 5100 F I,F,E I,E     Rough 

-15.00 72.50 4500 F,I,Sr I,F,E,T I,E,F I,F   Mixed 

-14.99 75.47 4950 I I         

-14.99 78.48 5100 Sr Sr,Es Sr,E       

-14.99 74.49 5450 D,I,Sr   E,I       
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-14.99 78.49 5100 F,I F,I I       

-14.90 73.52 4900 I Sr,I D,I       

-14.90 73.54 4900   Sr,E         

-14.56 75.50 5216 I I I,E I,B     

-14.52 72.99 5000 I,Sr Sd,Sr,F,I I       

-14.52 78.49 5100 I I,F         

-14.52 72.99 5000 I,Sr I,Sr         

-14.52 78.49 5100 I,Sr I,F I,F       

-14.52 72.97 5000 F,I I,E         

-14.51 72.99 5000 I I,E         

-14.51 75.99 5200   Sr,I I I,F     

-14.51 78.48 5100   Sr   Sr I   

-14.51 73.47 5150   I         

-14.51 72.00 4788 O,Sr         Mixed 

-14.51 75.99 5200   Sr,I I,D I     

-14.50 72.05 3985 D,O,I I,E       Rough 

-14.50 75.98 5200 I I,F,Sr I I     

-14.50 72.97 5000 D,Sr,I F,I F,I       

-14.50 78.48 5100 I I,F I   I   

-14.50 74.98 5400 E,I F,E,I         

-14.50 76.00 5200 Sr,I Sr,I I,E,Sr I,E     

-14.50 76.50 5125 I I,E       Rough 

-14.50 78.49 5100   I,F I       

-14.50 81.50 4848 Sr Sr,E,I,D I,E,D     Smooth 

-14.50 82.50 4800 E,F,T,Sr,I F,T,Sr,I,F Es,I 

Sr,F,E,

I I,E Smooth 

-14.50 76.50 5100 I I I     Rough 

-14.50 82.01 4680 I,Sr,F I,Sr,T,D,F E,I       

-14.50 76.50 5100 Sr,S I,Sr I I   Rough 

-14.50 78.49 5212 Sr I I     Smooth 

-14.50 82.99 4560 I,Sr I         

-14.50 76.50 5150   I       Rough 

-14.50 78.49 5212 I I I     Smooth 

-14.49 73.49 5150   Es,I         

-14.49 78.49 5212 I I,Sr I,F T,F   Smooth 

-14.49 74.99 5400 Sr Sr,D,E,I E,T,I F,E     

-14.49 73.52 5150 E I         

-14.49 75.47 5250 D,I Sr,D,E,I I       

-14.49 73.51 5150   I I       

-14.49 73.99 5200 E,F,I E,F,I E,I   I   

-14.49 74.97 5400 Sr Sr         

-14.49 75.46 5250   E,I,Sr Sr       

-14.49 78.99 5050 I   I       
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-14.49 73.53 5150 T I         

-14.48 75.46 5250 S,I Sr,Es,E,I Sr,E,I I T   

-14.48 75.48 5250 S,Sr,Es S,Es,Sr,F Sr,I I     

-14.00 73.50 4691 T,Sr,F,I Sr,O,I,F,T I     Rough 

-14.00 74.50 5200 Sr I,F,D I,E,D I I Mixed 

-14.00 75.50 5091 Sr,I Sr,T,I D,Ov,I,E I   Rough 

-14.01 76.48 5250 Sr,I Sr,F,D,I I,Sr,E,D I I Rough 

-14.00 76.50 5250 Sr,F Sr,I,F I,Sr,D I,E   Rough 

-14.00 80.51 4836   Sr         

-14.00 81.50 

 

F,I,Sr T,Sr,I,Es E,I       

-13.50 73.00 5340 D,Sr,I   Sr,T     Rough 

-13.50 74.00 5150 I Sd,I,F       Rough 

-13.48 74.47 5325 Sr,F I I,E,Sr I,E Sr   

-13.50 74.49 5304 S,Sr,I Sr,D,I E,Ov,I E,I T,I Rough 

-13.50 74.50 5325 Sr Sr,F,I,E F,I,E,B F,E,I F Rough 

-13.51 75.00 4670 I,F,Sr I,F I     Mixed 

-13.50 76.00 5348 Sr,I,T,F Sr,I,E,O Sr,Es,I,F E,I I,T Rough 

-13.51 76.50 5280 Sr,I Sr,I,E,O Sr       

-13.50 77.00 5356 F,I,D Sr,I,E Sr,I,O I,E,D B Rough 

-13.51 77.50 5259 I T,I       Rough 

-13.50 77.99 5250   Sr,E,I         

-13.50 78.52 4956   Sr,E,I I,E,Es       

-13.50 78.97 5388 S,Sd,I,E I,Sr,F,Sd,B B,E,F,I   I   

-13.55 79.50 4800 I,Sr,E S,E,D,F I       

-13.51 80.00 4860 Sr,E Sr,D I,D       

-13.51 80.47 4800 F,I,Sr I F       

-13.50 80.48 4800 Sr,I F,I,Sr F,I I     

-13.50 80.98 5700 I,Sr I,F I   E,D   

-13.49 80.99 5700 Sr I,B I,B       

-13.50 80.99 5700 I,Sr I,E,F I,E Sr I   

-13.50 80.99 5700 F,I Sr,I E       

-13.49 80.99 5700 I I,F I,F,E F     

-13.50 81.48 5100 I,Sr     E,D     

-13.52 81.49 

 

Sr D,E,Sr E I I   

-13.50 81.51 5100 Sr B         

-13.52 81.52 5100 Sr I,D,E I I     

-13.51 82.01 4848 T,F,Sr,I I,Sr,F,E,T Sr,E F,I     

-13.51 82.48 4650 I I         

-13.50 82.49 4650 I,Sr F,I E       

-13.02 76.48 5226   I I I   Mixed  

-13.02 78.50 5350 I F,I I I     

-13.02 76.48 5248 I I I     Mixed 

-13.01 80.49 4800   D         
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-13.01 79.49 5000 Sr Sr,I I,E       

-13.00 79.50 4920 I,F,S S,D,Sr,I F       

-13.00 76.48 5400 T,I Sr,I I       

-13.00 80.49 4800 D,Sr I,F         

-13.00 80.50 4800 I I,Sr I,E I,E,T     

-13.00 74.50 5129 Sr,I,D I,E   E   Rough 

-13.00 75.49 5129 I,F,Sr I,D,Sr I,Sr,E I,E   Rough 

-13.00 76.48 5241 I I I     Mixed 

-13.00 76.50 5290 I B,Sr,F,I B,I,E I,E E Rough 

-13.00 81.49 5400 Sr,F I I       

-13.00 78.49 5196 F,Sr,E D,E,I I F     

-12.99 77.47 5460 D Sr,I,E Sr,F,E       

-12.99 78.49 5350 Sr Sr Sr       

-12.99 81.50 5400 Sr Sr,I   D     

-12.99 80.49 4800 Sr,F I Sr,I I,B     

-12.99 81.49 5400 Sr I,E I,E       

-12.99 78.48 5350 I F,I         

-12.97 78.51 5350 F I,F,Sr,T E E     

-12.53 79.95 

 

I,D,Sr D,E,I T,D,I E     

-12.53 74.49 

 

  F,T,I I       

-12.52 80.49 4764 S,F,I F,I,T,D E I     

-12.52 78.99 5100 F,I F,I,E F,I,E T     

-12.52 80.95 4860 I I,F,E I,F       

-12.51 78.00 5100 I I         

-12.51 77.99 5100 I,Sr I         

-12.51 81.99 4850 I,Sr I,F         

-12.51 79.48 5112 I,Es,Sr Es,Sr,T,F I,Es       

-12.51 81.98 4850 I,D I,F   E F   

-12.51 73.99 

 

  D         

-12.50 82.02 4850   Sr,E         

-12.50 76.00 5340 Sr,T,S,I S,I,T,Sr,E Sr,Es,ID,E D,E,I,B B   

-12.50 77.49 5409 I E,I Sr     Rough 

-12.50 78.50 5196 I,D,S Es,F,Sr,I,E,S I,B,E       

-12.50 81.50 4740 S,Sr,F,I,T E,I,Sr,T E,I E I   

-12.50 76.50 5269   Sr O,Es,I Es,I   Rough 

-12.50 76.99 4707 DL DL,I E,I,F I   Rough 

-12.50 77.50 5400 I Sr, I Sr     Rough 

-12.50 77.50 4950   Sr Ov,Es, Sr Es     

-12.50 78.00 4977 D, Sr, I,  I       Rough 

-12.50 76.49 5285   Sr,O O,Sr,I E,I   Rough 

-12.50 76.49 5297 Sr Sr,F,D,I Sr,I,Ov E,I   Rough 

-12.50 76.99 5084 Sr Sr,T,I Sr,I I   Rough 

-12.50 76.99 5086 Sr,I I       Rough 
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-12.49 78.00 5437 I I O     Rough 

-12.49 81.99 4850     I   T   

-12.49 77.49 5400 I I I I   Rough 

-12.42 75.53 5316 Sr,F,I T,Sr,D,I,F F,I       

-12.02 74.50 

 

F S,Sr,I,F E,Sr,I,F I     

-12.01 76.49 5400 F,Sr 

Sr,F,Es,I,E,S

r D,I,E,T,Sr I,E,D I,E   

-12.01 76.52 5400 I I,Sr I,Sr       

-12.00 76.52 5400   Sr I,Sr       

-12.00 76.54 5400   I,Sr I       

-12.00 76.45 5100 I Sr Sr Sr     

-12.00 79.54 

 

S,T,D E,F,Es,I,O E,F,Sr,I       

-12.00 76.49 5100 Sr I,F,Sd         

-12.00 76.52 5400 Sr Sr Sr,I,T I,E E   

-12.00 80.50 

 

F,Sr,Sd,D,S,

E S,E,F,T,I T,D,Sr       

-12.00 76.51 5400   Sr,D,I I,D,E I,E     

-12.00 79.50 5190 S,I D,S,F,I O,F,Sr       

-12.00 80.49 

 

S,F S,F         

-12.00 74.50 5080 I T,Sr,I I,E,F I   Rough 

-12.00 78.51 5260   I,Sr I     Rough 

-12.00 77.50 5403 I         Rough 

-12.00 73.49 4947   I,E,B I,F,B I,F,B,E   Mixed 

-11.99 77.50 5388 Sr,I Es,I   E   Rough 

-11.99 76.49 5400 I Sr,F,I Sr,I,D I     

-11.99 76.49 5400 Sr,F I,Sr,F I,Sr E     

-11.99 76.51 5400 I Sr,I,F I,Sr,T I E   

-11.98 75.53 5175 I D,Sr,I D,Sr E,I     

-11.98 80.53 

 

S,E,D F,I,T I,E,F       

-11.49 72.99 4755 I Sr I,E E   Mixed 

-11.50 74.51 5247 Sr,I Sr,F,I,E Sr,E,I,B I   Rough 

-11.53 74.98 

 

  E,Sr,I I,E,Sr E     

-11.50 75.49 5231   I,Sr I,Sr I   Rough 

-11.49 75.50 5239 I Sr,I E,I I   Rough 

-11.50 75.50 

 

I,Es E,I,Es,S,Sr 

F,Es,Sr,D,

I I Es Rough 

-11.55 75.98 

 

Sr,F,E F,E,I Es       

-11.53 76.49 

 

D,S,T,I,Es D,E,T,Es D       

-11.50 76.50 5459 F   I       

-11.50 76.74 5459 I Sr,I Sr       

-11.50 76.75 5459 F Sr I I     

-11.51 77.00 

 

F,T,E,Es,Sr Sr,B,I,E,T,S I,E,Sr F     

-11.49 77.51 

 

T,F,Sr,I Sr,D,E,Es   Sr     
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-11.50 78.00 

 

I,Es,Sr I,Sr,S,E,D Sr       

-11.49 78.95 5340 S Sb,T Sb       

-11.49 79.00 5340 Sb,Sd S,Sb,Sd   Sd     

-11.50 80.50 4830 I I,Sr         

-11.51 81.48 

 

F,S,E,I F,E,B,I I,E       

-11.52 82.04 

 

Sd,I F,I         

-11.50 83.50 4815 F,D,S,Sd,T,I E,F,I E,F       

-11.49 80.02 5100 S,F,T I,F,E I       

-11.48 80.48 4830 Es T,F,I E       

-11.00 72.51 4865 F,Sr,I E,I,F       Mixed 

-11.00 73.49 5379 Sr,T,F I,Sr,F I I   Mixed 

-11.00 73.49 5379 I,F I,F,B,T I,E,Sr Sr,I   Smooth 

-11.00 74.50 5052 F,Sr,I I,Sr,E I,E,Sr     Rough 

-11.02 75.49 5325   Sr         

-11.01 75.49 5239 I,F,Sr F,I,Sr,E I,Sr,E     

Very 

rough 

-11.00 75.49 5325     Sr       

-11.00 75.49 5325   Sr,I         

-11.00 75.50 5325 I Sr,E         

-11.02 75.50 5325   I,Sr I,Es       

-11.00 76.50 5338 Sr Sr,E       Rough 

-11.00 77.50 

 

F,E Sr,S,I,F S,E     Mixed 

-11.00 79.50 5070 D,Sr,I S,Sr,I,D E,D,Sr,I E,F     

-11.00 80.50 5070   I         

-11.01 81.50 4965 T,D,Sr,E F,E,I,D E,I,S       

-10.92 83.51 4815 S,O,I F,Sr,I Sr,E       

-10.52 75.99 5400 F Sr I,Sr       

-10.52 75.00 5259 Sr Sr,I B,I I,D   Rough 

-10.52 72.50 3787 I   I     Rough 

-10.52 75.99 5400   Sr E,Sr,I       

-10.52 78.46 

 

I I I       

-10.51 75.47 5365   Sr,I Sr,I,E I,E     

-10.51 75.48 5365   Sr,E,I I,E,Es I,E     

-10.50 74.50 4941 Sr,F Sr,I,B E,I,B B   Rough 

-10.50 75.47 5365   Sr,E Sr,E,I,F E,I     

-10.50 76.52 5100 F,Sr   Sr       

-10.50 75.98 5400 S,F,Sr,I Sr,E,I,S,F E,F,I F,I     

-10.50 82.49 5100 F,E,Es E,Es,Sr I       

-10.50 75.47 5365   F,I,Sr I,Sr,E E,I     

-10.50 75.49 5365   E,Sr E,Sr,I Sr     

-10.50 73.51 5271 F,Sr I,F I,B,F I,Sr   Rough 

-10.50 75.99 5400   Sr,I I,E I     

-10.50 81.00 

 

S,I Sd,I,Es S,I       
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-10.50 74.50 4581   Sr,B,I E,B B   Rough 

-10.50 78.98 5400 I I,E,T I,E I   Rough 

-10.50 80.50 

 

E,T,Sr,D,Es,I E,I,T,D E,I     Rough 

-10.50 74.50 4898 I,B Sr,B,I,E B,I I   Rough 

-10.50 79.00 5400 Sr E       Rough 

-10.50 75.00 5263 Sr,I Sr,F,I,E F,I,E I,B I Rough 

-10.49 75.99 5400   Es,Sr,I Sr,I,T,E I   Rough 

-10.49 75.48 5365   Sr I     Rough 

-10.49 82.01 

 

I I       Rough 

-10.49 79.99 

 

F,Sr,I S,E,I,D,F,O F,E,I,T E,I I,F Rough 

-10.01 74.50 5092 Sr Sr,I,O F,E,I     Rough 

-10.00 80.49 5300 I F       Rough 

-10.00 75.50 5296 I Sr,I   I   Rough 

-10.00 76.50 5280 I I Sr,I     Rough 

-10.00 80.50 5300 Sr F,I       Rough 

-10.00 76.48 5280 I I I,B     Rough 

-9.99 78.50 5300 I E,I,Sr,F F,Sr,I,O,D E,I,D   Rough 

-9.99 76.49 5280 I E,Sr,I E,I     Rough 

-9.51 76.00 

 

  I,E,Sr I,E,B I   Rough 

-9.51 75.50 

 

F I,Sr I     Rough 

-8.50 81.00 

 

Sr,I Sr,I,F,T Sr,I     Rough 

-8.47 81.51 

 

Sr,I Sr,I, E I,D,E,F I,E   Rough 

-7.00 78.50 

 

I,Sr I,T,F,E I,F I I Rough 

 

3.4 Surface texture 

The nodules of rough surface texture in the northern CIB with todorokite as 

dominant mineral phase are relatively rich in Mn, Cu and Ni, and are mostly associated 

with radiolarian sediments rich in montmorillonite, chlorite and illite as reported by 

Rao (1987). The nodules of smooth surface texture from the southern CIB with ∂-MnO2 

as the dominant mineral phase and rich in Fe and Co are associated with pelagic clay 

sediments (Rao, 1987). The discoidal to irregular shaped smooth nodules with ∂-MnO2 

as dominant mineral is associated with red clay from the northern Central Pacific Basin 

and the Mid-Pacific Mountains area reported by Usui (1983). In the central to southern 

part of Central Pacific Basin where siliceous ooze as surface sediment, hosting 

spherical and rough surface nodules with todorokite as major mineral phase (Usui, 

1983). In this study, the dominant surface texture of the CIB nodules was found to be 

rough (Plate 3.1). Eastern part of the area between 10-13°S shows smooth and mixed 

surface texture (Figure 3.5). The central part of the basin (74.5° E to 78°E) shows 
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abundant rough textured nodules which may be due to the presence of more number of 

seamounts with a rugged topography (Mukhopadhyay et al.,1995; Kodagali, 1995).  

 

 

Figure 3.5. General surface texture of nodules from different sampling locations with bathymetry 

(200 m interval contours). Surface texture is marked with symbols S, R and M abbreviated for 

smooth, rough and mixed type of nodules. 

 

Spheroidal and ellipsoidal nodules with rough surface are more common among 

the smaller nodules in CIB (Jauhari and Pattan, 2000). The size, in contrast, also shows 

some relationship to surface texture. Generally, smooth texture is associated with 

smaller nodules and rough texture with larger nodules. Nodules with smooth texture are 

generally smaller than 4 cm which is consistent with the previous studies (Banerjee and 

Miura, 2001). Earlier workers has proposed that the nodules with rough surface textures 

are associated with siliceous radiolarian sediments, whereas the smooth-surface nodules 

are more common in the pelagic clay domain (Rao, 1987; Jauhari, 1990; Banerjee and 

Miura, 2001) arguing for siliceous sediments to favour rough surface texture and the 

pelagic red clay bearing smooth textured nodules (Plate 3.2). However, our study shows 

that the smooth surfaced nodules can also occur in the siliceous oozes (Figure 3.6). 

Smooth and mixed surface texture is dominant in areas along the seamount slope and 
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foot hills or relatively shallower water depth. Smooth nodules in the eastern area seem 

to be mainly due to the strong current system that prevailed in this area. Some locations 

or small patches of smooth surface texture in the north western part of study area are 

due to the presence of rugged topography and local current system. 

 

 

Figure 3.6. Sampling locations and nodule surface texture with respect to general sediment type 

distribution (Sediment distribution map from Nath et al., 1992) 

 

Nodules in the eastern part of the study area are probably affected by the strong 

bottom currents from Ninety East ridge (Antarctic bottom water currents from 5º and 

10ºS saddles of the Ninety East Ridge system). Bottom current velocity may play an 

important role which influences the nodule morphology. Large spheroidal nodules may 

form in areas of strong bottom currents, where sediment accumulation may be minimal. 

The smaller spheroidal nodules with uniform surface texture on all sides show the 

influence of rolling due to the bottom currents, and they are more mobile on the sea 
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floor as compared to the larger nodules (Glasby, 1977). The rolling and the effect of 

forces acting on the sediment-water interface influence the surface textures of the 

nodules (Glasby, 1977). The smaller nodules are more mobile on the sea floor and 

hence their surfaces may have become smooth. The sub rounded smooth nodules are 

more in the southeastern part of the basin and this may due to the smooth topography 

and water currents rolling the nodules in this region.  

The surface texture of the nodule is closely related to the topography and water 

depth. In this study, it has been observed that all the stations (except two) with smooth 

surface texture are found at water depths shallower than 5200 m, and very rough 

surface nodules in deeper areas suggesting a clear topographic control. 

 

3.5 Nodule nucleus 

The distribution and morphology of the nodules are controlled by the type of 

nucleating material on which metallic oxides can accrete (Glasby, 1973, Horn et al., 

1973, Glasby and Read, 1976). The shape of the nodules usually follows the shape of 

the nucleus. Topographic highs are dominated by the encrustations. The types of 

nucleus reported in the CIB nodules are shark teeth (Plate 3.3) (Banakar and Sudhakar, 

1988), whale’s ear-bones (Banakar, 1987), large phillipsite crystal (Ghosh and 

Mukhopadhyay, 1995), zeolites, pumice (Iyer and Sudhakar, 1993, Sarkar et al., 2008), 

rock fragments and volcanogenic materials (Iyer and Sharma, 1990). Martin-Barajas et 

al. (1988) identified altered ash layer fragments, red clay indurated sediments and 

rhyolitic pumice as the nuclei of manganese nodules in the CIB.  

Topographic slopes, flanks and abyssal plains are dominated by the exposed 

nodule cover. Relatively, fresh basalts occur along the summits of the abyssal hills 

while the weathered basalts and pumice occur along the slopes and the abyssal plains. 

In the study area, different types of nodule nucleus are observed and the most common 

nucleus found is altered basalt (Figure 3.7). Nearly 90% of the stations show altered 

basalt as nucleus. From this, about 77% of stations show only altered basalt as nucleus, 

while in the remaining stations nodules with altered basalt, pumice, shark teeth nuclei 

coexist (Figure 3.8). Some locations near the foot hills of the seamounts show fresh 

basalt as nodule nucleus with less oxide thickness. While in some locations, altered 

basalt is the dominant nucleus type while minor contributions of pumice are also found 

(about 15%), but only in some locations are dominated by pumice nucleus (about 8%). 
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Shark teeth are reported from about 9% of total stations and hardened clay as nodule 

nucleus is found rarely in CIB (Figure 3.7). 

 

Figure 3.7. Different types of nuclei observed in CIB nodules. 

 

 

Figure 3.8. Distribution of different nucleus types observed in CIB nodules. Basalt is found to be 

the most dominant nucleus type. 

 

Pumice nucleus types are mainly distributed along both sides of 76.5° and 79° E 

fracture zones between 10.5° and 14.5°S. Fresh pumices of younger age were found in 
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many locations. Among the older pumices, some had a thin coating of manganese 

oxide, while in some stations nodules with thick oxide layers (~7 mm) over pumice 

nucleus are found. These pumices spread over CIB may have different ages and must 

have either drifted from distal areas, or contributed from local sources. While Pattan et 

al. (2008) have attributed the occurrence of CIB pumice to the distal source in 

Indonesian volcanic arc, Iyer and Sudhakar (1993) have attributed the presence of 

pumice along the fracture zone due to intraplate volcanism.  

Distinct zones of occurrences of nodules with shark teeth as nucleus types are 

concentrated in south central and south eastern part of the study area (Figure 3.8). This 

localization of nodules with shark teeth as nuclei may indicate that these regions may 

have had large “shark falls”. The size of the shark teeth in CIB varies from microscopic 

size to 8 cm in length. Most of these shark teeth are coated with metal oxides started 

with corners and almost triangular in shape. Fresh shark teeth without any manganese 

oxide coating associated with nodules are also found from the central and southern part 

of the CIB.  

 

3.6 Thickness of oxide layer 

 The thickness of the oxide layer over the nucleus is a clear indication of the age 

of nodules and its mode of accretion. From the internal layering, the environment of 

deposition can be identified. Thicker oxide layers either suggest that they are more aged 

or metal oxides have accreted faster. The oxide accumulation rates and thickness varies 

according to the environment where nodules form. The oxide accretion rate of 

manganese nodules from near-shore environment is very fast and reported between 0.3 

and 1000 mm/ka but the accretion rates in deep ocean nodules can be <1 cm/Ma (Ku 

and Glasby, 1972; Crecelius et al., 1973). In this study, it is found that harder the 

nucleus type more is the oxide thickness. The oxide layer deposited over altered basalt, 

older nodule nucleus and shark teeth shows thicker oxide layer than over the pumice 

nucleus. The nodules with both clayey nucleus (Plate 3.3) and fresh basalt as nucleus 

show very less oxide thickness, which may be due to the younger age. Biogenic 

remnants are also less in smooth nodules. Sediment types also play some role in the 

thickness of the oxide layer. Oxide layer thickness is found to be thinner in the nodules 

from the terrigenous, terrigenous-siliceous and red clay sediments. Thicker oxide layers 

are reported from the areas of siliceous, calcareous and siliceous-red clay sediments 

(Banerjee and Miura, 2001). A total of 106 smooth nodules and 216 rough nodules 
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were observed and the thickness varied between 2.2 and 15.5 mm. Rough nodules were 

found to have slightly high oxide layer thickness (average 8.5 mm) than the smooth 

nodules (average 7.7 mm). In smooth nodules oxide thickness varies from 3 to 13.5 

mm. In some of the mixed nodules, it is found that one side is thicker than the other 

side of the same nodule. This feature is prominent in some mixed type of nodules 

suggesting different accretion rates on both the sides. This may be due to the reason 

that the upper side of the nodule facing water column is smoother and has very less 

biogenic remnants on their surfaces, compared to the lower side which is buried in the 

sediments which shows more thickness and high biogenic remnants and sediment 

remains. Most of the rough nodules show high biologic traces on their surfaces and are 

more prominent in the nodules at water sediment interface. Thus the rough nodules are 

apparently suitable habitat for organisms. The bottom rough side of some nodules show 

little brownish colour and this may be due to the sediment influence that supports the 

distinct top-bottom elemental fractionation noticed before (Nath et al., 1992). 

 

3.7 Processes controlling the nodule morphology  

Morphology of the nodules in the CIB is controlled by topography of the area, 

bottom water currents, water column depth, sedimentation rate, movement of nodules, 

metal oxide input rates, sediment types etc. Among all these, topography of the area, 

bottom water currents and water depth seem to play an effective role in controlling the 

nodule facies. Variability of nodule surface morphology was earlier attributed to 

sedimentary conditions. However, our data shows that in the southeastern part of the 

basin, the smaller nodules with smooth or mixed surface texture are more in number, 

which may be controlled by the seafloor topography and AABW currents entering in to 

the basin through the saddles in the 90°E Ridge system (Figure 3.9). Thus, the bottom 

water currents seem to play an important role influencing the manganese nodule 

morphology, size and shape of the nodules in the CIB.  

The effects of strong bottom water currents in deep-sea environment are mainly 

of two types; sediment erosion and rolling movements of surface nodules. Both 

processes inhibit the nodule growth. Bottom photographs from the Southeast Indian 

Ocean shows the presence of smaller nodules in the areas of strong bottom water 

currents indicated by ripple marks and channels (Kennett, 1991). Hiatuses in 

manganese nodule growth due to the erosional effect of Antarctic bottom water currents 

co-incident with global climatic changes were well established (Glasby, 1986). Bottom 
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water currents may induce changes in position of nodules or rolling movement along 

with eroding sediment (Glasby, 1986). Penrhyn basin experiences strong Antarctic 

bottom water current activity. The photographs of nodule covering seabed from this 

area shows dominantly smaller nodules with spheroidal and ellipsoidal shapes (Glasby, 

1986). The nodules are most abundant in oxygenated environments with low 

sedimentation rates and reach their greatest concentration in deep-water at or below the 

calcium carbonate compensation depth (Mero, 1977). The dissolved oxygen content in 

the ambient seawater will reflect the Eh-pH condition which controls the environment 

of nodule formation (Glasby et al., 2010). 

 

Figure 3.9. Entrance of AABW currents in to CIB through deep saddles (5 and 10°S) of 90°E 

Ridge System (adopted from Gordon et al., 2002). Red box shown in the SW corner is the present 

study area. 

In the northwest and the central part of the CIB, nodules are found to be more 

rough or gritty in surface texture. Their shapes also vary and are mainly controlled by 

the rugged topography and number of seamounts. The effect of AABW current is less 

in this area. Water column depth also plays an important role in shaping the surface 
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morphology of the nodules. Local nodule formation facies exist in the north-western 

part of the basin indicated by small patches of smooth surface texture.  

The enhanced current activity of the oxygenated AABW initiated since middle 

Miocene has caused a major global cooling (Shackleton and Kennett, 1975) and 

resulted in increased bottom water oxygenation condition in all oceans. During the 

same time the modern global circulations also started (Ciesielski et al., 1982). This 

global change in oceanic bottom water dissolved oxygen concentration has made it 

favourable for the accretion of the hydrogenetic nodules (Glasby, 1988). von-

Stackelberg (1979) explained the formation of hydrogenetic nodules in deep-sea basins 

during middle Miocene due to the hiatus in deep-sea sedimentation by the erosional 

impact of the AABW. The deep sea currents are comparatively weaker in CIB than 

other Indian Ocean basins due to its tectonic settings. The ridge systems on the three 

sides of the basin protect CIB from major deep sea current system. The AABW is 

active in Crozet, Madagascar, Somali, Australian, Wharton basins. The only entry point 

of AABW in to CIB is through the deep saddles of Ninety East ridge (5
o
 and 10

o
S). 

The higher dissolved oxygen content in the bottom water of CIB is clearly seen 

in eWOCE vertical profile (I2) and is explained in detail in Chapter 2. The entry of well 

oxygenated AABW into CIB through 5 and 10
o
S saddles of Ninety East Ridge is 

reported by Warren (1982). The limited organic matter in the CIB sediments is well 

oxygenated waters mainly contributed by the circulation of AABW (Nath and 

Mudholkar, 1989).  

The AABW in the CIB affects the nodules in two ways, making the 

environment more oxidizing, which helps in the metal oxide precipitation and nodule to 

accrete. The second effect is the rolling of nodules which make them rounded and 

smooth and favours smaller nodules according to current velocity. In this study it can 

be observed that the south and south-eastern part of the CIB experiences more effect of 

AABW from the saddles of Ninety East ridge and they may play a major role in the 

formation of nodules by shaping the morphology of nodules smooth and round by 

rolling effect. In the north, north western and central part of CIB, the effect of rolling 

from AABW is less due to the seamount chains related to fracture zone running in N-S 

direction. These areas experience more diagenetic enrichment of metal oxide accretion 

from the sediment and makes the nodules rougher, larger and of irregular shapes. Major 

bottom water currents (AABW) during the geological past have apparently affected the 

nodule formation and growth, leading to the formation of smaller nodules with smooth 
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surface texture in the eastern part of the basin. The central and northern parts of the 

study area are protected from these currents due to the presence of major seamount 

chains. From all these it can be concluded that the topography of the area and 

oxygenated AABW are major controlling factors for the formation of CIB nodules and 

their morphology 

3.8 Conclusion 

 The CIB is found to be the best manganese nodule reserve among all other 

Indian Ocean basins and second largest nodule deposits in the world. All prerequisites 

for a good nodule reserve were built by the nature. Tectonically all three sides of CIB 

bounded by major ridge systems helps a very calm environment in this region. Major 

bottom and intermediate water current systems started since Miocene in the world 

oceans are restricted by these ridge systems. Large amount of metal inputs from 

Himalayan mountain ranges and Indian subcontinent to the CIB and the sediments are 

restricted by many undulations in the sea floor, made CIB a low sedimentation region. 

Although oxygenated AABW currents (started worldwide in early Miocene) blocked by 

ridge system it is reported some seepages through Ninety East Ridge (at 5
0
and 10

0
S) 

made CIB bottom water well oxygenated from eastern side to south. Altogether the 

physiochemical conditions in the CIB became more favourable for manganese nodule 

deposition since Miocene. 

 The morphological analysis of CIB leads to some major conclusions. The deep 

basins are dominated with rough, larger, irregular nodules whereas seamount 

tops/slopes are dominated with smooth nodules. The south-eastern and eastern part of 

the CIB nodules are influenced by oxygenated AABW and leads to the formation of 

smaller, more rounded, smooth, hydrogenetic nodules. The north, central and western 

part of the nodules are more rough, larger, with more irregular in shape due to the 

absence of rolling effect and mainly diagenetically enriched. The AABW currents from 

Ninety East ridge saddles have less influence on central, northern, western side of the 

CIB because of the presence of seamount chains related to the fracture zones running in 

N-S directions.  These results lead to the conclusion that the morphological variation of 

the CIB nodules in general is mainly controlled by topography and AABW seepages 

from Ninety East Ridge. Local nodule formation facies exist in the north-western part 

of the basin indicated by small patches of smooth surface texture. The hydrogenetic 

processes are more active in the south, south-eastern, eastern part of CIB and seamount 

tops/slopes leads to the formation of smooth and mixed type of nodules.
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Plate 3.1. Rough nodules 
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Plate 3.2. Smooth nodules 
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Plate 3.3 Burrows in the nodules, Clay coated with Fe-Mn oxides, Coalesced nodules, Shark tooth with 

Fe-Mn oxides. 
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Table 3.3. Morphological variations in the CIB nodules 

S
h

ip
/cru

ise 

  B
ro

k
en

/U
n

b
ro

k
en

  

ratio
 

 M
o

rp
h

o
lo

g
y

 

  N
u

cleu
s 

  N
o

. o
f n

o
d
u

les in
 

co
n

tact 

F
issu

res/C
rack

s 

  B
io

lo
g

ical R
em

n
an

ts 

 S
ed

im
en

t R
em

n
an

ts 

  

 

R
em

ark
s 

SS1- 58 A 0/40   B,P,S 6 Yes  Yes  No one pumice is found, biological remnants.  

SS1-59A   Mixed B,P,S 5 Yes Yes No two shark teeth core and three pumices 

SS1-60 A   Smooth   10 Yes Yes No The nodules are mixed type, granular surfaces (clusters) 

SS1-62 A   Smooth B 

 

Yes Yes No Biological remnants are seen in the nucleus  

SS1-63A 25/145 Mixed  P,B 2 Yes Yes No Seven pumices   

SS2-128A 0/40 Very     

 

Yes Yes No Polynucleated nodules. 

SS2-129B 0/40 Very rough P 

 

Yes Yes No Seven pumices  . 

SS3-133A 10/120 Very rough B 

 

Yes Yes No Thin oxide coating 

SS3-134B 30/100 Rough B 

 

Yes Yes Yes   

SS3-136A 1000/445 Mixed  B 3 Yes Yes No Uniform thickness of oxide layering is absent, 1 pumice present 

SS3-137A 620/290 Mixed  B 12 Yes Yes No   

SS3-138A 0/10 Rough B 

 

Yes Yes Yes Oxide layering is not uniform  

SS3-139C 600/680 Mixed  B 

 

Yes Yes No   

SS3-140A 0/100 Rough   

 

Yes Yes Yes Two pumices   

SS3-141D 20/40 Rough B 

 

Yes Yes No One pumice  

SS3-144E 0/80 Rough   

 

Yes Yes No Eight pumices and two whale ear bones   
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SS3-145D 180/220 Mixed  P,B 

 

Yes Yes No pumice 

SS3-146C   mixed B,P 

 

No Yes No Pumice dominates over altered basalt. Shark teeth is also present 

SS3-148B       

 

      Only one pumice is recovered 

SS3-149B       

 

      Only one pumice is recovered 

SS3-150E       

 

      Only one pumice is recovered 

SS3-152A 25/25 Mixed  P,B 

 

Yes Yes No Bioremnants are present in small nodules 

SS3-153A       

 

        

SS3-154C 10/10 Rough B,P 

 

Yes Yes Yes Pumice. Thin oxide coating. 

SS3-155A 0/100 Rough   

 

Yes Yes Yes Nodules show granular surface texture. One pumice  

SS3-158A-G 0/30 Rough   

 

Yes Yes Yes Pumices, oxide coating started on the pumices. 

SS3159B 0/20 Rough P 

 

Yes Yes Yes Many pumices 

SS3-161D 0/30 Rough P 

 

Yes Yes Yes One big shark teeth  

SS3-162A 0/5 Rough B 

 

Yes Yes Yes some shining appearance over the nodule 

SS3-163A 0/105 Rough B,S 

 

Yes Yes Yes One pumice  

SS3-165A 0/30 Rough   

 

Yes Yes No One shark teeth as nucleus, pumices with less oxides  

SS3-166A 45/75 Rough B 

 

Yes Yes Yes Pumices  

SS3-167A 70/500 Rough B 

 

Yes Yes Yes Pumices  

SS3 -168A 80/870 Mixed  B 2 Yes Yes Yes Old nodule found as nodule nucleus 

SS3-169A 0/40 Mixed  B 

 

Yes Yes No Pumice and basalt rock piece  

SS3-170A 10/ Rough B 

 

Yes Yes Yes One pumice  

SS3-171A-F 10/160 Rough B 1 Yes Yes Yes Some white concretions over one nodule. Pumices  

SS3-172A-G 20/400 Rough B 

 

Yes Yes Yes Pumice  

SS3-173A 5/95 Rough B 

 

Yes Yes Yes Pumice. The shapes of the nodules are different 
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SS3-174A 0/690 Mixed  B 

 

Yes Yes Yes Pumices  

SS3-175A 410/1140 Rough B 

 

Yes Yes Yes The oxide layering is not uniform  

SS3-176A 1680/100 Smooth B 3 Yes Yes No Less bioremnants. one pumice  

SS3-177A-F 10/320 Rough B 1 Yes Yes No Pumices  

SS3-178ADF 30/200 Rough B 1 Yes Yes     

SS3-179A 570/350 Smooth B 1 Yes Yes     

SS3-180AC 360/250 Smooth B 4 Yes Yes     

SS3-183A 960/300 Smooth B 

 

Yes No No Very less biological remnants 

SS3186A-G 0/80 Mixed    

 

Yes Yes No 

 SS3-187B-E 280/420 Rough B 4 Yes Yes No Clay patches are found in the nodules. 

SS3-188A 540/130 Rough   3 Yes No No 

Burrows are seen in some nodules (Plate3.3), shark teeth and 

pumices are present. 

SS3-189C 5/125 Rough   

 

Yes Yes No Shark teeth as nucleus, pumice is present 

SS3-190A 0/100 Rough   

 

Yes Yes No Biological remnants on the nodules (fibre or tube)  

SS3-191A 1450/330 Smooth B 2 Yes Yes No Very less bioremnants, the oxide layer is not uniform in thickness 

SS3-192A 80/0 Rough   

 

Yes Yes Yes   

SS3-193A 1720/175 Smooth B 6 Yes Yes No Less biological remnants and oxide thickness is not uniform. 

SS3-194B 750/130 Mixed  B 5 Yes Yes No One nodule is having shark teeth, less biological remnants  

SS3-195B 100/170 Rough B 

 

Yes Yes No   

SS3-196A 610/340 Smooth B 3 Yes Yes Yes Burrows are present in the big nodules 

SS3-197B-G 130/720 Rough   

 

Yes No No Burrows are there in smaller nodules 

SS3-200C-F 110/160 Rough B 1 Yes Yes Yes One pumice is present 

SS3-201A   Rough   

 

Yes Yes Yes One shark teeth nucleated nodule is present 
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SS3-202A 600/345 Smooth B 8 Yes Yes No Burrows are present in the smaller nodules 

SS3-203A 350/440 Smooth B 27 Yes Yes No Many are coalesced (Plate3.3). Pumices. 

SS3-204A 20/25 Smooth B 

 

Yes Yes No   

SS3-205A-G 140/5 Smooth B 

 

No No No oxide coating has started around the nucleus 

SS3-208B 140/185 Mixed  B 3 No Yes No One small pumice  

SS3-210A-F <10/330 Rough B 

 

Yes Yes Yes Burrows are present in big nodules, five shark teeth  

SS3-211A 470/335 Smooth B 

 

Yes No No Two shark teeth found. Metallic lustre is present on the nodules 

SS 4-216A 0/420 Very rough   2 Yes Yes Yes Three pumices  

SS 4-217A 60/630 Rough B 

 

Yes Yes Yes Pumices. one nodule is smooth 

SS 4-218D 0/40 Rough   

 

Yes Yes Yes One pumice  

SS 4-223A 0/25 Rough P,B 

 

Yes Yes Yes Half grown nodules 

SS 4-224A 260/760 Rough B 

 

Yes Yes Yes The oxide layering is not uniform 

SS 4-225A 60/525 Rough B,S 4 Yes Yes No   

SS 4-227B 150/550 Mixed C 

 

Yes Yes Yes Very less biological remnants present, nucleus is clayey material 

SS 4-228A 1600/50 Smooth B 1 Yes Yes No One shark teeth  

SS 4-229A 1260/500 Smooth B 3 Yes Yes No One shark teeth  

SS 4-231A 0/130 Rough B 6 Yes No No One shark teeth  

SS 4-234B   Rough   

 

Yes Yes Yes Half grown nodules 

SS 4-235A 250/165 Rough B 1 Yes Yes No Polynucleated nodule(4-6 cm); one shark teeth  

SS 4-236B 600/100 Mixed  B 1 Yes Yes Yes Two shark teeth are present, 

SS 4-237A 30/120 Rough B 12 Yes Yes No The oxide layering is not uniform, less of biological remnants 

SS 4-239A 320/190 Rough B 8 Yes Yes No   

SS 4-240B 790/115 Mixed  B 2 Yes No No One shark teeth is penetrated in between two nodules  
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SS 4-241D 50/20 Rough B 

 

Yes No No   

SS 4-243G 200/50 Mixed  B 1 Yes No No   

SS 4-247C 910/265 Mixed  B 15 Yes Yes Yes Three shark teeth  

SS 4-249A 940/280 Rough B 7 Yes Yes Yes   

SS 4-251A 80/375 Rough B 10 Yes Yes Yes   

SS 4-252C   Rough C 1 Yes Yes No Bigger nodule is formed by attachment of several small nodules 

SS 4-254C 540/350 Rough B 12 Yes Yes No One nodule has shark teeth as its nucleus,  

SS 4-255B 1120/160 Mixed  B 12 Yes No Yes   

SS 4-256B   Rough   

 

Yes Yes Yes   

SS 4-258 C   Rough B 1 Yes Yes No   

SS 4-260B   Very rough P 

 

Yes Yes No One half grown nodule with pumice as nucleus 

SS 4-262A-F   Very rough P 

 

Yes No No Eight pumices  

SS 4-264B   Very rough P 

 

      One half grown nodule and two pumices  

SS 4-266B 220/125 Mixed B 

 

Yes Yes No Pumices and shark teeth  

SS 4-267B 20/1000 Rough B 12 Yes Yes No Shark teeth. Two pumice 

SS 4-268A 350/630 Rough B 

 

Yes Yes Yes One pumice is present 

SS 4-270A 20/25 Mixed B 

 

Yes Yes Yes One whale ear bone and two pumices  

SS 4-273A 20/110 Very rough B 1 Yes Yes Yes One shark tooth and three small pumices  

SS 4-275A 220/280 Rough B 

 

Yes Yes Yes   

SS 4-276A   Rough B 

 

Yes Yes Yes   

SS 4-280B 0/340 Very rough   

 

Yes Yes Yes Two half grown nodules (2-4 cm) and seven pumices  

SS 4-281D 1000/230 Smooth B 1 Yes Yes No Two pumices  

SS 5-318A   Very rough   

 

Yes Yes Yes Half grown nodules 
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SS 7-428A   Very rough P 

 

Yes Yes Yes One shark teeth  

SS 7-444B   Very rough P 

 

Yes Yes No Four pumices  

SS 7-447D     P 

 

      Six small pumices and one half grown nodule 

SS 7-467C 50/660 Very rough B 4 Yes Yes Yes Five small pumices  

SS 8-541A 0/200 Very rough B 

 

Yes Yes Yes One shark tooth and one small pumice  

SS 9-546A 1480/90 Mixed B 4 Yes Yes Yes   

SS 16-814A 280/1080 Mixed B 12 Yes Yes Yes 

 

FAR I-2E   Rough   

 

Yes Yes No 

High biological remnants and two small pumices. some shining 

appearance is found on the surface of the nodules 

FAR I-4A 0/830 Rough   

 

Yes Yes Yes bigger nodules are polynucleated  

FAR I-5B 0/830 Rough   3 Yes Yes Yes Nodules are polynucleated, two pumices  

FAR I-7A 5/45 Rough B 

 

Yes Yes Yes   

FAR I-9C 0/85 Rough   

 

No No Yes Some rock pieces  

FAR I-11A   Mixed   

 

Yes Yes No One small whale ear bone  

FAR I-13A 1700/1150 Smooth B,S 

 

Yes Yes Yes 

The nodules are having a small brown shade, 

Less biological and sediment remnants  

FAR I-15A 0/930 Rough   2 Yes Yes Yes Bigger nodules are mostly polynucleated 

FAR I-17A 0/95 Very rough   

 

Yes Yes Yes Two pumices  

FAR I-19A-G 0/110 Rough P 

 

Yes Yes Yes Twenty three small pumices and two half grown nodules 

FAR I-20A 20/290 Rough B, P 

 

Yes Yes Yes One pumice  

FAR I-23A 1410/170 Mixed B 

 

Yes Yes No one small pumice, less biological remnants present 

FAR I-29A 1100/800 Rough B 

 

Yes Yes No One pumice  

FAR I-31A <5/10 Rough P 

 

Yes Yes No Nodule in 4-6 cm size class is a half grown nodules 
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FAR I-36B <5/10 Rough P 

 

Yes Yes Yes   

FAR I-38A 1310/430 Smooth B 8 Yes Yes Yes One shark tooth  

FAR I-41A 20/270 Rough B 

 

Yes Yes Yes   

FAR I-42A   Rough   

 

Yes Yes No One big pumice with little oxide coating 

FAR I-43A 20/540 Rough B 

 

Yes Yes Yes Three pumices  

FAR I-44A 1370/410 Mixed B 4 Yes Yes Yes   

FAR I-46A 1070/1050 Rough B 

 

Yes Yes Yes   

FAR I-47A   Rough   

 

Yes Yes Yes   

FAR I-49C   Rough   

 

Yes Yes No   

FAR I-51A   Mixed   

 

Yes Yes No Few rock pieces  

FAR I-53A-D 280/85 Mixed B, P 1 Yes Yes No One pumice and one shark tooth, Less biological remnants 

FAR I-55A 840/820 Mixed B 2 Yes Yes Yes One shark tooth  

FAR I-56C   Rough   

 

Yes Yes No Two pumices  

FAR I-57A 5/100 Rough B  

 

Yes Yes No One small pumice  

FAR I-59A 1420/280 Mixed B 6 Yes Yes No   

FAR I-61A 10/420 Rough C 

 

Yes Yes Yes   

FAR 2-79A,B <5/120 Rough B 

 

Yes Yes Yes One pumice  

FAR 2-81A 540/600 Rough B 5 Yes Yes No   

FAR 2-83A 60/720 Rough B 

 

Yes Yes No One shark tooth nucleated nodule  

FAR 2-89B 1450/310 Mixed  B 5 Yes Yes No Small broken pumices and shark teeth, less biological remnants 

FAR 2-92C <10/40 Rough P 

 

Yes Yes No Small pumices  

FAR 2-93B <5 Rough B 

 

Yes Yes No   

FAR 2-94E   Rough   

 

Yes Yes No   
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FAR 2-96A 160/100 Rough B 

 

Yes Yes Yes Old nodule as nodule nucleus 

FAR 3-105A 0/280 Rough   

 

Yes Yes No One pumice  

FAR 3-126A 90/200   S 

 

No No No   

FAR 3-134A <10/10 Rough P 

 

Yes Yes No   

FAR 3-142B 520/1480 Mixed B 

 

Yes Yes No less biological remnants, light brownish coloured nodules 

FAR 3-143A   Rough   

 

Yes Yes No Four small pumices  

FAR 3-155E 610/1510 Rough B 

 

Yes Yes No   

FAR 5-202D   Very rough   

 

No Yes Yes Four pumices  

FAR 5-203B 40/610 Very rough B 

 

No Yes Yes   

FAR 5-205A   Rough   

 

Yes Yes No Small pumices and one small shark tooth is  

FAR 5-212A 1400/90 Mixed B 1 Yes Yes No   

FAR 5-219A 1060/540 Mixed B 10 Yes Yes Yes   

FAR 5-237A 440/240 Rough B 

 

Yes Yes No   

FAR 7-313A   Rough   

 

Yes Yes No   

FAR 7-328B 1860/290 Smooth B 10 Yes Yes No   

FAR 8-384A 400/1000 Rough B 

 

Yes Yes No One shark tooth and less biological remnants 

FAR 8-386A 840/290 Rough B 1 Yes Yes No Less biological remnants 

FAR 8-392A 420/610 Rough B 23 Yes Yes Yes   

FAR 8-395A 100/220 Rough B 

 

Yes Yes Yes   

FAR 8-397A 280/300 Rough B 

 

Yes Yes Yes   

FAR 8-398A 1320/500 Mixed B 15 Yes Yes Yes   

SKY 7-42A 60/10 Rough B 

 

Yes No No Shark tooth  

SKY 7-44A   Rough   2 Yes Yes Yes Shark tooth  
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SKY 7-46A   Rough   6 Yes Yes Yes One pumice  

SKY 8-48A 550/370 Rough B 3 Yes Yes No The big nodule is polynucleated, Less  biological remnants 

SKY 8-56C   Rough   

 

Yes Yes Yes Two small pumices  

SKY 8-61A 150/510 Rough B 

 

Yes Yes Yes One shark tooth  

SKY 8-65A 0/40 Rough   

 

Yes Yes Yes   

SKY 8-71B 0/20 Rough S 

 

  Yes Yes Four of the nodules are half grown nodules 

SKY 11-93D 1450/800 Smooth B 5 Yes Yes Yes   

SKY 11-120B   Rough   

 

Yes Yes No   

SKY 11-134A 900/250 Rough B 3 Yes No Yes   

SKY 11-142A 430/210 Rough B 3 Yes Yes Yes Both biological and sedimentery remnants are less 

SKY 11-152A 40/80 Rough B 4 Yes Yes Yes Less biological remnants 

SKY 20-200C   Rough P 

 

No Yes Yes Three pumice and one half grown nodules 

SKY 23-266A 20/730 Rough B 

 

Yes Yes Yes Five small pumices  

SKY 23-274A 70/ Rough B 

 

Yes Yes Yes The nodules are so hard. many small pumices  

B represents basalt/ altered basalt, P represents Pumice, S represents Shark teeth and C represents hardened Clay 
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CHAPTER 4  

CHEMICAL COMPOSITION 

 

 

 

The manganese and iron are the two major oxide phases in the marine 

manganese nodules. The importance of manganese is that it is the tenth most abundant 

element in the Earth’s crust (avg conc. 0.093%) and is available in two valency states. 

This has a range of stability in the natural environment (Glasby, 1984). Manganese 

oxides also have high adsorption capacity. δMnO2 has a surface area of ~ 260 m
2
/g and  

can adsorb cations such as Ni
2+

, Cu
2+

 and Zn
2+

 from natural waters at lower pH and 

thus the 10Å-manganate-rich layers are generally rich in Ni, Cu and Mn (e.g., Lei and 

Boström, 1995). Iron is the fourth most abundant element in the Earth’s crust (avg 

conc. 5.17%) giving an average Mn/Fe ratio of 0.02. It also occurs in two valency states 

in the natural environment. Fe oxyhydroxides have a high adsorption capacity and large 

surface area. Goethite at pH of 7.1 can adsorb both cations (REE
3+

) and anions like 

PO4
3-

, MoO4
2-

 and WO4
2- 

(Glasby, 1984). The manganese and iron can therefore 

migrate under the influence of redox gradients or fractionate from each other, 

particularly under acid / reducing conditions.  

The formation of huge quantities of manganese nodules and crusts on the deep-

sea floor is a result of manganese and iron migration from less oxidizing to more 

oxidizing environments. The initiation of Antarctic Bottom Water (AABW) flow in to 

the world oceans due to the increased glaciation of Antarctica at about 12 Ma, led to the 
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increased ventilation of the deep ocean. The modern, well-oxygenated deep-sea has 

therefore become the ultimate repository for manganese (Glasby, 1988). Deep-sea 

manganese nodule deposits formed since the lower Miocene (12 Ma) hold about 10
11

 

tonnes of Mn (about 16 times the total Mn in terrestrial deposits) reflecting the 

importance of manganese nodules in the global cycle of manganese (Glasby, 1988). 

The sorption characteristics of the manganese and iron oxyhydroxides leads to the high 

contents of Co, Ni, Cu and Zn in manganese nodules and crusts making these deposits 

an important economic resource (e.g., Glasby, 1988). This chapter is an attempt to 

describe the detailed geochemical composition of CIB nodules and its spatial variation, 

to understand the major controlling factors and for estimating the resource potential of 

metals not commonly considered. This work contributes a significant database of minor 

and trace elements of CIB nodules, and the systematic sample selection allowing the 

construction of regional distribution maps of number of minor, trace and rare-earth 

elements. Hitherto, this was not possible as the extensive work in the past has either 

concentrated on five major elements Mn, Fe, Cu, Ni and Co (Jauhari, 1987; Rao, 1987; 

Mukhopadhyay and Nath, 1988; Sudhakar, 1989a; 1989b; Pattan, 1988; Valsangkar et 

al., 1992) or multiple elements in a smaller number of samples (Moorby and Cronan, 

1981, Ahmed and Hussain, 1987; Nath et al., 1992; Pattan et al., 1994). Regional 

distribution maps also help in understanding the control of regional geological features 

and oceanographic processes in metal accumulation. A three-metal route is usually 

considered in feasibility studies of nodule mining (e.g., Herrouin et al., 1989). More 

recently, Mn is considered as a fourth metal for exploitation. Resource evaluation has 

been made for all the elements described here for CIB making it possible to assess the 

value addition during the commercial mining campaign which may take place in future. 

 

4.1. Sample selection and analytical methods  

The nodule samples analysed for major, minor and trace elements at NIO and 

NGRI include nodules collected at 0.5 grid intervals during previous 19 cruises of MV 

Skandi Surveyor, MV Farnella and ORV Sagar Kanya and at 0.25 grid intervals 

during previous 4 cruises of RV Akademik Boris Petrov and RV Sidorenko. A total of 

236 samples were selected for the present work which represent the entire CIB 

(including first generation mine site area) between 7 and 1630
 
S latitude and 72 and 

84 E longitude. Nodules collected from the stations were classified according to the 
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diameter 0-2 cm, 2-4 cm, 4-6 cm, 6-8 cm and >8 cm size classes and surface texture. 

The number of nodules in each size class and weight were recorded for all the stations. 

From each station ~10 g bulk samples were ground to fine powder. The bulk sample 

powdered from each station includes sub samples of all size classes and representative 

weight proportions. 236 nodule bulk sample solutions were analysed for major and 

minor elements (Al, Fe, Mn, Mg, Ca, K, Ti, Ba, Co, Cu, Li, Ni, Sr and Zn) using 

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) instrument at 

National Institute of Oceanography, Goa. 32 major, minor and trace elements including 

rare earth elements (REEs) (Cu, Ni, Co, Zn, Sc, Ga, Rb, Y, Sr, Nb, Mo, Cs, La, Ce, Pr, 

Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th and U) were carried out at 

National Geophysical Research Institute (Hyderabad) using Inductively Coupled 

Plasma Mass Spectrometer (ICP-MS) instrument. The analyses at NGRI include 115 

samples repeat analyses for Cu, Ni, Co, Ba, Li, Sr and Zn. 

 

Determination of moisture in samples 

Powdered nodule samples contain appreciable amount of moisture and that 

should be measured to calculate the metal content on dry basis. To determine moisture 

content, accurately weighed (~1 g) sample aliquots were transferred to glass beakers 

and dried in an oven at 110º C. After drying the samples for 3 hours, they were 

transferred to the desiccators for cooling to the room temperature.  The samples were 

weighed once again and moisture content (expressed in %) was calculated using the 

following equation, 

      Weight loss 

Moisture (%) = ---------- ------------ X 100 

            Wet sample weight 

 

Sample digestion procedure 

Accurately weighed ~ 50 mg portion of nodule powder was digested with 10 ml 

of 7:3:1 HF, HNO3 and HClO4 acid mixture on sand bath by slow heating. Sample 

digestion was repeated using 5 ml of above acid mixture and 2 ml of 1:1 HCl. During 

both the steps the samples were heated to complete dryness. To the sample digest, 10 

ml of 1:1 HNO3 acid was added, warmed and made to 100 ml final volume using ~18.2 

Mohm quality MilliQ water. Sample digestion was carried out in batches. Each batch 

contains blanks, at least one or two duplicates and reference nodule standards. The final 

solutions were analysed with ICP-OES after multi point calibration of the instrument 
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with matrix matched calibration standards. The accuracy and precision of the 

instrumental analysis were determined by the repeat analysis of reference nodule 

standards USGS Nodule A-1, USGS Nodule P-1 and NIO nodule standard.  

Sample digestion procedure for ICP-MS analysis is also similar to the above 

mentioned procedure (following Balaram et al., 1995). However, 5 ml of 1 ppm 

Rhodium was added as an internal standard before making the final volume to 250 ml 

with double distilled water. The final solutions were analysed on ICP-MS after 

calibrating the instrument with USGS reference nodule standard A-1. The accuracy and 

precision of the ICP-MS analysis were determined by repeat analysis of nodule 

reference standards A1, P-1 and NIO (Table 4.1). 

Precision for most of the minor, trace and REE analysis are good for A-1, P1 

and NIO standards.  (Mean standard deviations are < 10 % except for Li, Sc, Cr, Ba and 

La). Precision for all the analysis are very good (mean standard deviation are < 4 % 

except for Cr)  

 Accuracy : Minor elements measurement error is better than ± 5 % for Cu, Ni, 

Co, Zn, Cr, Li, V, Sr, Ba, and Pb. Errors in trace element measurements were ± 10 % 

for Sc, Ga, Cs, La, Pr, Ho, Lu, Ta, Th and U (Table 4.2). 

 

4.2 Spatial distribution of different metals 

Earlier studies (e.g., Frazer and Wilson, 1980; Cronan and Moorby, 1981, Siddiquie 

et al., 1984) have described the nodule chemical variation in relation to the sediment 

substrate hosting the nodules. Later studies (Rao, 1987; Valsankar et al., 1992; Jauhari, 

1987; 1989) have also noticed the chemical variation of major metals with sediment 

substrates in the CIB. Banerjee and Mukhopahyay (1990) studied the chemical and 

mineralogical variation in three different sediment domains. Here, geochemical results 

are presented in series of regional variability maps (Figures. 4.1-4.5). As far as 

possible, maps are clubbed together for a group of elements depending on their 

geochemical affinity with each other. Average Mn concentration in the present study is 

23.99% (dry weight basis) which is closer to the average (~24.4%) compiled by Jauhari 

and Pattan (2000) from published literature (Jauhari, 1990; Valsangkar and Khadge, 

1989; Valsangkar et al., 1992; Banakar et al., 1989; Pattan and Banakar, 1993; Nath et 

al., 1992; Banakar and Jauhari, 1994; Pattan et al., 1994; Valsangkar and Ambre, 1994; 

Valsangkar and Karisiddaiah, 1993 and Sudhakar, 1988). The regional variability of the 

Mn, is found similar with Cu, Ni, Zn, Mo and Li (Figure 4.1). 
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Figure 4.1 The distribution patterns of Mn%, Cu%, Ni%, Zn, Mo, and Li (ppm) metals in CIB 

nodules. 

Deep basins between the seamount chains related to fracture zones show 

enrichment of Mn, Cu, Ni, Zn, Mo and Li metal concentration (Figure 4.1). Northern 

area of the CIB, south-eastern basins, deep central basins show high concentration 

compared to the abyssal hills/seamount slopes/tops. These nodules are mostly rough 

compared to those recovered from seamount. The manganese content of the rough 

nodules is higher than that of the smooth nodules because manganese metal is enriched 

during early diagenetic processes. Fluxes of Mn, Ni, and Cu to the nodules increase in 
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the regions of high biological productivity due to the decay of organic matter that 

enhance the diagenetic reactions in the bottom sediments (Cronan, 1997). However, as 

shown in second chapter, surface productivity is weak/low in CIB, therefore other 

factors shown in subsequent sections may have control the metal accretion in nodules. 

Similar metal association was found in Pacific. Calvert and Piper (1984) found nodules 

with high Mn/Fe ratios, high Cu, Mg, Mo, Ni and Zn concentrations and high 

todorokite/δ-MnO2 ratios with granular surface textures in deeper part of Pacific Ocean 

and attributed this to diagenetic enrichment (Calvert and Price, 1977). The topographic 

high regions like western and eastern part of the basin and seamount tops shows less 

enrichment of these Mn related metals indicate the topographical control and lack of 

sediment influence in the metal enrichment on these nodules. The average 

concentration of Ni is 1.19% and agrees well with the average (1.1%) calculated by 

Jauhari and Pattan (2000). Ni, Cu are also high in rough nodules in deep basins than the 

smooth nodules from topographic high areas (Figure 4.1) and could have diagenetic 

influence. High Zn is also seen in deep sea basins in between the seamount chains and 

in the south-eastern part of CIB (Figure 4.1). North-eastern part and south-central part 

of the basin are enriched in Zinc and may be due to the effect of oxygenated AABW 

currents from Ninety East Ridge.  

Molybdenum in the CIB nodules show similar distribution pattern as that of Mn 

(Figure 4.1). The nodules from seamount tops and slopes show less concentration of 

Mo which indicates that the water column depth also has some influence and 

hydrogenetic processes are less favourable in the accretion processes of Mo in nodules. 

Iron is the second largest metal in the polymetallic nodules and was found to be 

mainly enriched in the smooth nodules. The seamount highs, eastern and western sides 

of the area are enriched in Iron (Figure 4.2), where smooth nodules are common. The 

central deep basins are poor in Iron content which in contrast to the regional variability 

of Mn (Figure 4.2). The average Iron content of CIB nodules in this study is 8.41%, 

which is higher than the average compiled for CIB (7.1%; Jauhari and Pattan, 2000). It 

is now firmly established that the iron enrichment in the smooth nodules is due to the 

hydrogenetic precipitation though other factors such as biological productivity, water 

depth, the depth of the calcite compensation depth (CCD) and the nature of the 

associated sediments (Cronan, 1997) and can control the metal source and nodule 

mineralogy. The regional variation of elements Fe, Co, Pb, Sr, Y, REEs, Zr, Hf, Nb, Ta, 

Th and U in CIB show similar variability (Figures 4.2-4.3). 
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Figure 4.2 The distribution patterns of Fe, Co (%), Pb, Sr, Y, and ∑REEs (ppm) metals in CIB 

nodules. 

 Most of the seamount tops/slopes south eastern parts are enriched in these metals 

which indicate the topography or lack of sediment substrate may play an important role 

in the enrichment of these metals. Cronan and Hodkinson (1994) have attributed Fe, Co 

and Pb enrichment to hydrogenetic provenance where δMnO2 is more abundant and 

associated with less productive zone (Cronan and Hodkinson, 1994). Deep basins show 
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less enrichment of iron related metals where more rough, manganese rich nodules with 

higher 10Å manganite mineral are present (Figure 4.2).  

 

Figure 4.3 The distribution patterns of Zr, Hf, Nb, Ta, Th and U (ppm). 

 South-eastern part contains smaller smooth nodules rich in ∂MnO2 and more 

oxygenated AABW currents from Ninety East Ridge where the nodules have higher 

concentration of Fe-group metals. The rolling of nodule due to water currents and less 

effect of sediment diagenetic inputs also increases these metal enrichment which may 

also be closely related to the bottom water Eh/pH conditions (Glasby et al., 2010). 
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Deep basins covered with rough nodules are poor in Pb, Co, Sr, Th, U Zr 

content (Figure 4.2-4.3). Highest concentrations are found along the seamount chains of 

western and southern region. Slight enrichment in the eastern part of the basin is seen 

where the water depth is less than the central deep basins. The smooth nodules show 

more enrichment than mixed type of nodules and the rough nodules shows the least 

concentration. The south and eastern part of basin affected by AABW oxygenated 

currents may also play an important role. Affinity of these elements to iron may 

indicate metal incorporation into the nodules is mainly associated with iron oxide 

phase.  

The REE concentration relationship in ferromanganese nodules and their 

associated sediments is complex and provides information on the factors controlling 

their uptake (Piper, 1974; Elderfield et al., 1981). The REE enrichment in the Indian 

Ocean nodules has two major sources, a continental source and a seawater source. Most 

of the earlier works on REE geochemistry in the Indian Ocean ferromanganese deposits 

includes, Pachadzhanov et al., (1963), Glasby et al., (1978), Volkov, (1979), Tlig, 

(1982), the review of Baturin, (1988), Ben et al., (1989), Nath et al. (1992), Valsangkar 

et al., (1992), Pattan and Banakar, (1993), Nath et al., (1994). The data of Valsangkar et 

al. (1992) are circumspect as they report the lowest ever REE concentrations ever 

reported from any world oceans and they are more closer to the shale/sediment values. 

Elderfield et al. (1981) and Nath et al. (1992) suggest multiple phase controls the 

abundance of REE in ferromanganese nodules, while Glasby et al. (1987), Pattan and 

Banakar (1993) suggested single authigenic phase controls the REE enrichment in the 

nodules. Pattan et al. (2001) reported total REE concentration in the CIB varies from 

398 to 928 ppm in the nodules and 137 to 235 ppm in the associated sediments, and the 

Fe, P, and Ti are the major carrier phase of REEs in the nodules. In this study, an 

average ΣREE concentration of ~862 ppm is found in the CIB nodules. All REEs show 

almost the same trend and its enrichment is associated with the iron mineral phase. 

More enrichment is reported in the smooth nodules and mixed type of nodules from the 

seamount tops/slopes. The deep basin rough nodules are characterised with less REE 

content. This indicates that the hydrogenetic processes are responsible for the 

enrichment of REEs in the CIB nodules. Diagenetic nodules show less enrichment in 

REE concentration. The south-eastern part of the basin show enrichment of total REEs 

and this may be due to the effect of oxygenated AABW currents from Ninety East 

Ridge saddles. Cerium is the major REE in the nodules and it contributes ~56% of total 
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REEs in the CIB nodules. The average Ce content of CIB nodules is ~482 ppm. Nath et 

al. (1994) suggested from the inter-element relationships and selective leaching that the 

Ce anomalies are largely controlled by the amorphous mineral phase FeOOH.xH2O and 

Ce is chemisorbed on to iron oxyhydroxides and ∂MnO2. The Ce enrichment is mainly 

found along the seamount tops/slopes. In the south-eastern and western parts of the 

basin, the nodules are enriched in Ce content. Smooth nodules are more enriched in 

cerium and mixed type of nodule also show good enrichment while the rough nodules 

shows less enrichment in Cerium. The deep basins show relatively lower concentrations 

of Ce. The high Ce content of nodules from south-eastern part of the basin indicates 

hydrogenetic processes and oxygenated water in the area also favour cerium 

enrichment. Nodules with strong diagenetic signature (high Mn/Fe ratio) are generally 

associated with low Ce-anomalies (Nath et al., 1994) and vice versa suggesting 

seawater as the source for Cerium. 

Aluminosilicate phase is the third major phase in the manganese nodule that hosts 

the minor elements. The regional chemical variation of Al, Ti, K, Mg, Ca, Sc, Rb and 

Cs shows similar variation in CIB (Figure 4.4). This is consistent with the classic work 

of Li (1982) wherein it was reported that the aluminosilicate phase hosts metals such as 

Al, Si, Sc, Ga, K, Rb, Cs in manganese nodules. These elements are enriched in 

seamounts in the south-eastern part of the basin. High aluminium concentration is 

mainly due to the dominance in smaller nodules and the effect of more nucleus input in 

the bulk chemical analysis. The average titanium content in the CIB is 0.32%. This is 

the least abundant major metal in the manganese nodule. The south eastern part of the 

basin shows enrichment of titanium content. Deep ocean basins show less titanium 

content. The smooth and mixed type of nodules from the seamount top/slope shows 

enrichment of titanium metal (Figure 4.4). In seawater, titanium forms hydroxide (Ti) 

complex (e.g., Bruland, 1983) and has been considered as a hydroxide-dominated 

element in ferromanganese crusts (Bau et al., 1996). The association of Ti with Al 

nodules is thus different and the accretion of Ti in CIB nodules may involve a different 

mechanism. Interestingly, Ti/Y ratio (Ti and Y representing hydroxide and carbonate 

dominated elements respectively) in these nodules is much smaller (mean = ~37) than 

those seen in crusts from Northern and Southern Central Pacific (70 and 171 

respectively) but comparable to those from Mariana volcanic arc (mean 32; Bau et al., 

1996). 
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Magnesium, potassium, calcium metals show similar variation in the CIB nodules 

(Figure 4.4). All the three metals do not show any major variation, except in some 

stations in the eastern part show higher content compared to other stations. In addition 

to contribution from nucleus, Ca is also present in the todorokite matrix of the nodules 

(Burns and Burns,1978).  

 

Figure 4.4 The distribution pattern of Al, Ti, K, Mg, Ca (%) and Sc (ppm) metals in CIB nodules 
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 Figure 4.5 The distribution pattern of Rb and Cs (ppm) metals in CIB nodules. 

 

4.3 Inter-element relationships 

Inter-element relationship was determined using multivariate statistical analyses 

such as correlation coefficient and factor analyses. All 236 chemical analyses data was 

used for the statistical treatment. Correlation coefficient values above than 0.30 are 

considered significant at 99.99% confidence level (Table 4.3). Following associations 

are evident from the correlation coefficient analyses: 

1) Al, K, Rb, Ca, Ti, Mg, Sc, Cs 

2) Fe, Ti, REEs, Hf, Zr, Th, Nb, U, Pb, Sr, Y, Ca, Co, Ta,  

3) Mn, Mg, Zn, Ba, Cu, Ca, Ga, Ni, Mo, Li, K 

The above associations clearly depict the presence of 3 carrier phases such as 

aluminosilicate, iron oxyhydroxide and the manganese oxides which is consistent with 

the earlier literature. 

In the present study, the factor analysis of the chemical variation in CIB nodules 

with water depth and nodule abundance was carried out and the factor loadings (Table 

4.4) of four factors chosen here are illustrated below (Figure 4.6).  

Table 4.4 Details of factor loading 

Factor loadings: 

  F1 F2 F3 F4 Initial 

Communality 

Final 

Communality 

Specific 

variance 

Depth -0.236 -0.140 -0.417 0.359 0.171 0.378 0.622 

abnd 0.614 -0.128 -0.144 0.160 0.422 0.440 0.560 

Al -0.055 0.906 0.250 0.101 0.804 0.896 0.104 

Fe 0.952 -0.106 0.065 0.160 0.882 0.947 0.053 

Mn -0.555 -0.792 0.159 0.057 0.800 0.964 0.036 

Mg -0.633 -0.347 0.423 -0.131 0.635 0.717 0.283 
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Ca 0.255 0.206 0.378 0.171 0.242 0.279 0.721 

K -0.105 0.832 0.372 0.107 0.804 0.853 0.147 

Ti 0.849 0.185 0.173 0.182 0.758 0.819 0.181 

Co 0.836 -0.243 0.239 -0.147 0.823 0.837 0.163 

Cu -0.829 -0.491 0.012 0.051 0.843 0.930 0.070 

Ni -0.735 -0.511 -0.024 0.190 0.843 0.838 0.162 

Ba -0.293 -0.629 0.200 0.467 0.773 0.740 0.260 

Zn -0.738 -0.528 0.279 -0.061 0.774 0.905 0.095 

Sr 0.869 -0.353 0.181 0.007 0.835 0.912 0.088 

∑REE -0.407 -0.782 0.361 0.255 0.800 0.973 0.027 

Pb 0.793 -0.255 -0.109 0.053 0.687 0.709 0.291 

Mo -0.529 -0.681 -0.267 -0.014 0.669 0.815 0.185 

Zr 0.963 -0.053 -0.019 -0.032 0.968 0.932 0.068 

Li -0.806 -0.237 0.208 -0.181 0.734 0.783 0.217 

Sc 0.384 0.665 0.048 0.287 0.553 0.675 0.325 

Ga -0.709 -0.489 0.052 0.193 0.667 0.782 0.218 

Rb -0.347 0.832 0.067 0.249 0.683 0.880 0.120 

Y 0.891 0.159 0.246 -0.035 0.836 0.881 0.119 

Nb 0.935 -0.021 0.042 -0.125 0.917 0.892 0.108 

Th 0.859 -0.198 -0.228 0.295 0.828 0.916 0.084 

Cs -0.419 0.420 -0.110 0.301 0.598 0.455 0.545 

Hf 0.947 0.040 -0.041 -0.007 0.968 0.900 0.100 

Ta 0.655 0.154 -0.038 -0.019 0.527 0.454 0.546 

U 0.887 -0.274 -0.073 -0.207 0.842 0.910 0.090 

La 0.977 -0.115 0.069 0.019 0.965 0.973 0.027 

Ce 0.905 -0.151 -0.040 -0.031 0.874 0.845 0.155 

Pr 0.963 -0.193 0.012 0.103 0.989 0.975 0.025 

Nd 0.484 -0.027 0.074 -0.006 0.308 0.240 0.760 

Sm 0.942 -0.246 -0.008 0.133 0.989 0.965 0.035 

Eu 0.835 -0.235 0.020 0.132 0.804 0.770 0.230 

Gd 0.427 -0.098 -0.159 -0.079 0.226 0.223 0.777 

Tb 0.968 -0.197 0.016 0.063 0.995 0.979 0.021 

Dy 0.970 -0.182 0.032 0.039 0.995 0.976 0.024 

Ho 0.951 -0.127 0.047 -0.035 0.947 0.923 0.077 

Er 0.973 -0.128 0.074 -0.023 0.986 0.968 0.032 

Tm 0.971 -0.164 0.055 -0.028 0.992 0.974 0.026 

Yb 0.971 -0.179 0.050 -0.016 0.992 0.978 0.022 

Lu 0.956 -0.178 0.049 -0.023 0.967 0.948 0.052 

 

The factor 1 represents 72.56 % of variance and  shows a clear grouping of Fe, 

Ti, Co, Sr, Pb, Zr, Y, Nb, Th, Hf, U and REEs except Nd and Gd, and are in good 

relation with Ta, Nd, Gd and nodule abundance. Significant negative loading was also 
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seen for element Mn which was grouped with Cu, Ni, Zn, Ga, Mg and Li and also 

showed good correlation with Cs and Mo and thus this factor might represent 

hydrogenetic and mixed hydrogenetic-diagenetic source of these metals mainly from 

the seawater and partly from porewater. Factor 2 contributes to 20.07% of variance and 

Mn, Cu, Ni, Zn, Ba, Mo and Ga loading may represent diagenetic contribution. 

Interestingly, same factor shows loading of elements present usually in aluminosilicate 

phase and may represent the contribution from dissolved loads of terrestrial input or the 

nucleating materials. The factor 3 shows 4.1% variance and significantly Mg shows the 

maximum loading. In addition, K, Ca, and ΣREEs show reasonable loadings. This may 

be a result of the low-temperature alteration of basaltic glass which results in the uptake 

of Mg, Na and K from seawater and the release of Ca and K (Honnorez 1981; 

Thompson, 1983) and this factor may represent palagonite (the alteration product of 

submarine basalt) strongly impregnated by manganese oxides contributing possibly the 

REEs. Alternatively, it may represent the contribution of ultramafic material to the 

nodules. In the CIB, ultramafic material is possibly associated with fracture zones, 

seamounts and abyssal hills (Kameshraju, 1993). Ultramafic rocks were also recovered 

from the Central Indian Ridge located to the west of the study area. Sediments 

recovered from a seamount in the vicinity have been shown to be hydrothermally 

altered and have shown enriched Mg content (Nath et al., 2008). The CIB nodules are 

usually considered to represent a 3-component system consisting of Fe-oxyhydroxides, 

Mn-oxides and aluminosilicate minerals (Jauhari and Pattan, 2000). However, this 

study shows that a fourth endmember is present which represents material derived from 

the mantle. Intrusion of this mantle material could lead to hydrothermal activity and 

contribute to the particular features of this endmember. Chen and Owen (1989) have 

similarly identified a factor showing a significant hydrothermal input to the formation 

of ferromanganese nodules from the North Pacific Ocean as a result of the deposition of 

colloidal hydrothermal precipitates which are widely dispersed from vents on the crest 

of the East Pacific Rise.  

Factor 4 represents 3.47 % of variance and positive loading shows in water 

depth and Ba, good positive correlation to total REE concentration, Sc, Th, Cs. Ba is 

found to be enriched in CIB sediments and was attributed to the presence of dissolution 

residue of biogenic material (Nath et al., 1989) or to the tiny barite crystals formed by 

precipitation (Fagel et al., 1997) or to the productivity in overlying water. 
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Figure 4.6 Factor loading show the correlation between different metal concentration, water depth 

and nodule abundance. Y axis denots factor loading. 

  

Factor 1 plotted against factor 2 shows  three major group of metals asociated 

with three different mineral phases. The major mineral phase indicates the enrichment 

of Fe, Co, REEs, U, Th and Y mainly from hydrogenetic processes and accreted from 

sea water. This shows a close relationship with abundance. The other major oxide phase 

is manganese oxide phase, in which Mn, Cu, Ni, Mo, Li, Ga, Ba and Zn from 
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diagenetic processes. Main Mn-bearing oxide phase could be todorokite.  Various 

mono- and divalent cations can provide the necessary charge balance of the todorokite 

mineral structure (Giovannoli et al., 1975; Usui, 1979). Since the tunnel structure of 

todorokite will accept cations of any ionic radius (Turner and Buseck, 1981), charge-

balanced todorokite should have a consistent molar ratio of manganese to other cations 

(Na, Mg, K, Ca, Ni, Cu, Zn, and Ba; Dymond et al., 1984). The third major mineral 

phase could represent aluminosilicate group of minerals which may contribute elements 

Al, Cs, Rb and K . Based on R-mode factor analysis and enrichment factor calculations, 

Li (1982) concluded most of the elements in abyssal ferromanganese nodules fall in 

three major phases: aluminosilicates (Al, Si, Sc, Ga, Cr, Be, Na, K, Rb and Cs), Fe-

oxides (Fe, P, S, V, Se, Te, As, B, Sn, U, Hg, Pb, Ti, Ge, Y, Zr, Nb, Pd, In, rare-earths, 

Hf, Th, Pa, Pu, Am, Ru and Bi), and Mn-oxides (Mn, Tl, Ag, Cd, Mg, Ca, Ba, Ra, Co, 

Ni, Cu, Zn, Mo, Sb and probably W). The specific association of elements with three 

phases were explained (Li, 1982) by the differences in physicochemical properties (e.g., 

the pH of zero point of charge and dielectric constant) of these 3 phases. 

 

 

Figure 4.7 Scatter plots of  factor 1 & 2, factor 1 & 3, factor 1 & 4, factor 2 & 3 

Knoop et al. (1998) identified three major accretionary processes from factor analysis of 

their data from the North-eastern Pacific Ocean,  
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1) the nodules enriched in Mn, Ni, Cu, Zn, Mo and depleted in Fe, REE with 

todorokite mineral grouped as diagenetic group where diagenetic accretionary 

processes is responsible enrichment of metals 

2) the nodules enriched in Fe, Ti, Co, REE, Pb, depleted in Ni, Cu, Zn with 

amorphous FeOOH and ∂MnO2 minerals grouped as hydrogenetic where metal 

accretion from the sea water. 

3) The nodules enriched in Fe, depleted in Co, Ni, Cu with amorphous FeOOH and 

birnessite minerals grouped as hydrothermal group.  

In this present study however we attribute this to three major carrier phases   

1) Manganese mineral phase with Mn, Cu, Ni, Mo, Li, Ga, Ba and Zn enriched due 

to diagenetic processes 

2) Iron oxide mineral phase include Fe, Ti, Co, Sr, Pb, Zr, Y, Nb, Th, Hf, U and 

REEs enriched hydrogenetically  

3) Aluminosilicate phase include Al, K, Rb, Sc and Cs 

The above association is consistent with the bulk chemical analysis of world ocean 

nodules; the minor elements such as Ni, Cu and Zn are enriched in todorokite mineral 

(group 1) mostly favoured by diagenetic accumulation (see for example, Usui, 1987; 

Burns and Burns, 1979; Glasby, 1972). Mn
2+

 ions in the todorokite structure are 

substituted by Zn
2+

, Ni
2+

, and Cu
2+

 cations. The 8% of weight of todorokite is 

constituted by these metal ions explains the enrichment of Cu, Ni and Zn in deep sea 

manganese nodules through substitution (Burns and Burns, 1978) where diagenetic 

processes are active. Second group (iron oxide) may be associated with Fe-

oxyhydroxide which is usually intergrown with ∂MnO2 (Burns and Burns, 1979; 

Halbach et al., 1982; Nath et al., 1994). Co and Pb are enriched in ∂MnO2 mineral 

phase, which is characteristic mineral phase of hydrogenetic processes. ∂MnO2 contains 

quadrivalent manganese which is less substituted by these cations. The Co enrichment 

in hydrogenetic nodules is explained by its high oxidation state and helps to substitute 

for Mn
4+

 in ∂MnO2 mineral phase (Goldberg, 1961). Similarly, it is also argued that Co 

along with other transitional metals are bound to colloidal Mn phase by adsorptive 

scavenging and fixed in the vernadite/∂MnO2 (Koschinsky and Halbach, 1995). 

Another argument is that the Co
3+

OOH substitutes for Fe
3+

OOH (Arrhenius et al., 

1979). In any case, highly oxidizing condition would favour the oxidation of Co
2+

 to 

Co
3+

 in seawater. 
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While the statistical data reveal 3 broad accretionary mineral phases mostly 

consistent with previous literature (except the Mg-rich phase which is new), we show 

below multiple controls on elemental variability.  

 

4.4 Morphological control on chemical variation. 

 

Surface Texture: The morphological variation like surface texture of the nodule is 

closely associated to the bulk chemistry of the nodule (Figure 4.8). The manganese 

metal concentration (25%) in rough nodules is higher than that of smooth nodules 

(20.4%), mixed type of nodules showing an average concentration (21.5%). Similar 

trend is shown by elements Cu, Ni, Zn, Mo, Li, Ga, Rb and Cs (Figures 4.8- 4.9). The 

Fe content which is usually attributed to the hydrogenetic origin is higher in the smooth 

nodule (12.5%) than the rough nodule (7.5%) with the mixed type of nodule showing 

an average content of 10%. Similar trend of higher values in smooth nodules is shown 

by elements Ti, Co, Sr, Pb, Zr, Sc, Y, Nb, Th, Hf, Ta and U (Figures 4.8- 4.9). Al, K 

and Ca show no variation with surface texture, but with enrichment in mixed type of 

nodules (Figure 4.8). Surface texture thus may be a reflection of major process 

responsible for its growth.  

 

Figure 4.8 The variation of major metals in nodules with surface texture. 

Shale-normalized REE patterns (Figure 4.9) clearly reflect the variation with 

respect to surface texture. The shale-normalized REE pattern of smooth nodules which 

is an average of 22 nodule analysis show very high concentration of all REEs compared 

to mixed types (average of 23 analysis) and rough nodules (average of 191 analysis). 

All the three types of nodules shows positive Ce anomaly but its intensity increases 

with rough to smooth nodules. This fact clearly indicates the control of surface texture 

on the REE enrichment in the nodules.  
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Figure 4.9 The variation of minor, trace elements and shale-normalized REE patterns in nodules 

with surface texture. 

 

Water Depth 

Topography is one of the major factors controlling the nodule formation in the 

CIB. Comparatively deep basins are sediment covered thus the diagenetic rough 

nodules are rich in the CIB. In general, Mn concentration increases with water depth 

which indicates the diagenetic influence and the iron content reduces with the depth 

(Figure 4.10). Interestingly, Mn content is high in shallowest depth studied here (3750-

4000 m), which is nearly equal to the concentrations seen in nodules from depths 

deeper than 4750 m (Figure 4.10). While the Mn enrichment in deeper nodules can be 

explained easily by the presence of sediments as substrates contributing diagenetic 

fluids for enrichment, enrichment in shallow depths may be due to the process 

controlling the Mn content in ferromanganese crusts on seamounts/abyssal hills, the 

depths of occurrence being closer to oxygen minimum zone (Hein et al., 2000). 

Accretion of Mn will be higher at depths closer to Oxygen Minimum Zone as the 

dissolved Mn tends to precipitate on encountering the oxygenated conditions. Ni and 

Cu show similar depth dependent pattern to that of Mn. Co, K and Ti follow the pattern 

of Fe with decrease in the metal content with water depth. No visible depth dependent 

trend is seen for Mg, Ca, Al, Ba and Rb which clearly indicates that the changes in the 

water column depth has no influnce in the enrichment of these metals. 
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Figure 4.10 The variation of major metals in nodules with water depth.  

 

Figure 4.11 The variation of minor, trace elements and shale-normalized REE patterns in 

nodules with water depth. 

 

Water column depth between 3750 to 5000 m represents the seamount tops and 

slopes in the CIB and any changes in composition in this depth range and in areas of 

rocky bottom, water column changes in water mass characteristics and bottom water 

chemistry would govern the nodule chemistry, but nodules from depths deeper than 

5000 m would be influenced by combined action of bottom water and porewater 

characteristics. Decrease with depth is clearly manifested in elements Hf, Pb, U (Figure 

4.11) with a two fold change seen between those from 3750-4000 m and 4000-4500 m 

(for Pb) and 4000-4500 m and 4500-5000 m (for Hf and U) indicating a critical depth 

of incorporation of these elements into the oxide matrix of nodules. Similar trend is 
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shown in shale normalized REE patterns. Where the water column depth is less near the 

hilltop and slopes, the total REE concentration is highly enriched, and cerium anomaly 

is strong (Figure 4.11). The deep basin nodules are less enriched in REEs. The negative 

neodymium anomaly was clearly visible in hill top nodules (water column depth 

between 4250 and 4500 m). A four fold increase in shale normalized values is seen in 

nodules from 4250-4500 m depth range over those from depths deeper than 4500-4750 

m. This clearly manifests that the degree of incorporation of REEs is higher in the 

shallow depth range. In deeper depths, part of the available REEs in bottom water for 

incorporation may be controlled by diffusion reactions between sediment porewater and 

seawater.  

 

Nodule Abundance 

The next parameter for discussion is the relation between nodule abundance 

(weight of nodules in a given area) and chemistry. Mn, Cu, Ni and K metals show clear 

negative correlation with the abundance of the nodule (Figure 4.12) which may be the 

reason for a negative relation between the grade of nodules (Cu and Ni) and the 

abundance on the sea floor (Mizuno et al., 1977, Menard et al., 1978, Frazer et al., 1981 

from the Pacific Ocean; Frazer and Wilson, 1980 and Sudhakar, 1988 in CIB). On the 

contrary, Fe, Co, and Ti show distinct increase with the increase in nodule abundance. 

Ba, Zn, Mo, Ga, Rb, Cs and Li follow Mn, Cu and Ni while the elements Sr, Pb, Zr, Y, 

Nb, Hf, U and Th follow the trend of Fe (Figures 4.12 - 4.13). As with other 

parameters, Al, Mg and Ca do not show any visible variation with abundance (Figure 

4.12). This might indicate that the dominant metal source of the rough nodule is 

sediment porewater and higher abundance or more nucleating centres may limit the 

formation of manganese mineral phase. The regions with low nodule abundance, 

nucleating centres are less in number with higher diagenetic input leading to the 

enrichment of Mn, Ni and Cu ions.  

The nodule abundance may mainly depend on the avilability of nucleating 

material for the growth of nodules. As they are mainly available in the area of volcanics 

which are mostly located in the vicinity of seamounts and abyssal hills or other 

topographic undulations, the abundances must be larger. Sharma and Kodagali (1993) 

and Sharma et al. (1994) have reported increased abundance of nodule/crust coverage 

in the areas lacking sufficent sediments cover and in the vicinity of topographic highs. 
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Figure 4.12 The variation of major metals in nodules with nodule abundance. 

  

Figure 4.13 The variation of minor, trace elements and shale-normalized REE patterns in 

nodules with nodule abundance. 

A distinct and systematic REE enrichment is seen in areas with high nodule 

abundance (Figure 4.13). The REE enrichment in the CIB nodules is proportional to the 

nodule abundance manifesting the interconnected role of nucleus availability and metal 

incorporation. Cerium anomaly and MREE, HREE enrichment was prominent in the 

areas with high nodule abundance. Shale-normalized Ce values is about 8-times higher 

in stations with highest nodule abundance than those with lowest nodule abundance and 

this has economic implication, as normally seamounts/abyssal hill nodules are not 

considered viable for mining in view of unfavourable topography. 
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Sediment Type 

Three major type of sediments are hosting nodules in the study area. Northern 

part of CIB is dominated with terrigenous siliceous sediments that are largely 

influenced by heavy sediment inputs from the Himalayan sediments (Nath et al., 1989; 

1992; Nath, 2001). The central part of the CIB mainly covered with siliceous sediments 

are rich in radiolarian oozes. The southern part is floored with red clay sediments (Rao 

and Nath, 1988). The nodule characteristics also vary with the sediment substrates. 

Sedimentation rate is more in the northern region when compared to the southern 

pelagic red clays. Among all these sediment types, siliceous sediments host maximum 

rough nodules and are dominent group in the CIB. Consistent with the previous studies 

(Rao, 1987; Jauhari, 1987; Ahmad and Husain, 1987; Mukhopadhyay, 1987; Kodagali, 

1988; Sudhakar, 1989a; 1989b; Martin-Barajas et al., 1991), elements associated with 

Fe-bearing phase (Ti) are high in nodules with red clay as their sediment substrate in 

this study and those associated with Mn-oxide phase (Cu, Ni) are high in the area 

floored with siliceous oozes/clays (Figure 4.14). Nodules from red clay region are more 

smooth, have compact-laminated layers mainly formed by amorphous Fe-Mn oxide, 

and are relatively rich in Fe, Co and Ti. Nodules from siliceous ooze domain are 

smaller, less abundant, and richer in Mn, Ni and Cu (diagenetic nodules) compared to 

smooth nodules from red clay domain.  

 

Figure 4.14 The variation of major metals in nodules with sediment types. 

Elemental association with sediment type: 

Nodules from North: siliceous/terrigenous sediments: rich in Ti, Mo,Th and Cs 

Nodules from siliceous oozes/clays: rich in  Mn, Cu, Ni, Ba, Li, Zn and Ga 

Nodules from red clay sediments: Fe, K, Co, Sr, Pb, Zr, Y, Nb, Ta, Hf, U and REEs 

Elements with no particular affinity: Rb, Mg and Ca 



                                                                                                                Chapter 4. Chemical Composition 

 

91 

 

However, the differences in elemental abundance with the sediment type are not 

so prominent as shown by other parameters presented in above sections. 

 

Figure 4.15 The variation of minor, trace elements and shale-normalized REE patterns in 

nodules with different sediment types in CIB. 

 

Nodules from the northern part of the CIB covered with siliceous and 

terrigenous sediments (Nath, 2001) show less REE content compared to those from the 

southern part of the CIB. Nodules from the red clay sediments show the maximum REE 

content and strongest positive Ce anomaly (Figure 4.15) consistent with the 

hydrogenetic nature. Nodules influenced by diagenetic processes are more dominant in 

siliceous clay terrain and show lower positive Ce anomaly (this study; Nath et al., 1992; 

1994).  

 

Age of nodule 

The age of initiation of nodule in different stations in the CIB was determined 

using the empirically calculated (Lyle, 1982) growth rates and thickness of the oxides 

in the nodules. With increasing age (in Ma), Fe and its group of elements show an 

increase in concentration (Figures 4.16-4.17). Similar to other parameters, a reverse 

trend is shown by elements associated with Mn content (Figures 4.16-4.17). Maximum 

Fe concentration is found in nodules which started growing during late Miocene, while 

the maximum Mn content in those grown recently (Pleistocene; Figure 4.16). Changes 
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in concentration with initiation ages may either suggest the change in bottom water 

chemistry over time or the rate of metal incorporation.  It clearly shows that middle 

Miocene and late Miocene nodules were highly enriched in the REE total content, when 

the age decreased REE content was also reduced. Positive cerium anomaly is more 

significant in the nodules with growth initiation during Miocene and early Pliocene age 

(Figure 4.17). This might reflect the changes in REE inputs to the oceans with time. 

 

Figure 4.16 The variation of major metals in nodules with age of nodules. 

 

Figure 4.17 The variation of minor, trace elements and shale-normalized REE patterns in 

nodules with age. 
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Nucleus types  

The elemental variations in CIB nodule as a function of different nucleus type 

are illustrated in figure 4.18. Major nuclei types found in this study were basalt/altered 

basalt, pumice, shark tooth and indurated clay. Highest Mn content (as also Cu, Ni, Zn, 

Ba, and Li) was found in nodules with pumice as nuclei and in decreasing order in 

basalt, shark teeth and clay. Juxtaposition of ore grade nodules and pumice distribution 

has been shown by Iyer and Sudhakar (1993). Pumice was found to constitute one of 

the main types of nuclei of diagenetic nodules that are found in the deep-sea troughs 

and plains (Martin-Barajas et al. 1993). On the other hand, basalt bearing nodules were 

the dominant contributors of Fe, Co, Sr (Figures 4.18- 4.19). Though the substrate 

sediment type has been considered to be the main driver for nodule variability in the 

past, this finding may be important in controlling the chemistry. Pumice is porous and 

may allow the accretion of metals from pore fluids when the accreting surface is in 

contact with sediments and thus enriching Mn group of elements. High Al content is 

found in nodules with indurated/hardened clay as nucleus (Figure 4.18). Least 

enrichment of Al found in nodules with shark teeth is nucleus type. In fact, only U and 

Pb are found to be highest in nodules with shark teeth as their nucleus. Though no 

significant variation is seen for Mg and Ca with different nucleus types, a very small 

enrichment of calcium is seen in nodules with clay nucleus. Similarly, K is high in 

nodules with clayey nucleus. Titanium shows almost equal enrichment with basalt, clay 

and shark teeth nucleus type and less enrichment in nodule of pumice nucleus (Figure 

4.18). Bottom currents may have very little effect on the sediment in the troughs and 

plains, allowing pumice to be deposited there. In such areas, pumice may constitute 

more than 90% of the nuclei. Oxic and suboxic diagenesis produce accretion of Fe-Mn 

oxides with high Mn/Fe values (>3.0) and a high Ni and Cu (>2.0%) content (Martin-

Barajas et al., 1991).  

.  
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Figure 4.18 The variation of major metals in nodules with nucleus types. 

 

Sc, Rb and Y also shows metal enrichment in nodules with clay as nucleus and 

less enriched with pumice as nucleus (Figure 4.19). Shale-normalized REE patterns of 

CIB nodules correspond to the nucleus type (Figure 4.19) and high positive cerium 

anomalies and total REEs in the nodules with shark teeth and basalt nucleus (hard, less 

porous and strong nucleus). On the other hand, nodules with porous material such as 

clay and pumice as their nuclei show less total REE content enrichment and less 

pronounced positive cerium anomalies (Figure 4.19). REE enrichment in shark teeth 

nodules may be due to higher scavenging capacity of biogenic apatite (fish teeth) from 

seawater (Elderfield and Pagett, 1986; Toyoda and Tokinama, 1990). Apatite has large 

crystal defects and impurities that permit REE to be adsorbed on teeth enamel and 

incorporated into the lattice of the dentine (Toyoda and Tokonami, 1990). 

 

Figure 4.19 The variation of minor, trace elements and shale-normalized REE patterns in 

nodules with nucleus types. 

 

4.5 Rare-earth element behaviour 

Shale normalized REE pattern in CIB nodules. 

Shale (PAAS) normalized patterns of REEs in all the CIB nodules studied here 

are shown in figure 4.20. Positive cerium anomaly and middle REE enrichment are 
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characteristic features (similar to earlier work of Goldberg et al., 1963; Piper, 1974; 

Elderfield et al., 1981; Glasby et al., 1987; Nath et al., 1992). However, clear trends of 

variation in magnitude of positive Ce anomalies for different depositional environments 

are identified. 

 

Figure 4.20 The characteristics Shale (PAAS) normalized pattern of REEs in the CIB nodules. 

 

MREE enrichment is prominent in CIB nodules. Ce is the major contributor 

(above 50%) of the total concentration of REEs in CIB nodules (Table 4.7). Positive Ce 

anomalies are attributed to oxidative scavenging due to tendency of Ce to transform 

from trivalent to tetravalent oxidation state compared to its immediate REE neighbours 

(e.g., Piper, 1974). This process depletes the Ce in seawater and thus the seawater 

shows a mirror image with strong negative Ce anomalies. Nodules and ferromanganese 

oxides in the oceans could be major global sinks for Ce and play an important role in 

REE cycling in oceans. The shale normalized REE pattern of CIB nodules shows that 

HREEs are slightly enriched over LREEs except for Ce. The shale normalized REE 

enrichment pattern in the CIB nodules shows a sequence of MREE > HREE > LREE 

(except Cerium). 

 

Inter-elemental relationships  

Table 4.4 shows the correlation matrix of all rare earth elements and major 

important metals in the nodules. For the total number of analysis of 236 data points, a 

correlation coefficient above 0.3 is about 99.99% confidence level. All REEs show 

good positive correlation to each other (r=0.33 to 0.99). Fe, Co shows strong positive 

correlation with all REEs [0.71- 0.77 except Nd (0.35) and Gd (0.33)] suggesting the 
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role of hydrogenetic precipitation in REE incorporation. This supports the results of 

Nath et al. (1992) who have interpreted that REEs were hosted by iron oxyhydroxides 

in the Indian Ocean nodules and crusts (Nath et al., 1992). Mn, Cu, Ni shows negative 

correlation to all REEs (Table 4.3) and this indicates that the diagenetic inputs are not 

as favourable as hydrogenetic nodules for REE incorporation  

 

Relationship between REEs, nodule grade and Mn/Fe ratio  

The inverse relationships between nodule grade and total REE concentration 

were observed in CIB nodules. This relationship was strong in the nodule grade (above 

2.5) but in low-grade nodules the REE variability (ΣREE=500 to 3000 ppm) was high 

(Figure 4.21). The Mn/Fe ratio in the nodule indicates the environment it had formed. 

The change in nodule environment of formation will reflect in the Mn/Fe ratio (Glasby 

et al., 1982). The total REE content is inversely proportional to Mn/Fe ratio (Figure 

4.22). The smooth nodules having low Mn/Fe ratio show high concentration of total 

REEs (1500-3000 ppm) and rough nodules of high Mn/Fe ratio (2-4) shows less 

enrichment of total REEs (Figure 4.22). Nodules with lowest Mn/Fe ratio (1-2) have the 

highest total REE content as well as very strong positive Ce anomaly (Figure 4.23; Ce 

on a shale-normalized basis is about 12 compared to its immediate neighbours which 

are about 4-5). This is consistent with earlier observation that the diagenetic nodules 

have low REE content and reduced positive Ce anomalies (Nath et al., 1994).  

 

Figure 4.21 The graph showing the inverse relation of total REE content and nodule grade 

 

Siliceous ooze normally settles on the deep sea floor in regions of high silica 

formation in surface waters, and the siliceous-diatomaceous organisms release Mn, Cu 

and Ni after their decomposition on the seafloor and promote enrichment of silica in the 
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associated sediments. The elements released by this mechanism act as an additional 

source and are incorporated by pore water in the nodules during diagenesis. The 

nodules resulting from this process are small to medium in size due to their rapid 

growth, are spherical to ellipsoidal in shape and their surface texture is rough and 

granular. These nodules are typically enriched in Mn, Cu and Ni with todorokite as the 

predominant phase (Valsangkar et al., 1992). 

 

Figure 4.22 The graph showing the inverse relation of total REE content and Mn/Fe in nodules of 

different surface texture. 

 

Figure 4.23 The REE pattern of CIB nodules in different Mn/Fe ratio. 

Oxide layer thickness control 

 

Figure 4.24 The shale-normalized REE patterns of CIB nodules with different oxide thickness 
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Though a systematic variation in REE is not seen with increasing oxide layer 

thickness of the nodules, maximum enrichment was seen in the nodules having an 

oxide thickness of >14mm (Figure 4.24). Nodules with oxide thickness between 4 and 

12 mm showed continuous decrease in total REE content.  

 

Longitudinal variation  

The longitudinal variation of REE enrichment in the CIB shows that the western 

part of the CIB nodules have marginally lower total REE content than that of eastern 

part of the CIB (Figure 4.25). Higher REE content in the eastern side of the CIB 

(Figure 4.25) may be possible due to the influence of the AABW currents from the 

Ninety East ridge promoting the oxygenation favouring the enrichment of REEs. 

 

Figure 4.25 The longitudinal variation of shale-normalized REE patterns of CIB nodules 

 

Ce/La ratio 

Ce/La ratio in deep sea nodules was widely used as a redox indicator in 

different oceanic basins (Southwest and Central Pacific and Atlantic by different 

workers Glasby et al., 1987; Kunzendorf et al., 1989; 1993; Elderfield, 1988; German 

and Elderfield, 1990; Kasten et al., 1998). They traced the direction of oxygenated 

AABW and North Atlantic Deep Water (NADW) currents and their flow paths from the 

increased Ce/La ratio in the manganese nodules. In the Indian Ocean, Nath et al. (1992) 

have found that the REE distributions in the nodules and crusts from the Western 

Indian Ocean exhibit notable enrichments (of 10-30%) relative to the nodules from the 

more diagenetic environment of the Central Indian Basin. For Ce, the enrichments are 

more pronounced (up to 220%). Nath et al. (1992) have opined that the preferential 

enrichment of Ce and other REE in the nodules from the Western Indian Ocean is 

consistent with the oxygenated conditions created by the AABW flow.  
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Figure 4.26 Regional variation of Ce/La ratio in the CIB nodules 

In this work, there was an opportunity to examine the variability of Ce/La 

within the same basin. High Ce/La ratio on the south-eastern part of CIB (Figure 4.26) 

where oxygenated AABW enters through Ninety East ridge saddles and spread to 

southern part of the CIB. The deep basin nodules from the central and northern part of 

CIB exhibit less Ce/La ratio which indicates that the oxygenated AABW currents from 

eastern side of the CIB were blocked by the seamount chains related to the 73, 76.5, 

79
°
E fracture zones. These areas experienced more anoxic or suboxic condition than the 

southern and south-eastern part of the CIB and the manganese nodules from these area 

were more influenced by diagenetic processes (Figure 4.26), which mean that the 

topography may also play an important role in the flow path of oxygenated AABW and 

oxic conditions, which leads to the enrichment of REEs in the CIB nodules. Deep basin 

nodules from the central and northern part of CIB are unaffected by AABW currents 

and have higher Mn, Cu, Ni and Mn/Fe ratio. The area where oxygenated AABW 

currents moved (mainly in the south and south-eastern parts), nodules were enriched in 

REEs, Co, Fe, low Mn/Fe ratio. This supports the theory that the iron oxyhydroxides 

host the REEs in the nodules (Nath et al., 1992). 
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Regional variability of REE content 

  The regional variation of REEs in the CIB shows that the nodules from 

deep basin with rough surface texture have lower REE content compared to smooth 

texture nodules from hill top/slopes. Nodules from the south-eastern part of the CIB 

were more enriched than north western and central deep basin indicating that the 

topography and water depth may have a role in the REE incorporation. All rare earths 

shows good positive correlation with each other and iron and cobalt, but negative 

correlation with nickel and copper revealing the rare earth enrichment is closely related 

to iron oxy-hydroxide phase. The shale normalized REE enrichment pattern in the CIB 

nodules shows a sequence of MREE > HREE > LREE (except Cerium). The nodule 

grade (Cu+Ni+Co) and Mn/Fe ratio in CIB nodules were inversely proportional to the 

REE enrichment in the nodules. The nodules from the siliceous sediment with 

terrigenous input on the northern region were less enriched in REEs than that of red 

clay (southern region). Latitudinally, the REE increases in the CIB follows north to 

south trend. Longitudinal variation of the REEs indicates that the western side of the 

CIB with rugged topography and deep basins with have lower REE content than the 

smooth, small nodules from the eastern part of the CIB which are rich in REE reflect 

the effect of AABW from Ninety East Ridge saddles. The age of nodule showed direct 

relationship to the REE enrichment in the CIB nodules. Variation in REE content with 

surface texture may represent the control of mineralogy. Todorokite structure which is 

characteristic of diagenetic nodule may not help uptake of REE while on the other hand 

the hydrogenetic nodules which have δMnO2 may have close interaction with Fe-oxides 

which are favourable sites for REE accretion. 

 

4.6 Processes controlling chemical variation in the CIB nodules 

 The chemical composition of manganese nodules depends on the accretionary 

processes that involved in their formation. Hydrogenous processes allow direct 

precipitation or accumulation of colloidal metal oxides in seawater, oxic diagenesis is 

the accretion process occurring in oxic sediments; and suboxic diagenesis which results 

from reduction of Mn
+4

 by oxidation of organic matter in the sediments. These are the 

three major processes responsible for the variation in nodule chemistry. In the Pacific 

Ocean geochemical evidence suggests hydrogenetic and oxic diagenesis processes as 

major contributor, while suboxic processes occurs only at the hemipelagic site, in 

relatively productive waters of the eastern tropical Pacific (Dymond et al., 1984). 
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Significant biogenic deposition started during the Early to Late Pliocene as a result of 

the development of a high biogenic productivity belt to the south, producing the 

favourable conditions for increased diagenetic accretionary processes for the CIB 

nodules in the central deep area (10-15
o
 S) (Martin-Barajas et al., 1991). Hydrogenetic 

nodules are formed mostly by dense layers of ∂MnO2 Fe(OH)2 and amorphous silica, 

and they show smooth texture and botryoidal shapes. They show very low Mn/Fe ratio 

(< 2) and relatively high Co and Ti contents related to Miocene red clays.  

Diagenetic nodules show a granular texture and comprise concentric layers with 

dendritic or columnar structures, mainly of 10 Å manganate. They show higher Mn, Ni 

and Cu contents and are observed related to Recent (< 0.4 Ma) biosiliceous sediments, 

which favours the replacement of the silicate phases (biogenic silica, clay minerals and 

volcanic glass) by Fe-Mn oxides, metallic uptake (Cu > Ni) that enhances the stability 

of early diagenetic 10Å manganate (buserite), and the formation of todorokite (Martin-

Barajas et al., 1991).   

The chemical compositions of manganese nodules have been controlled by 

various factors such as the mineralogy of the oxides, the availability of elements, the 

sorptive and crystallo-chemical properties of the oxides, the growth rate of the 

concretions and the physico-chemical nature of the environment of deposition (Cronan, 

1980). Todorokite-rich nodules are closely related to biogenic oozes and the surface 

texture is rough or granular, while vernadite-rich nodules are exposed on the pelagic 

clay and the surface texture is smooth (Usui, 1983; 1984; Calvert and Piper, 1984). 

Vernadite is also rich in nodules and crusts in elevated areas such as seamounts 

tops/slopes (Cronan, 1980; Halbach and Manheim, 1984; Aplin and Cronan, 1985). The 

todorokite and ∂MnO2 mineral formation in the nodules is controlled by the oxidation 

condition (redox potential) of the environment where it is deposited (Glasby, 1972). 

∂MnO2 rich in seamount and topographic high regions of highly oxidizing environment 

while todorokite forms in poorly oxidizing environment (Moorby, 1978). In the CIB, 

nodules from deeper basins are enriched in manganese mineral phase and Cu, Ni, Mo, 

Zn, Li, Ga, Ba, Cs, Rb, and Mg (diagenetic enrichment) and topographic high and 

seamount top/slopes are enriched with hydrogenetic iron mineral phase (Fe, Co, REEs, 

Hf, Zr, Th, Nb, U, Pb, Sr, Y, Ca, and Ta) indicates that metal enrichment is strongly 

controlled by the topography of the region and water column depth.  

The second major factor controlling the metal variation is the oxygenation 

condition in the environment of formation of nodules. In the CIB, the Antarctic bottom 
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water enters in to the eastern part of the basin (explained in chapter 3) changes bottom 

oxygenation condition to highly oxidizing environment, which helps the enrichment of 

Fe, Co, REEs, Sr in the nodules. The deep basins in the central western part of the basin 

experience less oxygenation than eastern part, the effect of the AABW is restricted in 

this region due to the presence of the seamount chains related to the major fracture 

zones in this area. 

Though the sediment distribution pattern was considered as the most important 

parameter in regulating the nature of nodules in CIB, this study shows that the sediment 

type may play a lesser role in regulating the chemistry. The diagenetic fields may be 

similar in all nodule-bearing areas (Boudreau and Taylor, 1989), except that the opal 

preservation in nodule bearing siliceous ooze areas may be higher.   

 

4.7 Comprehensive resource evaluation  

Traditionally, a 3-metal route (Cu, Ni and Co) is considered for evaluating the 

deposit value of nodules. This has traditionally been done in view of low Ni resources 

on land, cobalt control by handful of countries. Though Mn content is high, the grade is 

not as good as terrestrially available Mn ores and thus not considered for economic 

evaluation. However, recent advances in technology required elements of non-

traditional industrial use. For example, Bi which was used as metallurgical additives, 

fusible alloys, pharmaceuticals, chemicals traditionally, new technologies requires this 

element for liquid Pb-Bi coolant for nuclear reactors, Bi-metal polymer bullets, high-T 

superconductors, and computer chips (Hein et al., 2010). Nodules and other 

ferromanganese oxides in deep-sea are major sinks for many elements. Many elements 

in these mineral phases have concentrations much more than those present in upper 

continental crust. Thus an exercise has been made here to calculate the resources of all 

the elements studied here. This will give an idea to the decision makers and 

metallurgists whether any byproducts could be obtained during the recovery of Cu, Ni 

and Co. In this present study, the total tonnage of each metal calculated using average 

metal concentration of each metal and total dry nodule reserve calculated in the CIB. 

Nodules from the study area which lies between latitudes 9 and 16.5S and 72 and 

84E longitudes are considered for the calculations. The coverage area is 1111289 km
2
 

with an average abundance of 6.6 kg/m
2
 and has about 73337 million tonnes (MT) of 

dry nodules.  
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Table 4.5. Major element resources calculated in CIB nodules (236 analysis) 

Element 

Average 

Conc. 

Min.  

Conc. 

Max. 

Conc. 

Average 

tonnage 

Min. 

Tonnage 

Max. 

tonnage 

Al 3.1 1.5 7.2 2273 1078 5288 

Fe 8.4 4.2 18.3 6168 3043 13399 

Mn 23.9 6.3 33.4 17593 4650 24480 

Mg 1.7 1 3.5 1261 741 2545 

Ca 1.6 0.9 3.7 1188 675 2684 

K 1 0.5 3.4 733 337 2515 

Ti 0.3 0.1 0.8 235 103 587 

Co 0.1 0.01 0.3 95 7 235 

Cu 1.03 0.2 1.7 755 139 1269 

Ni 1.2 0.2 2 873 117 1445 

Concentration in percentage. Tonnage in million tonnes 

Table 4.6 Minor and trace element resources calculated in CIB nodules (236 analysis) 

Element 
Average 

Conc. 

Min.  

Conc. 

Max. 

Conc. 

Average 

tonnage 

Min. 

Tonnage 

Max. 

tonnage 

Ba* 1209.8 414 3182 88.7 30.4 233.4 

Li* 142.3 26 396 10.4 1.9 29.0 

Sr* 651.5 265 1200 47.8 19.4 88.0 

Zn* 1375.2 526 2673 100.8 38.6 196.0 

Sc* 12.9 5.7 25.8 0.9 0.4 1.9 

Ga* 16.4 7.3 28.9 1.2 0.5 2.1 

Rb* 21.3 2.1 61.3 1.6 0.2 4.5 

Y* 82.6 6 228 6.1 0.4 16.7 

Zr* 341.5 70 720 25.0 5.1 52.8 

Nb* 20.9 3 57 1.5 0.2 4.2 

Mo* 548.8 100 770 40.2 7.3 56.5 

Cs* 0.7 0.3 3.8 0.0 0.0 0.3 

∑REE* 862 242 3252 63 17.8 238.5 

Hf* 5.9 1.2 14.3 0.4 0.1 1.0 

Ta* 0.6 0.1 1.6 0.0 0.0 0.1 

Pb* 688 135 3597 50.5 9.9 263.8 

Th* 33.9 7 112 2.5 0.5 8.2 

U* 3.2 0.8 6.5 0.2 0.1 0.5 

* Concentration in ppm. Tonnage in million tonnes 
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Minimum, maximum and average concentrations of all the elements studied 

here are presented in tables (Table 5, 6, 7). In the same tables, minimum, maximum and 

average tonnage of different elements calculated for this area is presented. The total 

metal resource of minor and trace metal calculated in the CIB nodules reveals that other 

than major economic metals, Zn, Ba, Sr, Mo, Pb, Ce, Zr and Li also can contribute 

economically. The tonnage of these elements are in the order of 101 MT, ~89 MT, 48 

MT, 40 MT, 51 MT, 35 MT, 25 MT, and 10 MT, respectively. 

 

The resource evaluation of REEs in CIB 

World demand for REEs and the metal yttrium—which are crucial for novel electronic 

equipment and green-energy technologies—is increasing rapidly (Kato et al., 2011). A 

News article by Service (2010) in magazine Science says it all “The trouble is that, 

while researchers are steadily inventing new applications for rare earths, the supply 

isn’t keeping up—and users of REEs are feeling the pinch”. Among the REEs, HREE 

(mainly Gd to Lu) are especially important materials for high-technology products 

including electric automobiles and flat screen televisions.  

 

Table 4.7 Rare earth element resources calculated in CIB nodules (236 analysis) 

Element 

Average 

 Conc. 

Min.  

Conc. 

Max. 

Conc. 

Average  

tonnage 

Min. 

Tonnage 

Max. 

tonnage 

La* 118.6 57 291 8.7 4.2 21.3 

Ce* 482 98 2230 35.4 7.2 163.5 

Pr* 29.2 13 66 2.1 1 4.8 

Nd* 105.6 14 201 7.8 1 14.7 

Sm* 29.3 13 62 2.2 1 4.6 

Eu* 6.8 3.2 18 0.5 0.2 1.3 

Gd* 28.4 14 246 2.1 1 18 

Tb* 5.1 2.4 11.4 0.4 0.2 0.8 

Dy* 25.1 12 56 1.8 0.9 4.1 

Ho* 5.5 2.8 12 0.4 0.2 0.9 

Er* 10.4 5 23 0.8 0.4 1.7 

Tm* 1.9 0.9 4.2 0.1 0.1 0.3 

Yb* 12 6 27 0.9 0.4 2 

Lu* 1.8 0.9 4.3 0.1 0.1 0.3 

∑REE* 862 242 3252 63 18 238.5 

* Concentration in ppm. Tonnage in million tonnes 
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The resource evaluation of total REEs in the CIB was estimated using average total 

REE content from all 236 analyses. The average tonnage of major metals and REEs 

were in the decreasing order Mn>Fe>Al>Ni>Cu>Co>∑ REE>Ce>La>Nd>Y>Sm>Pr> 

Gd>Dy> Er>Eu>Ho>Tb>Tm>Lu. Total REE content varies between 242 and 3252 

ppm. This is promising as a total of 1,000-2,230 ppm in Pacific deep-sea sediments was 

considered as economically important recently (Kato et al., 2011). A total rare earth 

metal resource in this study area was calculated as 63 MT. As nodules are sink for Ce, 

the average Ce tonnage in the study area is ~35.35 MT which is about 4 times that of its 

immediate neighbours La (8.7 MT) and Nd (7.8 MT). The detailed metal concentration 

and resource evaluation has been calculated and tabulated as Table 4.7. Thus the 

nodules and other ferromanganese oxides of deep-sea could fill the gap in our supplies 

of rare-earth elements.  

 

4.8 Conclusion 

Regional elemental distribution maps of nodules prepared for the entire nodule 

bearing area in CIB has facilitated in examining the role of regional geological and 

oceanographic features on nodule chemistry. In the topographic high regions (seamount 

tops/slopes) falling in the south-eastern part of the CIB, hydrogenetic smooth nodules 

are enriched in Fe, Co, Pb, Sr, Y, REEs, Zr, Hf, Nb, Ta, Th and U metals. Possibility of 

the influence of highly oxygenated AABW currents on the active hydrogenetic 

precipitation is proposed. The rough nodules from deeper basins in between the 

seamount chains related to the facture zones of central, western, northern part of the 

CIB are enriched in Mn, Cu, Ni, Zn, Mo, and Li metals. This indicated that the 

processes involved in nodule formation in this area are diagenetic enrichment. The 

metals such as Al, Ti, K, Mg, Ca, Cs, Rb and Sc are showing same type of variations in 

CIB. The nodules from topographic high regions of eastern CIB are more enriched in 

these metals. These metals are associated with aluminosilicate phase in the nodules. 

The correlation coefficient and factor analysis show three major groups of metal 

association in CIB nodules,  Iron related group of hydrogenetic precipitation (Fe, Ti, 

REEs, Hf, Zr, Th, Nb, U, Pb, Sr, Y, Ca, Co, Ta), manganese group of diagenetic 

precipitation (Mn, Mg, Zn, Ba, Cu, Ca, Ga, Ni, Mo, Li, K) and aluminosilicate group 

(Al, K, Rb, Ca, Ti, Mg, Sc, Cs) which is consistent with the literature. Though the 

substratum sediment type is considered as a potential control on the nature and 

chemistry of nodules in the past literature, the data presented here show that the 
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variation in chemistry could be marginal between sediment types. However, it is shown 

here that the nodule geochemistry could vary systematically with other variables such 

as nodule abundance, grade, size, shape, surface features, nucleus type, water depth, 

age of nodules etc. An important controlling factor could be the type of nucleus. Not 

only the shape is controlled, but it seems to control the overall chemistry too.  

New geochemical tables are presented encompassing about 41 elements based 

on more than 200 analyses (hitherto not available) and these allowed for a 

comprehensive evaluation of the resources. Tonnage was calculated for elements other 

than those conventionally considered for economic evaluation. This calculation has led 

to suggest that elements such as Zn, Ba, Zr, Mo, Pb, Ce (and other REEs), and Li could 

be economically important and can be considered for extracting them as byproducts 

during the metal extraction processes. This assumes importance as some of these 

elements have large applications in new technologies and gadgets. 
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Table 4.1 Precision and accuracy details for the ICP-OES measurements carried out at NIO 

Ref. material Al % Fe % Mn% Mg% Ca % Na % K % Ti % Ba* Co % Cr* Cu % Li* Ni% Sr* V* Zn* 

P1  4.93 8.58 38.33 3.57 3.97 3.72 1.18 0.50 2642 0.22 108 1.15 167 1.38 699 487 1863 

P1 4.98 8.65 38.24 3.55 4.01 3.75 1.18 0.49 2824 0.22 110 1.15 169 1.37 686 487 1884 

P1 4.78 8.40 36.97 3.45 3.90 3.65 1.14 0.48 2680 0.22 108 1.11 165 1.36 665 466 1863 

P1 4.86 8.42 36.89 3.48 3.90 3.74 1.18 0.50 2631 0.22 106 1.15 165 1.35 688 487 1863 

P1 5.08 8.83 38.68 3.63 4.11 3.83 1.20 0.50 2667 0.22 119 1.16 163 1.37 707 487 1884 

P1 4.90 8.69 37.69 3.55 4.05 3.73 1.16 0.49 2707 0.23 123 1.13 165 1.39 692 487 1969 

P1 4.91 8.60 37.94 3.54 4.00 3.83 1.19 0.50 2659 0.22 112 1.12 165 1.33 684 487 1884 

NIO 4.23 19.99 27.46 2.25 2.47 2.15 0.85 0.69 1325 0.14 97 0.48 53 0.68 1016 555 1038 

NIO 4.25 19.84 27.77 2.23 2.50 2.17 0.85 0.68 1387 0.13 99 0.48 55 0.68 1023 555 1038 

NIO 4.46 20.58 27.54 2.33 2.52 2.22 0.87 0.70 1361 0.13 104 0.50 58 0.71 1057 579 1038 

NIO 4.24 19.81 27.08 2.22 2.44 2.14 0.85 0.69 1387 0.13 99 0.47 53 0.67 1040 555 1038 

NIO 4.46 20.74 28.08 2.31 2.57 2.20 0.87 0.71 1359 0.14 101 0.50 51 0.71 1038 579 1038 

NIO 4.34 20.30 27.29 2.26 2.51 2.23 0.85 0.70 1373 0.14 104 0.48 55 0.70 1033 579 1038 

A1 4.06 15.27 23.07 4.62 15.22 1.45 0.55 0.51 1447 0.30 92 0.11 96 0.63 1569 632 676 

A1 4.08 15.24 23.48 4.59 15.16 1.44 0.56 0.51 1495 0.30 92 0.11 98 0.62 1558 632 676 

A1 4.32 16.00 24.88 4.83 15.93 1.49 0.57 0.52 1515 0.31 96 0.11 96 0.66 1645 676 676 

A1 4.18 15.94 24.32 4.70 15.80 1.46 0.57 0.53 1523 0.32 96 0.11 94 0.67 1641 654 719 

A1 mean 4.16 15.61 23.94 4.69 15.53 1.46 0.56 0.52 1495 0.31 94 0.11 96 0.65 1603 648 686 

Precision%  2.81 2.63 3.41 2.23 2.53 1.58 1.58 2.78 2.28 2.51 3 3.12 2 3.50 3 3 3 

Reported 3.87 15.63 23.94 4.76 15.43 1.04 0.60 0.53 1670 0.31 21 0.11 76 0.64 1748 770 587 

Accuracy% -6.97 0.10 0.01 1.59 -0.61 -28.61 6.73 2.50 11.71 1.61 -78 0.96 -21 -1.52 9 19 -14 

P1 mean 4.92 8.60 37.82 3.54 3.99 3.75 1.18 0.49 2687 0.22 112 1.14 166 1.36 689 484 1887 

Precision±%  1.93 1.76 1.80 1.68 1.92 1.67 1.66 1.56 2.43 1.74 6 1.48 1 1.53 2 2 2 

Reported 4.82 8.26 37.63 3.30 3.06 2.21 1.21 0.50 3350 0.22 13 1.15 140 1.34 680 570 1595 

Accuracy% -2.03 -3.92 -0.50 -6.76 -23.29 -41.05 2.97 1.04 24.67 1.22 -88 1.24 -16 -1.79 -1 18 -15 

NIO mean 4.33 20.21 27.54 2.27 2.50 2.19 0.85 0.70 1365 0.13 101 0.49 54 0.69 1034 567 1038 
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Precision % 2.50 1.94 1.28 1.89 1.75 1.78 1.17 1.53 1.72 1.97 3 2.03 5 2.44 1 2 0 

Reported  21.36 27.47       0.14  0.49  0.71    

Accuracy %  5.69 -0.24       4.06  0.92  2.97    

 

Table 4.2. Precision and accuracy details for the ICP-MS measurements carried out at NGRI (Concentration values reported are in ppm.) 

Ref. standard Li Sc V Cr Co % Ni % Cu % Zn Ga Rb Sr Y Zr Nb Mo Cs Ba 

A1 (1) 81 10.5 777 26 0.31 0.64 0.11 578 11.4 10.8 1733 116 317 42 446 0.5 1664 

A1 (2) 91 9.6 809 26 0.32 0.67 0.11 609 10.8 11.0 1787 117 317 41 450 0.5 1641 

A1 (3) 96 11.3 819 27 0.34 0.69 0.11 615 11.4 10.9 1826 115 316 42 451 0.5 1675 

A1 (4) 84 9.7 785 26 0.31 0.66 0.11 589 11.3 11.0 1786 118 318 42 454 0.5 1690 

A1 (5) 88 10.5 760 23 0.32 0.66 0.11 582 11.0 11.0 1766 115 320 41 453 0.5 1671 

A1 (6) 83 10.9 781 27 0.32 0.65 0.11 598 11.9 11.0 1801 117 320 43 451 0.5 1696 

A1 (7) 81 11.1 775 26 0.31 0.64 0.11 586 11.7 11.3 1761 116 317 43 451 0.5 1677 

A1 (8) 92 11.5 796 26 0.32 0.66 0.11 592 11.6 11.1 1599 118 317 42 447 0.5 1171 

A1 (9) 100 11.8 819 27 0.34 0.69 0.11 603 11.3 11.3 1610 117 319 42 453 0.5 1155 

A1 (10) 109 12.3 855 28 0.35 0.72 0.11 611 11.1 11.2 1628 119 322 43 455 0.5 1142 

A1 (11) 120 12.5 868 28 0.34 0.74 0.11 605 10.9 11.3 1632 119 322 42 455 0.5 1119 

A1 (12) 132 13.3 898 29 0.34 0.77 0.11 610 10.5 11.1 1648 121 324 43 460 0.4 1097 

Mean (n=11) 96 11.3 812 27 0.33 0.68 0.11 598 11.2 11.1 1715 117 319 42 452 0.5 1450 

Reported 76 12.4 770 21 0.31 0.64 0.11 587 6.3 10.6 1748 116 310 43 448 0.6 1670 

Precision %  16.8 10.0 5.2 5.7 4.2 5.9 1.3 2.1 3.7 1.5 4.9 1.5 0.8 1.4 0.8 5.1 19.1 

Accuracy % 26.7 -9.2 5.4 26.8 5.2 6.5 0.4 1.9 78.4 4.5 -1.9 1.1 2.9 -2.5 0.9 -12.6 -13.2 

P 1 (1) 150 8.3 608 22 0.25 1.32 0.93 1428 23.1 26.3 780 86 280 19 755 1.5 2819 

P 1 (2) 160 8.1 639 24 0.26 1.38 0.97 1469 22.7 27.2 789 88 288 19 760 1.5 2873 

Mean (n=2) 155 8.2 624 23 0.26 1.35 0.95 1449 22.9 26.7 784 87 284 19 757 1.5 2846 

Reported 140 9.7 570 13 0.22 1.34 1.15 1595 28.1 24.1 680 91 289 21 762 1.8 3350 

Precision %  4.8 1.7 3.6 4.8 2.2 2.9 2.9 2.0 1.0 2.4 0.9 1.0 1.9 0.9 0.5 0.7 1.3 
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Accuracy % 10.8 -15.2 9.4 75.4 14.2 0.7 -18 -9.2 -19 10.9 15.3 -3.9 -1.7 -12 -0.6 -17.7 -15.0 

NIO (1) 46 11.1 738 28 0.17 0.71 0.49 828 13.0 17.6 1210 141 502 29 526 0.6 1579 

NIO (2) 48 11.0 764 14 0.17 0.73 0.49 841 12.6 17.3 1209 141 498 27 527 0.6 1576 

Mean (n=2) 47 11.1 751 21 0.17 0.72 0.49 834 12.8 17.5 1209 141 500 28 526 0.6 1577 

Reported     0.14 0.71 0.49           

Precision %  2.0 0.9 2.4 46.5 0.9 2.1 1.0 1.1 2.2 1.3 0.1 0.1 0.7 2.9 0.1 1.3 0.2 

Accuracy %     20.0 1.3 0.3           

Table 4.2. continue. 

Ref. standard La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U 

A1 (1) 118 731 21.8 98 21.1 5.1 26.1 4.3 23.3 5.8 12.0 2.3 13.8 2.3 6.3 1.0 857 27.5 6.1 

A1 (2) 113 705 21.3 94 20.7 5.1 26.4 4.3 23.2 5.9 11.8 2.3 14.1 2.4 6.4 1.0 808 26.0 5.8 

A1 (3) 112 699 20.9 91 20.2 4.8 26.2 4.1 21.9 5.7 11.2 2.2 13.3 2.2 5.9 1.0 786 25.0 5.6 

A1 (4) 118 732 21.9 94 21.1 5.2 26.9 4.3 23.3 5.9 12.0 2.3 14.1 2.3 6.5 1.0 850 27.0 6.0 

A1 (5) 115 724 21.6 95 21.3 5.1 26.7 4.3 23.3 5.9 11.9 2.3 14.1 2.3 6.5 0.9 835 26.3 5.9 

A1 (6) 119 732 21.8 95 21.1 5.0 26.1 4.2 22.8 5.8 11.6 2.2 13.8 2.2 6.3 1.0 847 27.0 6.1 

A1 (7) 117 733 21.4 93 20.9 4.8 25.8 4.2 22.4 5.8 11.9 2.2 13.9 2.2 6.2 1.0 547 27.1 6.1 

A1 (8) 115 723 21.3 91 20.9 4.8 25.7 4.1 22.1 5.7 11.6 2.1 13.5 2.2 5.9 1.0 827 26.1 5.8 

A1 (9) 113 709 21.0 90 20.3 4.8 25.3 4.1 21.6 5.5 11.4 2.1 13.3 2.2 6.0 1.0 808 25.4 5.7 

A1 (10) 111 703 20.7 88 20.1 4.7 25.4 4.0 21.3 5.5 11.3 2.1 13.2 2.2 5.8 1.0 792 25.0 5.6 

A1 (11) 109 690 20.4 85 19.4 4.6 24.6 4.0 20.8 5.4 10.9 2.1 12.9 2.1 5.9 0.9 772 24.0 5.4 

A1 (12) 407 676 20.0 84 19.2 4.5 24.5 3.8 20.3 5.3 10.8 1.9 12.6 2.0 5.6 0.9 750 23.1 5.1 

Mean (n=12) 139 713 21.2 91 20.5 4.9 25.8 4.1 22.2 5.7 11.5 2.2 13.5 2.2 6.1 1.0 790 25.8 5.8 

Reported 118 732 24.3 94 21.1 5.0 26.1 4.0 22.8 5.0 11.7 2.1 13.8 2.2 5.8 0.8 846 25.1 7.0 

Precision %  60.8 2.6 2.8 4.5 3.3 4.6 3.0 3.9 4.6 3.9 3.5 4.9 3.5 5.0 4.9 3.2 10.5 5.2 5.2 

Accuracy % 17.6 -2.6 -12.9 -2.8 -2.7 -2.0 -1.2 3.6 -2.7 13.5 -1.5 3.1 -1.8 -1.6 5.5 29.7 -6.6 2.7 -17.6 

P 1 (1) 110 312 28.2 111 30.7 7.5 25.6 5.1 25.9 5.8 11.1 2.1 13.1 2.0 4.1 0.5 459 17.8 3.5 

P 1 (2) 112 318 28.5 111 31.1 7.5 26.4 5.2 26.4 6.0 11.3 2.1 13.3 2.1 4.3 0.4 481 17.5 3.4 
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Mean (n=2) 111 315 28.4 111 30.9 7.5 26.0 5.2 26.2 5.9 11.2 2.1 13.2 2.0 4.2 0.5 470 17.6 3.4 

Reported 104 294 32.0 119 29.5 7.5 28.2 4.9 26.8 5.1 12.5 2.0 12.7 1.8 4.2 0.3 555 16.7 4.2 

Precision %  0.8 1.4 0.8 0.1 1.0 0.2 1.9 1.2 1.3 2.0 0.8 0.9 1.0 2.7 3.7 6.4 3.3 1.2 0.3 

Accuracy % 6.8 7.1 -11.4 -7.1 4.7 0.3 -7.8 5.8 -2.4 15.6 -10 1.8 3.9 14.4 0.5 40.1 -15 5.5 -18.2 

NIO (1) 250 950 56.8 221 53.5 12.3 51.9 9.6 47.3 10.3 19.3 3.5 21.6 3.4 8.0 0.9 1222 83.4 5.6 

NIO ( 2) 246 946 56.6 221 53.4 12.3 52.2 9.6 48.0 10.4 19.3 3.5 21.7 3.3 8.1 0.8 1224 85.3 5.6 

Mean (n=2) 248 948 56.7 221 53.5 12.3 52.1 9.6 47.7 10.4 19.3 3.5 21.7 3.3 8.1 0.8 1223 84.3 5.6 

Precision %  1.0 0.3 0.3 0.1 0.2 0.1 0.5 0.0 1.1 0.7 0.2 0.5 0.2 0.5 0.5 10.5 0.1 1.6 1.0 

 

Table 4.3. The correlation matrix and inter-element relationships of elements in CIB nodules  

  Depth Abnd Al Fe Mn Mg Ca K Ti Co Cu Ni Ba Zn Sr 

Depth 1.00 0.13 -0.11 -0.15 0.24 -0.01 -0.09 -0.22 -0.18 -0.33 0.32 0.33 0.21 0.09 -0.26 

Abnd 0.13 1.00 -0.12 0.63 -0.23 -0.35 0.08 -0.17 0.46 0.45 -0.41 -0.38 -0.09 -0.43 0.55 

Al -0.11 -0.12 1.00 -0.10 -0.61 -0.12 0.28 0.90 0.21 -0.18 -0.39 -0.40 -0.48 -0.39 -0.30 

Fe -0.15 0.63 -0.10 1.00 -0.41 -0.54 0.30 -0.17 0.87 0.84 -0.72 -0.61 -0.13 -0.64 0.91 

Mn 0.24 -0.23 -0.61 -0.41 1.00 0.72 -0.22 -0.51 -0.56 -0.23 0.88 0.86 0.70 0.87 -0.15 

Mg -0.01 -0.35 -0.12 -0.54 0.72 1.00 -0.16 -0.08 -0.54 -0.28 0.71 0.62 0.40 0.78 -0.36 

Ca -0.09 0.08 0.28 0.30 -0.22 -0.16 1.00 0.30 0.49 0.19 -0.27 -0.27 -0.09 -0.17 0.24 

K -0.22 -0.17 0.90 -0.17 -0.51 -0.08 0.30 1.00 0.09 -0.23 -0.29 -0.32 -0.36 -0.26 -0.35 

Ti -0.18 0.46 0.21 0.87 -0.56 -0.54 0.49 0.09 1.00 0.72 -0.79 -0.67 -0.26 -0.70 0.74 

Co -0.33 0.45 -0.18 0.84 -0.23 -0.28 0.19 -0.23 0.72 1.00 -0.60 -0.54 -0.06 -0.45 0.91 

Cu 0.32 -0.41 -0.39 -0.72 0.88 0.71 -0.27 -0.29 -0.79 -0.60 1.00 0.92 0.53 0.88 -0.55 

Ni 0.33 -0.38 -0.40 -0.61 0.86 0.62 -0.27 -0.32 -0.67 -0.54 0.92 1.00 0.58 0.80 -0.45 

Ba 0.21 -0.09 -0.48 -0.13 0.70 0.40 -0.09 -0.36 -0.26 -0.06 0.53 0.58 1.00 0.54 0.02 

Zn 0.09 -0.43 -0.39 -0.64 0.87 0.78 -0.17 -0.26 -0.70 -0.45 0.88 0.80 0.54 1.00 -0.41 

Sr -0.26 0.55 -0.30 0.91 -0.15 -0.36 0.24 -0.35 0.74 0.91 -0.55 -0.45 0.02 -0.41 1.00 

∑REEs 0.10 -0.18 -0.58 -0.24 0.89 0.62 -0.09 -0.45 -0.40 -0.08 0.71 0.71 0.88 0.82 0.01 
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Pb -0.07 0.63 -0.28 0.78 -0.24 -0.46 0.12 -0.31 0.61 0.70 -0.53 -0.49 -0.08 -0.45 0.78 

Mo 0.41 -0.29 -0.64 -0.45 0.82 0.43 -0.36 -0.60 -0.59 -0.31 0.77 0.79 0.52 0.67 -0.28 

Zr -0.26 0.56 -0.11 0.94 -0.50 -0.58 0.16 -0.19 0.83 0.86 -0.79 -0.69 -0.24 -0.69 0.88 

Li 0.15 -0.51 -0.11 -0.75 0.69 0.80 -0.15 -0.06 -0.72 -0.56 0.78 0.61 0.28 0.86 -0.60 

Sc -0.08 0.15 0.65 0.37 -0.74 -0.44 0.33 0.54 0.58 0.13 -0.65 -0.57 -0.39 -0.68 0.07 

Ga 0.21 -0.38 -0.42 -0.62 0.76 0.63 -0.30 -0.32 -0.67 -0.48 0.82 0.76 0.74 0.74 -0.47 

Rb -0.02 -0.32 0.81 -0.40 -0.43 -0.10 0.11 0.83 -0.14 -0.49 -0.11 -0.14 -0.28 -0.15 -0.57 

Y -0.35 0.51 0.11 0.80 -0.59 -0.55 0.47 0.16 0.79 0.71 -0.79 -0.75 -0.35 -0.68 0.70 

Nb -0.32 0.50 -0.07 0.89 -0.50 -0.56 0.19 -0.13 0.82 0.90 -0.79 -0.72 -0.25 -0.68 0.86 

Th 0.03 0.65 -0.24 0.87 -0.32 -0.58 0.10 -0.30 0.72 0.67 -0.60 -0.45 -0.06 -0.57 0.79 

Cs 0.16 -0.30 0.38 -0.41 -0.10 -0.02 -0.04 0.34 -0.26 -0.52 0.14 0.13 0.01 0.07 -0.47 

Hf -0.24 0.53 -0.02 0.92 -0.56 -0.61 0.15 -0.11 0.84 0.82 -0.82 -0.71 -0.28 -0.73 0.83 

Ta -0.15 0.40 0.13 0.65 -0.47 -0.47 0.08 0.09 0.65 0.55 -0.63 -0.56 -0.30 -0.53 0.53 

U -0.25 0.52 -0.33 0.84 -0.29 -0.50 0.11 -0.40 0.67 0.86 -0.63 -0.58 -0.19 -0.52 0.90 

La -0.26 0.61 -0.17 0.93 -0.45 -0.58 0.28 -0.16 0.79 0.83 -0.75 -0.67 -0.19 -0.64 0.88 

Ce -0.20 0.54 -0.20 0.89 -0.38 -0.57 0.20 -0.25 0.76 0.87 -0.69 -0.64 -0.15 -0.61 0.87 

Pr -0.19 0.64 -0.23 0.94 -0.38 -0.55 0.21 -0.24 0.77 0.81 -0.69 -0.59 -0.13 -0.59 0.89 

Nd -0.14 0.37 -0.02 0.46 -0.26 -0.18 0.02 -0.02 0.37 0.36 -0.40 -0.28 -0.16 -0.32 0.40 

Sm -0.16 0.65 -0.28 0.92 -0.33 -0.53 0.18 -0.28 0.75 0.79 -0.65 -0.53 -0.08 -0.55 0.88 

Eu -0.12 0.56 -0.25 0.85 -0.28 -0.41 0.15 -0.26 0.65 0.71 -0.57 -0.46 -0.04 -0.48 0.79 

Gd 0.02 0.30 -0.19 0.38 -0.20 -0.30 0.01 -0.18 0.29 0.38 -0.34 -0.31 -0.14 -0.28 0.34 

Tb -0.18 0.65 -0.23 0.93 -0.37 -0.54 0.23 -0.24 0.78 0.82 -0.69 -0.59 -0.15 -0.60 0.89 

Dy -0.20 0.65 -0.21 0.93 -0.38 -0.54 0.24 -0.22 0.78 0.82 -0.70 -0.60 -0.17 -0.60 0.89 

Ho -0.25 0.58 -0.17 0.89 -0.42 -0.55 0.25 -0.18 0.76 0.80 -0.71 -0.63 -0.22 -0.62 0.85 

Er -0.24 0.62 -0.17 0.92 -0.43 -0.55 0.28 -0.16 0.78 0.83 -0.73 -0.65 -0.22 -0.63 0.88 

Tm -0.23 0.62 -0.19 0.92 -0.40 -0.54 0.25 -0.21 0.78 0.85 -0.71 -0.63 -0.20 -0.62 0.90 

Yb -0.22 0.62 -0.20 0.93 -0.39 -0.54 0.26 -0.23 0.78 0.86 -0.70 -0.61 -0.18 -0.62 0.91 

Lu -0.21 0.61 -0.20 0.91 -0.38 -0.53 0.24 -0.22 0.77 0.85 -0.69 -0.61 -0.17 -0.61 0.90 
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Table 4.3 continue 

  ∑REE Pb Mo Zr Li Sc Ga Rb Y Nb Th Cs Hf Ta U 

Depth 0.10 -0.07 0.41 -0.26 0.15 -0.08 0.21 -0.02 -0.35 -0.32 0.03 0.16 -0.24 -0.15 -0.25 

Abnd -0.18 0.63 -0.29 0.56 -0.51 0.15 -0.38 -0.32 0.51 0.50 0.65 -0.30 0.53 0.40 0.52 

Al -0.58 -0.28 -0.64 -0.11 -0.11 0.65 -0.42 0.81 0.11 -0.07 -0.24 0.38 -0.02 0.13 -0.33 

Fe -0.24 0.78 -0.45 0.94 -0.75 0.37 -0.62 -0.40 0.80 0.89 0.87 -0.41 0.92 0.65 0.84 

Mn 0.89 -0.24 0.82 -0.50 0.69 -0.74 0.76 -0.43 -0.59 -0.50 -0.32 -0.10 -0.56 -0.47 -0.29 

Mg 0.62 -0.46 0.43 -0.58 0.80 -0.44 0.63 -0.10 -0.55 -0.56 -0.58 -0.02 -0.61 -0.47 -0.50 

Ca -0.09 0.12 -0.36 0.16 -0.15 0.33 -0.30 0.11 0.47 0.19 0.10 -0.04 0.15 0.08 0.11 

K -0.45 -0.31 -0.60 -0.19 -0.06 0.54 -0.32 0.83 0.16 -0.13 -0.30 0.34 -0.11 0.09 -0.40 

Ti -0.40 0.61 -0.59 0.83 -0.72 0.58 -0.67 -0.14 0.79 0.82 0.72 -0.26 0.84 0.65 0.67 

Co -0.08 0.70 -0.31 0.86 -0.56 0.13 -0.48 -0.49 0.71 0.90 0.67 -0.52 0.82 0.55 0.86 

Cu 0.71 -0.53 0.77 -0.79 0.78 -0.65 0.82 -0.11 -0.79 -0.79 -0.60 0.14 -0.82 -0.63 -0.63 

Ni 0.71 -0.49 0.79 -0.69 0.61 -0.57 0.76 -0.14 -0.75 -0.72 -0.45 0.13 -0.71 -0.56 -0.58 

Ba 0.88 -0.08 0.52 -0.24 0.28 -0.39 0.74 -0.28 -0.35 -0.25 -0.06 0.01 -0.28 -0.30 -0.19 

Zn 0.82 -0.45 0.67 -0.69 0.86 -0.68 0.74 -0.15 -0.68 -0.68 -0.57 0.07 -0.73 -0.53 -0.52 

Sr 0.01 0.78 -0.28 0.88 -0.60 0.07 -0.47 -0.57 0.70 0.86 0.79 -0.47 0.83 0.53 0.90 

∑REE 1.00 -0.13 0.63 -0.34 0.55 -0.63 0.75 -0.39 -0.44 -0.35 -0.19 -0.07 -0.41 -0.36 -0.20 

Pb -0.13 1.00 -0.24 0.73 -0.56 0.10 -0.45 -0.45 0.64 0.73 0.83 -0.38 0.71 0.50 0.81 

Mo 0.63 -0.24 1.00 -0.48 0.56 -0.66 0.67 -0.41 -0.62 -0.47 -0.28 -0.08 -0.53 -0.45 -0.23 

Zr -0.34 0.73 -0.48 1.00 -0.78 0.37 -0.65 -0.39 0.79 0.96 0.85 -0.43 0.98 0.68 0.88 

Li 0.55 -0.56 0.56 -0.78 1.00 -0.53 0.61 0.08 -0.70 -0.74 -0.72 0.19 -0.79 -0.53 -0.60 

Sc -0.63 0.10 -0.66 0.37 -0.53 1.00 -0.45 0.43 0.45 0.32 0.28 0.12 0.42 0.31 0.04 

Ga 0.75 -0.45 0.67 -0.65 0.61 -0.45 1.00 -0.14 -0.69 -0.65 -0.50 0.12 -0.70 -0.60 -0.55 



                                                                                                                Chapter 4. Chemical Composition 

 

113 

 

Rb -0.39 -0.45 -0.41 -0.39 0.08 0.43 -0.14 1.00 -0.18 -0.36 -0.40 0.77 -0.30 -0.07 -0.54 

Y -0.44 0.64 -0.62 0.79 -0.70 0.45 -0.69 -0.18 1.00 0.79 0.63 -0.40 0.77 0.52 0.71 

Nb -0.35 0.73 -0.47 0.96 -0.74 0.32 -0.65 -0.36 0.79 1.00 0.77 -0.43 0.95 0.72 0.89 

Th -0.19 0.83 -0.28 0.85 -0.72 0.28 -0.50 -0.40 0.63 0.77 1.00 -0.31 0.84 0.60 0.77 

Cs -0.07 -0.38 -0.08 -0.43 0.19 0.12 0.12 0.77 -0.40 -0.43 -0.31 1.00 -0.37 -0.22 -0.44 

Hf -0.41 0.71 -0.53 0.98 -0.79 0.42 -0.70 -0.30 0.77 0.95 0.84 -0.37 1.00 0.73 0.84 

Ta -0.36 0.50 -0.45 0.68 -0.53 0.31 -0.60 -0.07 0.52 0.72 0.60 -0.22 0.73 1.00 0.54 

U -0.20 0.81 -0.23 0.88 -0.60 0.04 -0.55 -0.54 0.71 0.89 0.77 -0.44 0.84 0.54 1.00 

La -0.28 0.80 -0.46 0.93 -0.75 0.31 -0.61 -0.41 0.90 0.90 0.84 -0.45 0.89 0.59 0.89 

Ce -0.24 0.83 -0.33 0.90 -0.68 0.25 -0.57 -0.43 0.75 0.93 0.82 -0.42 0.88 0.64 0.92 

Pr -0.22 0.81 -0.39 0.93 -0.74 0.28 -0.56 -0.46 0.85 0.86 0.90 -0.45 0.89 0.58 0.87 

Nd -0.19 0.27 -0.34 0.47 -0.42 0.13 -0.34 -0.21 0.48 0.35 0.40 -0.30 0.45 0.21 0.35 

Sm -0.17 0.80 -0.34 0.91 -0.73 0.24 -0.52 -0.49 0.81 0.84 0.91 -0.46 0.87 0.55 0.86 

Eu -0.13 0.71 -0.29 0.81 -0.62 0.23 -0.45 -0.44 0.73 0.74 0.79 -0.40 0.77 0.48 0.76 

Gd -0.17 0.36 -0.11 0.41 -0.31 0.08 -0.26 -0.26 0.37 0.39 0.37 -0.24 0.38 0.28 0.41 

Tb -0.23 0.82 -0.39 0.92 -0.73 0.25 -0.59 -0.48 0.86 0.86 0.89 -0.48 0.89 0.57 0.88 

Dy -0.24 0.81 -0.40 0.92 -0.73 0.25 -0.60 -0.47 0.88 0.87 0.87 -0.48 0.89 0.58 0.88 

Ho -0.30 0.78 -0.41 0.89 -0.71 0.26 -0.61 -0.43 0.89 0.86 0.81 -0.47 0.86 0.56 0.88 

Er -0.29 0.80 -0.44 0.91 -0.73 0.27 -0.64 -0.44 0.91 0.88 0.82 -0.49 0.88 0.57 0.89 

Tm -0.27 0.80 -0.40 0.92 -0.73 0.24 -0.62 -0.47 0.89 0.88 0.83 -0.50 0.88 0.57 0.90 

Yb -0.26 0.81 -0.39 0.92 -0.74 0.23 -0.62 -0.48 0.88 0.89 0.84 -0.50 0.88 0.56 0.91 

Lu -0.25 0.80 -0.38 0.91 -0.72 0.22 -0.61 -0.47 0.87 0.88 0.82 -0.48 0.87 0.57 0.90 

In bold, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test) 
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Table 4.3 continue 

  La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Depth -0.26 -0.20 -0.19 -0.14 -0.16 -0.12 0.02 -0.18 -0.20 -0.25 -0.24 -0.23 -0.22 -0.21 

Abnd 0.61 0.54 0.64 0.37 0.65 0.56 0.30 0.65 0.65 0.58 0.62 0.62 0.62 0.61 

Al -0.17 -0.20 -0.23 -0.02 -0.28 -0.25 -0.19 -0.23 -0.21 -0.17 -0.17 -0.19 -0.20 -0.20 

Fe 0.93 0.89 0.94 0.46 0.92 0.85 0.38 0.93 0.93 0.89 0.92 0.92 0.93 0.91 

Mn -0.45 -0.38 -0.38 -0.26 -0.33 -0.28 -0.20 -0.37 -0.38 -0.42 -0.43 -0.40 -0.39 -0.38 

Mg -0.58 -0.57 -0.55 -0.18 -0.53 -0.41 -0.30 -0.54 -0.54 -0.55 -0.55 -0.54 -0.54 -0.53 

Ca 0.28 0.20 0.21 0.02 0.18 0.15 0.01 0.23 0.24 0.25 0.28 0.25 0.26 0.24 

K -0.16 -0.25 -0.24 -0.02 -0.28 -0.26 -0.18 -0.24 -0.22 -0.18 -0.16 -0.21 -0.23 -0.22 

Ti 0.79 0.76 0.77 0.37 0.75 0.65 0.29 0.78 0.78 0.76 0.78 0.78 0.78 0.77 

Co 0.83 0.87 0.81 0.36 0.79 0.71 0.38 0.82 0.82 0.80 0.83 0.85 0.86 0.85 

Cu -0.75 -0.69 -0.69 -0.40 -0.65 -0.57 -0.34 -0.69 -0.70 -0.71 -0.73 -0.71 -0.70 -0.69 

Ni -0.67 -0.64 -0.59 -0.28 -0.53 -0.46 -0.31 -0.59 -0.60 -0.63 -0.65 -0.63 -0.61 -0.61 

Ba -0.19 -0.15 -0.13 -0.16 -0.08 -0.04 -0.14 -0.15 -0.17 -0.22 -0.22 -0.20 -0.18 -0.17 

Zn -0.64 -0.61 -0.59 -0.32 -0.55 -0.48 -0.28 -0.60 -0.60 -0.62 -0.63 -0.62 -0.62 -0.61 

Sr 0.88 0.87 0.89 0.40 0.88 0.79 0.34 0.89 0.89 0.85 0.88 0.90 0.91 0.90 

∑REE -0.28 -0.24 -0.22 -0.19 -0.17 -0.13 -0.17 -0.23 -0.24 -0.30 -0.29 -0.27 -0.26 -0.25 

Pb 0.80 0.83 0.81 0.27 0.80 0.71 0.36 0.82 0.81 0.78 0.80 0.80 0.81 0.80 

Mo -0.46 -0.33 -0.39 -0.34 -0.34 -0.29 -0.11 -0.39 -0.40 -0.41 -0.44 -0.40 -0.39 -0.38 

Zr 0.93 0.90 0.93 0.47 0.91 0.81 0.41 0.92 0.92 0.89 0.91 0.92 0.92 0.91 

Li -0.75 -0.68 -0.74 -0.42 -0.73 -0.62 -0.31 -0.73 -0.73 -0.71 -0.73 -0.73 -0.74 -0.72 

Sc 0.31 0.25 0.28 0.13 0.24 0.23 0.08 0.25 0.25 0.26 0.27 0.24 0.23 0.22 

Ga -0.61 -0.57 -0.56 -0.34 -0.52 -0.45 -0.26 -0.59 -0.60 -0.61 -0.64 -0.62 -0.62 -0.61 

Rb -0.41 -0.43 -0.46 -0.21 -0.49 -0.44 -0.26 -0.48 -0.47 -0.43 -0.44 -0.47 -0.48 -0.47 

Y 0.90 0.75 0.85 0.48 0.81 0.73 0.37 0.86 0.88 0.89 0.91 0.89 0.88 0.87 

Nb 0.90 0.93 0.86 0.35 0.84 0.74 0.39 0.86 0.87 0.86 0.88 0.88 0.89 0.88 

Th 0.84 0.82 0.90 0.40 0.91 0.79 0.37 0.89 0.87 0.81 0.82 0.83 0.84 0.82 
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Cs -0.45 -0.42 -0.45 -0.30 -0.46 -0.40 -0.24 -0.48 -0.48 -0.47 -0.49 -0.50 -0.50 -0.48 

Hf 0.89 0.88 0.89 0.45 0.87 0.77 0.38 0.89 0.89 0.86 0.88 0.88 0.88 0.87 

Ta 0.59 0.64 0.58 0.21 0.55 0.48 0.28 0.57 0.58 0.56 0.57 0.57 0.56 0.57 

U 0.89 0.92 0.87 0.35 0.86 0.76 0.41 0.88 0.88 0.88 0.89 0.90 0.91 0.90 

La 1.00 0.89 0.98 0.50 0.96 0.87 0.48 0.98 0.98 0.96 0.98 0.98 0.97 0.96 

Ce 0.89 1.00 0.87 0.15 0.85 0.75 0.40 0.87 0.87 0.86 0.87 0.88 0.89 0.89 

Pr 0.98 0.87 1.00 0.55 0.99 0.90 0.43 0.99 0.99 0.95 0.97 0.97 0.97 0.95 

Nd 0.50 0.15 0.55 1.00 0.55 0.52 0.21 0.55 0.54 0.52 0.53 0.52 0.52 0.49 

Sm 0.96 0.85 0.99 0.55 1.00 0.90 0.43 0.99 0.98 0.94 0.96 0.96 0.96 0.94 

Eu 0.87 0.75 0.90 0.52 0.90 1.00 0.37 0.89 0.88 0.84 0.85 0.86 0.86 0.84 

Gd 0.48 0.40 0.43 0.21 0.43 0.37 1.00 0.42 0.43 0.42 0.43 0.43 0.42 0.40 

Tb 0.98 0.87 0.99 0.55 0.99 0.89 0.42 1.00 1.00 0.96 0.98 0.99 0.99 0.97 

Dy 0.98 0.87 0.99 0.54 0.98 0.88 0.43 1.00 1.00 0.97 0.99 0.99 0.99 0.97 

Ho 0.96 0.86 0.95 0.52 0.94 0.84 0.42 0.96 0.97 1.00 0.97 0.97 0.97 0.95 

Er 0.98 0.87 0.97 0.53 0.96 0.85 0.43 0.98 0.99 0.97 1.00 0.99 0.99 0.98 

Tm 0.98 0.88 0.97 0.52 0.96 0.86 0.43 0.99 0.99 0.97 0.99 1.00 1.00 0.98 

Yb 0.97 0.89 0.97 0.52 0.96 0.86 0.42 0.99 0.99 0.97 0.99 1.00 1.00 0.98 

Lu 0.96 0.89 0.95 0.49 0.94 0.84 0.40 0.97 0.97 0.95 0.98 0.98 0.98 1.00 

In bold, significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test) 
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CHAPTER 5 

ELEMENTAL PHASE ASSOCIATIONS 

 

 

 

 

Most of the elements in polymetallic nodules are either associated with 

manganese or iron. Elemental correlations have seen used widely in the interpretation 

of nodule formation history, paleoceanographic conditions (Eh, pH) and processes 

prevailing at the time of nodule formation. Invariably, the inter-element correlations 

show major correlations with one of the 3 phases viz., iron, manganese or 

aluminosilicates (e.g., Li 1982). Here we approach the elemental correlations using the 

sequential leaching of various chemically separable element hosting phases. Sequential 

leaching in nodule and crust samples will give better understanding about the phase 

association and genetic relationships than bulk geochemical analysis. Selective leaching 

techniques were designed mainly for the recovery of economically important metals 

from Fe-Mn nodules (Hubred, 1980; Haynes et al., 1987). Koschinsky and Halbach 

(1995) established Fe-vernadite (δ-MnO2) as the most important minor and trace metal-
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bearing phase and showed that high concentrations of hydrated complexed cations (Co, 

Ni, Cd, Tl, Ba, Zn, and Cu) and metal hydroxide complexes and oxyanions of Pb, Mo, 

V, and minor proportions of Cu and Zn are bound to the FeOOH fraction (Koschinsky 

and Halbach, 1995). While many reports are available on the bulk chemistry of nodules 

from CIB (e.g., Ahmed and Hussain, 1987; Nath et al., 1992), only a couple of reports 

attempt to study the chemically separable phases (Moorby and Cronan, 1981; Nath et 

al.,1994). To assess the compositional variability of the nodules more closely, a series 

of selective leaches (see Analytical Methods section) were carried out to establish in 

which phases of the nodules, individual elements are partitioned and, in particular, 

which elements are associated with major phases, and to see if they are lattice bound or 

adsorbed (see Hodkinson et al., 1994). In addition, a few ferromanganese crusts from 

different parts of the Indian Ocean were also analyzed using the same analytical 

protocol to assess the elemental associations in purely hydrogenous phases. 

Ferromanganese crusts are mainly formed from seawater due to direct precipitation and 

accretion on a hard substrate and are either hydrogenetic or hydrothermal in origin, 

with no influence of pore water/sediment driven diagenetic processes. For the first time 

to our knowledge, an attempt is made to see the fractionation of isotopic activity of 

uranium-thorium isotopes within the chemically separable major phases. The variation 

and distribution of U, Th concentration in nodules from CIB reveal the redox condition 

of the deep sea environment, water current movement, biogenic signatures etc. To 

understand the mineralogical control on 
230

Th, 
232

Th, 
238

U, 
234

U isotopic ratio variability 

in manganese nodules, these isotopes were measured in four chemically separable 

phases of manganese nodules which represent the phases of Mn oxide, Fe oxides and 

aluminosilicates by alpha spectrometry. The isotopic ratios were measured in both bulk 

and their oxides separately which will help understand the role of aging on fractionation 

of these isotopes into different phases and has implications for nodule dating. 
230

Th is 

widely used to date the ferromanganese oxides such as nodules and crusts.  

 

5.1 Samples used and the analytical methods adopted 

From the representative stations, 10 nodule samples were selected for this leach 

experiments. Selection is random in the basin and is from different domains, water 

depth, surface morphology etc. (Figure 5.1). Four samples are from around 73
o
E 
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fracture zone and two are from the deep basin between 73
o
 and 79

o
E fracture zones, 

two samples are along the 79
o
E

 
fracture zone, while two smooth nodules are from the 

south-eastern side of the basin (Table 5.1). Among these ten samples, three nodules 

have smooth surface, four have rough texture and the remaining three represent mixed 

type of nodules, smooth and rough texture reflecting the dominant mechanism of 

formation (hydrogenetic and diagenetic respectively). To assess if the nodule nucleus 

influences the phase separation of bulk nodules, oxide portion of one smooth nodule 

oxide and rough nodule oxide were carefully scraped and leaching experiment was 

performed (Table 5.1).  

 

Table 5.1 Details of manganese nodule samples used for sequential leaching. 

Sample Latitude 

(ºS) 

Longitude 

(ºE) 

Water 

depth(m) 

Abundance 

(Kg/m
3
)  Morphology 

FAR-1/13 A -10.997 73.49 5379 34.31 S 

SS-3/204 A -14.496 82.992 4560 0.38 S 

SS-3/205 -14.476 83.453 4440 1.15 S 

FAR-1/57 A -14.001 73.5 4691 0.77 R 

SS-4/217 A -10.5 75.99 5400 7.69 R 

SS-4/231 E -14.903 73.52 4900 1.69 R 

SS-4/251 A -15.501 79 4800 5.38 R 

FAR-5/219 A -13.504 75 4670 14.6 M 

SS-4/243G -16.003 73.49 4900 0.77 M 

SS-1/60 A -11.491 78.997 5340 1.78 M 

 

For crusts, in this study, six samples are selected from different parts of Indian 

Ocean at different environmental conditions (Table 5.2; Figure 5.2). The SKC crust 

sample is recovered from a seamount of nodule rich area in the CIB at a water depth of 

4981 m. This is a good reference for comparison of smooth-textured nodules. The SKC 

crust and smooth nodules are considered to form through hydrogenetic processes, but 

have different substrates (hard surface for crusts and soft surface for nodules). The 

ANS and AND crust sample are recovered from the Afanasy-Nikitin seamount in the 

equatorial Indian Ocean which is north of nodule belt of Central Indian Basin with 

depths of seamount being much shallower than abyssal CIB and may track the 

characteristics of intermediate water masses. ANS sample is from shallow (1910 m) 
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region and AND from deeper (3200 m) region. The substratum rock is found to be 

basalt. The CIR crust sample is from the Central Indian Ridge, the substratum is 

carbonate rock recovered from a water depth of 3500 m. Both PNK and LKD crusts are 

from the Arabian Sea and expected to have come under the influence of different deep-

water mass. The PNK crust sample is from the Panikar seamount of the Laxmi Basin, 

Arabian Sea. The vesicular basalt is found to be the substratum of this crust sample and 

is recovered from 3654 m water depth. The LKD crust sample is recovered from the 

Lakshadweep basin with calcareous (hard coral) substratum with a water depth of 1150 

m. 

 

Figure 5.1 The location map of nodules studied for sequential leaching (red dots). Blue dots denote 

seamounts (data from Das et al 2005). 
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Table 5.2 Details of manganese crust samples used for sequential leaching. 

Sample Latitude Longitude Depth 

(m) 

Oxide 

thickness  

Remarks 

SKC 12.373ºS 78.751 ºE 4981 1-2 cm  Recovered from a seamount in the CIB 

ANS 3.0193ºS 83.0598 ºE 1910 3-4 cm 

Afanasy Nikitin seamount with shallow depth, 

basalt substratum 

AND 2.9761ºS 82.85 ºE 3200 3 cm 

Afanasy Nikitin seamount with deeper depth, 

basalt substratum  

CIR 5.565ºS 67.89 ºE 3500 5 cm 

Central Indian ridge with carbonate rock 

substratum  

PNK 16.2ºN 69.4417 ºE 3654 1 cm 

Panikkar seamount from Lakshmi basin 

Arabian sea,  vesicular basalt substratum  

LKD 8.5036ºN 73.2833 ºE 1150 1-2 cm 

Lakshadweep basin samples calcareous 

substratum 

 

 

Figure 5.2 The location map of manganese crust samples used for leaching experiment  

Sequential leaching method adopted here is from Xuejun et al. (2007) with 

suitable modification wherever the details in the published literature are not clearly 

specified. Basically, elements bound to four chemically separable phases are studied 
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here. Fine grained nodule/crust powder of 500 mg is taken in a teflon beaker for 

leaching experiment. Four different steps of sequential leaching methods are explained 

below. 

Phase/Step 1: 50 ml of 1M acetic acid is added to 500 mg of sample and agitated 

continuously for 20 minutes using rotary shaker. Supernatant was taken as leach-I to 

represent the fraction of elements which are loosely bound or surface adsorbed. The 

residue was dried to calculate the weight lost, which was in turn used as the weight of 

sample in the leach-I fraction.  

Step 2: 50 ml of 0.1M Hydroxylamine hydrochloride and 50 ml of 0.01N nitric acid 

were added to the residue of leach-I, and kept on rotary shaker for 30 minutes. 

Supernatant is decanted and used as leach-II which is considered as manganese oxide 

phase. The residue is dried at 110°C overnight and weighed to find the weight lost 

during the extraction during step 2.  

Step 3: 20 ml of 2N hydrochloric acid is added to residue of leach –II and kept on the 

shaker for 30 minutes and the supernatant was decanted, and this procedure was 

repeated thrice. The supernatant represents leach-III which contains elements bound to 

iron oxide phase. The residue is filtered through pre-weighed 0.45 µm filter and dried at 

45°C. 

Step 4: Residue of leach-III is considered to represent the aluminosilicate fraction of the 

nodules studied. This residue was weighed and digested completely in a acid mixture of 

HF:HNO3:HClO4  (in a ratio of 7:3:1) in teflon beakers  and dried on the hot plate. The 

final solution was made to 50 ml with 1% nitric acid.  

 

Major, minor, trace and rare-earth element analyses: The leached solutions are 

analysed for major, minor, trace and rare earth element analysis using ICP OES at NIO 

and ICP MS at NGRI Hyderabad. The solutions were dried in Teflon beaker using hot 

plate and dissolved in the 20 ml of 1:1 HNO3 made up to 250 ml using MilliQ water. 

These solutions are analysed for major, minor metal using ICP OES and trace, REEs 

using ICP MS. Detailed procedure explained in chapter 4. 

U - Th isotopes in leach fraction: Sequential extraction was carried out for uranium- 

thorium isotopes of two nodule bulk powder and separately for the oxide layers of these 

two nodules (analyses of four chemically separated fractions of four samples). U-Th 
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isotopes were measured in solutions obtained from above 4 steps. Uranium-Thorium 

radiochemical separation and purification were carried out using ion exchange 

chromatography and electroplating on platinum planchet, following the standard 

procedures of Krishnaswami and Sarin (1976). The alpha activity of the electroplated 

sample was assayed using ion implanted detector coupled to Octete plus Alpha 

spectrometer (E G & G ORTEC).  

Analytical method: 10 ml of leach solutions is taken in a glass beaker and 
232

U/
228

Th 

tracer is added to it and dried on a hotplate completely. 10 ml of concentrated HNO3 is 

added to the sample and dried on hotplate. 10 ml of concentrated HCl added to the 

dried sample and dried again. To this, 20 ml of 9M HCl is added and dried on hotplate. 

An additional 15 ml of 9M HCl is added again after drying which is then warmed up to 

dissolve the precipitate. Centrifuge the solution for 12 minutes at 6000 rpm and 

supernatant was used for column chemistry for thorium extraction (with 9 M HCl). 

Thorium and Uranium extraction using 9M HCl: Columns are rinsed with milli-Q water 

and loaded resin for anion exchange (100-200 mesh) with milli-Q water. Columns are 

conditioned by passing 30 ml of 9M HCl through the resin and drained out completely. 

The supernatant of centrifuged sample was added to conditioned column and effluent 

was collected in 250 ml beaker, following this the column was washed twice with 10 

ml of 9 M HCl; collected in the same beaker and dried it on hot plate, which contain the 

thorium fraction. 30 ml of 0.1 M HCl added to the column and effluent containing 

uranium fraction collected in 50 ml beaker dried on hot plate completely. 

Purification of uranium and thorium fractions: 10 ml of concentrated HNO3 is added to 

the sample and dried completely and repeated the procedure once again. 10 ml of 8M 

HNO3 is added to the sample and dried completely. Again10 ml of 8M HNO3 is added 

to the uranium sample and two drops of concentrated HCl. The solution shows any 

brown precipitation (Fe), warmed on hot plate to remove the precipitation. 10 ml HNO3 

is added to the solution and kept it overnight and centrifuged this solution (rinsed the 

beaker with 5 ml HNO3 and added to centrifuge tube). 

Extraction of Thorium and Uranium using 8M HNO3: The resin was loaded in clean 

column with little water in it and added 30 ml of 8M HNO3 for conditioning the 

column, and effluent was discarded. 10 ml of 8M HNO3 was added to the column and 

effluent discarded (washing). This step was repeated once more. The edge of the 
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column was cleaned with milli-Q water. 30 ml of 0.1 M HCl was added to the column 

and collected in a beaker and dried on hotplate. 

Purification: 10 ml concentrated HNO3 was added to the sample and dried on hotplate. 

This step was repeated once more. 10 ml concentrated HCl was added to the sample and 

dried on the hotplate. Purified thorium and uranium fraction solutions were used for 

electroplating. 

Electroplating : To the sample solution, 2 ml 2M ammonium chloride at pH 2, 2 ml 

saturated ammonium oxalate solution and 1ml of 0.01 M HNO3 were added to 

electrolytic cell containing platinum wire anode and platinum planchet as cathode. 1 

amp current was passed through the cell for 45 minutes to allow the deposition of all 

the uranium or thorium present on the platinum planchet. The planchets were placed in 

the counter of ORTEC Alpha spectrometer to determine the activity of uranium 

thorium isotopes which emitted as alpha counts. The error quoted is one sigma arising 

due to counting statics (Table 5.4). 

The specific activity calculated as  
238

U dpm/g = (C238/C232) x (D232/Wt. of sample in g) 

Where C238 = count of 
238

U peak, C232= count of 
232

U peak and D232 = dpm of 
232

U  

 

Iron isotope studies: 50mg of fine grained nodule powder from the top thin layer of the 

representative nodule was carefully removed using a surgical blade, and kept in a teflon 

beaker for Fe isotope studies.  

Step 1: 5 ml of 6N hydrochloric acid was added to 50 mg nodule sample and 

ultrasonificated for 30 minutes. The sample is then kept overnight for chemical 

disintegration. The supernatant is then taken and dried on a hot plate. 

Step 2: The dried sample is dissolved in 15 ml of 7N hydrochloric acid and 10 µl of 

0.1% hydrogen peroxide. The solution is ready for column elution for iron, copper and 

zinc. 

Step 3: Column preparation for elution of Fe, Cu and Zn: Elution of Fe, Cu, Zn is done 

using the macroporous resin AG MP-1 (100–200 mesh, chloride of BIO-RAD), which 

is a strong basic anion exchange resin that is made up of chips instead of beads 

(Marechal et al., 1999). This resin has higher coefficients for Cu, Zn and Fe than the 

regular AG resins (Van-der-Walt, 1985). The resin is washed in MQ water (Millipore) 

for about 10 times and the supernatant is discarded to remove the finest particles. A 
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volume of 1.6 ml of resin is loaded onto the BIO-RAD polypropylene (10ml) columns. 

The resin was gently backwashed with 10 ml of H2O. The resin is cleaned with 7 ml of 

0.5 N HNO3 three times alternating with 2 ml of H2O. Then the resin column is 

conditioned with 6 ml of 7 N HCl + 0.001 % H2O2. Sample or standard aliquot of 3 ml 

along with 1 ml of 7 N HCl + 0.001 % H2O2 has been loaded onto the columns. The 

matrix was first eluted with 10 ml of 7 N HCl + 0.001 % H2O2 followed by collection 

of Cu with 20 ml of the same solution. Fe is eluted with 10 ml of 2 N HCl + 0.001 % 

H2O2. Zn is eluted with 10 ml of 0.5 N HNO3. The eluted fractions were then 

evaporated and added with 5 ml of 2 % HNO3 for MC-ICP-MS analysis.  

The accuracy in iron recovery in each ml fraction was estimated using the BCR-2 

(USGS Basalt rock geochemical reference material) elution using AAS (Varian). About 

97 % yield was obtained and found that the minimal fractionation is related to column 

separation (Anbar, 2004). Pseudo high resolution mode of analysis in Nu Plasma HR 

MC-ICP-MS is used for all the Fe isotope analysis. Standard-sample bracketing (SSB) 

mode is used for all the samples with the widely used reference standard IRMM-014 

(Institute for Reference Materials and Measurements of the European Commission) to 

overcome the instrumental mass fractionation (3.5 to 5.5 %/a.m.u.) that is known to 

occur in MC-ICP-MS (Belshaw et al., 2000; Malinovsky et al., 2003; Arnold et al., 

2004; Dauphas et al., 2004; Schoenberg and von-Blanckenburg, 2005; Albarède and 

Beard, 2004). All the Fe isotope data is presented in ‘’-notation with ‰ as the unit and 

using IRMM-014 as the reference material is expressed as follows: 

‰
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Fe
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The 
56

Fe values of IRMM-014 ranges from –0.1 to 0.1 ‰ with an average of 

0.003±0.12 (2σ) ‰. The errors on 
56/54

Fe measurement in all the analytical sessions 

varied between 0.001 and 0.007 %. When expressed in ‰, these errors can amount to 

±0.02 and ±0.08 ‰ (1 ). The errors on 
57/54

Fe vary between 0.04 and 0.16 ‰ (1 ). 

The IRMM-014 values in a single session analysis also show variations of about ±0.1 

‰. 
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5.2 Results and Discussion 

The sequential leaching data of nodules powder show that the ~90% of the iron 

is obviously associated with iron bearing phase and remaining with aluminosilicate 

phase. About ~90% of Mn is bound to leach 2 which intends to extract the manganese 

phase, remaining is iron-oxide (HCl) bound or extracted in leach 1. This clearly 

indicates that the mineral phase separation has been nearly achieved in the sequential 

leaching experiment (Figure 5.3). Consequently, the solubility of other elements in 

these two leaches will largely reflect their associations with the Mn oxides i.e., either 

lattice associated (acid-reducible) or loosely held. 

 

Aluminum: Though aluminum is considered as a refractory element, aluminum was 

also leached along with other phases. Both in hydrogenetic and diagenetic nodules, and 

those of mixed origin, maximum Al was leached with Fe-oxides (~50%) and only about 

25-30% were leached in both the types (smooth and rough) of nodules. Sequential 

extraction of separated oxides of both the types of nodules also showed similar 

behavior. This is similar to the earlier findings of Koschinsky and Halbach (1995) on 

ferromanganese precipitates, who found that the Al and Si (another rock forming 

element) was not only present in a refractory detrital fraction, but are also leachable 

with the oxide fractions. According to them, this more soluble A1 may derive either 

from colloidal Al or mixed colloidal phases precipitated from seawater (such as opal) or 

adsorbed on FeOOH colloids (Moorby and Cronan, 1981; Koschinsky and Halbach, 

1995 and references therein) or from the dissolution of authigenic mineral such as 

phillipsite (Bischoff et al., 1981; Koschinsky and Halbach, 1995). Scavenging of 

aluminum by settling particles and its biological affinity is reported in equatorial 

Pacific (Murray et al., 1993; Murray and Leinen, 1996), which could be available for 

precipitation along with oxides.   

 

Copper, Nickel, Cobalt: In hydrogenetic nodule, cobalt shows ~60% and is associated 

with manganese oxide phase and show almost same trend with Ni while the bulk 

chemistry shows that cobalt is positively correlated to iron and negatively correlated to 

Mn, while Cu show close association with Fe oxide phase and ~20% is related to 

loosely bound phase, but the bulk chemistry shows negative correlation with Fe and 
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positive correlation with Mn. In the diagenetic nodule, Co and Ni show stronger affinity 

(60-65%) associated with Mn oxide phase. Cu show less association (30%) in loosely 

bound phase than that in smooth nodule (35%). In separated oxide portion, both rough 

and smooth nodules show that the Co, Ni and Cu associated with Fe oxide phase is 

more than in bulk sample. However, major hosting phase for these elements is 

manganese oxide. In CIR crust, ~80% of Co is associated with Mn oxide phase and 

only ~15% with Fe oxide phase. Ni show ~30% and is associated with loosely bound 

phase; ~40% is with Mn oxide phase and ~10% with Fe oxide phase. Cu show ~60% 

and is associated with loosely bound phase and ~35% with Fe oxide phase. In PNK 

crust, though it is the dominant host, only about ~55% of Co is associated with Mn 

oxide phase and ~45% is associated with Fe oxide phase. Ni and Zn are more 

associated with loosely bound phase than Cu. In the CIB crust, unlike nodules, less Co 

(~20%) is associated with Mn oxide phase. Majority of Co, Ni and Cu are associated 

(~80-70%) with Fe oxide phase. In the Afanasiy Nikitin seamount, Ni, Cu, along with 

V, Cr, Zn, Ga, Sr, Y, Zr, Nb, Cs, REEs, Hf, Th and U show same oxide phase 

association in both the shallow and deep samples. This indicates that the changes in 

environment from shallow region to deeper levels have not affected the mineralogical 

composition and their association in these crust samples. Cobalt however shows slight 

increase in the iron bound fraction with a reduction in that bound to Mn oxide phase 

from deeper to shallow region. Co, Ni and Cu are closely associated with Mn oxide 

phase and little association with Fe oxide phase is coinciding with the results of 

Hodkinson et al., (1994). Cobalt has a strong affinity to hydrogenetic enrichment with 

iron and mineral association with Mn oxide phase indicates that cobalt metal may be 

associated with δ-MnO2 than FeOOH mineral. The mechanism of incorporation of Co, 

Cu and Ni in to the Mn oxide structure is explained by Xuejun et al., (2007). The ions 

Cu
2+

, Co
2+

 and Ni
2+

 can substitute for Mg
2+

 and Mn
2+

 in the octahedral [(Mn
4+

, 

Me
(2+,3+)

, Mn
2+

)O
2-

3+x(OH)
-
3-x] and [(Mn

4+
, Me

(2+,3+)
, Mn

2+
)O

2-
2x(OH)

-
n-2x] in the walls, 

resulting in higher crystal field stabilization energy (CFSE) and shorter coordination 

bonding bridges between [Mn
4+

O
2-

6] octahedral layers, thus enhancing the stability of 

early formed 10Å manganates (Martin-Barajas et al., 1991; Mellin and Lei, 1993; Shen 

et al., 1993). Marine ferromanganese crusts and nodules are highly enriched in 

transition metals such as Ni and Co and show that Ni is associated with the manganese 
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oxide phases, but the crystal chemistry and mode of incorporation of these metals are 

poorly known. Peacock and Sherman (2007) explained that the dominant Mn
3+/4+

oxide 

is a phyllomanganate similar to hexagonal birnessite or δ-MnO2 from energy dispersive 

spectrometry and X-ray diffraction studies.  Further studies with extended X-ray 

absorption fine-structure spectroscopy explained the structural incorporation of Ni into 

the phyllomanganate phase by replacement of Mn
3+/4+

. Ni initially sorbs in to birnessite 

by surface complexation over vacancy sites in the MnO2 layer, in later stages Ni moves 

to structural incorporation in the manganese nodules and crust (Peacock and Sherman, 

2007).  The association of metals with the Mn oxide and Fe oxyhydroxide phases in 

hydrogenetic crusts is directly correlated with the metal speciation in seawater and the 

physicochemical properties of the carrier phases. Hydrated and chloro-complexed metal 

cations of Co and Ni are sorbed on the negatively charged ∂-MnO2 phase and this 

process is dominated by physical bonding due to different colloid surface and ion 

charges. Ti, Pb, and Mo hydroxide, carbonate, and oxyanion are associated with the 

amorphous FeOOH phase, which is characterized by covalent bonding of the uncharged 

or low-charged partners.  

 

Lithium: More than 50% of Li in smooth nodules (hydrogenetic) is associated with 

loosely bound phase and ~30% is associated with Mn oxide phase. In rough nodules 

(diagenetic), lithium in loosely bound phase increases to ~65%. Nearly same pattern is 

shown by the separated oxides from the same nodules suggesting a minor role of 

nucleus in phase separation. On the other hand, relatively less lithium (compared to 

smooth and rough nodules) is bound to loosely adsorbed phase of nodules with mixed 

texture but that bound to Mn oxide phase increases. Among the ferromanganese crusts, 

the crust from the CIB shows that ~95% of Li is associated with loosely bound phase. 

In contrast, Li in crusts from Afanasiy Nikitin seamount, which is to the north of CIB in 

the equatorial Indian Ocean, show reduced association (~25%) with loosely bound 

phase in the shallow crust which is found to further decrease to 18% in the crust from 

the deeper depth. Higher Li content was bound to aluminosilicate phase both in shallow 

(~60%) and deeper crusts. 

Lithium metal is more associated with loosely bound phase in the present study 

coinciding with the results of Hodkinson et al., (1994). This may suggest this metal 
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may be loosely adsorbed to the major elemental phases. Bulk data show excellent 

relation between Li and Mn (over other two major elemental phases). Li ions in 

seawater are preferentially sorbed on the negatively charged surface of MnO2 by 

coulombic force (Chan and Hein, 2007). 

Li shows more enriched in diagenetic nodules than hydrogenetic nodules/crust. 

The Li bound to aluminosilicate phase represent the contribution from detrital and 

weathered detrital minerals, (Figure 5.3, 5.4) highest being in hydrogenous crusts of 

Afanasiy Nikitin seamount. Vernadite (δ-MnO2) and ferric oxide/hydroxide adsorb very 

small amounts of Li in the oceans (Xuejun et al., 2007). The diagenetic and transitional 

nodules strongly incorporate lithium into 10Å manganates structure via ion exchange 

and substitution. Lithium enters 10Å manganates structure to fill in the tunnel and be 

present at octahedral sites in the walls (Xuejun et al., 2007). In diagenetic nodules some 

Li is associated with Mn oxide phase (Figure 5.3) due to this incorporation of Li in the 

10Å manganates tunnel structure. Li is accommodated in the crystal structures of 

todorokite in diagenetically formed Mn oxides (Jiang et al., 2007) which results in high 

average concentrations of Li in diagenetic nodules (Hein et al., 2000). Li uptake by 

hydrogenetic crusts and nodules is limited as the sorption of monovalent cations on the 

negatively charged Mn-oxide surface is less effective compared to the surface sorption 

of the divalent transition metal cations (Koschinsky et al., 2010). 

 

Rubidium and Caesium: In Mn crusts, Rb and Cs are incorporated into the buserite 

structure (Glasby et al., 1997) and phyllomanganates are known to have structures large 

enough to accommodate Rb and Cs ions (Strobel et al., 1993). In this study Rb and Cs 

are mostly associated with aluminosilicate phase and little is associated with Mn oxide 

phase. In nodules, Rb is more associated with (above 50%) aluminosilicate phase and 

15% and 20% with Mn and Fe oxide phases respectively. Rb in crust samples shows 

~20% loosely bound to the oxides except SKC crust. This may indicate the control of 

hydrogenetic processes. Above 90% of the Cs is associated with aluminosilicate phase 

in all the nodule and crust samples and remaining ~10% is associated with Fe oxide 

phase except LKD crust where 20% associated with Mn oxide phase and 30% with Fe 

oxide phase.  



                                                                          Chapter 5. Elemental phase associations 

 

129 

 

 

Figure 5.3 Relative concentration of metals in chemically separable oxide phases in nodule leach 

experiment.  

Vanadium, Thorium: The leaching experiment of all nodule (bulk and oxide) samples 

shows the close association of V, Th, with Fe oxide phase (~98%). Vanadium in the 
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leachable phases (crust samples) shows that ~80-90% is associated with Fe oxide phase 

except LKD crust where V is associated with Mn, Fe and aluminosilicate phases in 

equal proportion. SKC crust shows same trend like nodule samples. Th in the ANS, 

AND and CIR crust samples show ~30-40% associated with aluminosilicate phase. Th 

shows good positive correlation to Fe in the bulk chemical analysis as explained in the 

chapter 4. 

The reason for V, and Th association with iron mineral phase is due their co-

precipitation. Oxyanions such as (VO4)
3-

, (CrO4)
2-

, (AsO4)
3-

, and (PO4)
3-

 co-precipitate 

with iron oxyhydroxides whereas REEs and Th continue to be scavenged from seawater 

onto the particulate iron oxyhydroxide (Metz and Trefry, 1993; Rudnicki and 

Elderfield, 1993). Th is bound exclusively to the hydrous Fe oxide phase (Bau and 

Koschinsky, 2006). 

 

Molybdenum, Yttrium: Mo and Y are more associated with Fe oxide phase. 

Molybdenum is concentrated about 100-fold in submarine hydrogeneous and diagenetic 

ferromanganese nodules and crusts relative to crustal abundance (Takematsu et al., 

1985). The smooth nodule and rough nodule and their oxides also show ~95-98% of 

Mo to be associated with Fe oxide phase, but the mixed type of nodule shows 40% of 

Mo to be associated with aluminosilicate phase.  The crust samples show 75-95% of 

Mo is associated with Fe oxide phase and the remaining 5-25% of Mo is associated 

with aluminosilicate phase. It may be noted that the bulk chemical analytical data show 

(chapter 4) that Mo is positively (R
2
=0.8) correlated to Mn and negatively correlated to 

the Fe (-0.47). While the literature data show that Mo is associated with Mn oxides in 

diagenetic ferromanganese nodules from the modern seafloor (Takematsu et al., 1985), 

our sequential leaching data show major association of Mo even in diagenetic rough 

nodules is with Fe-oxides. Literature data show that Mo in hydrogenetic Fe–Mn crusts 

is bound to the Fe oxyhydroxides (Koschinsky and Halbach, 1995). The association 

with either Mn or Fe oxide could be a consequence of the preferential sorption of 

different dissolved Mo species on these specific phases (Halbach et al., 2003). 

 Yttrium shows similar trend to REEs in the ferromanganese crust/nodules and is 

mainly associated with Fe oxide phase (Bau and Koshinsky, 2009). About 90% of Y is 

associated with Fe oxide phase and remaining 10% with loosely bound phase in nodule 
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samples. The crust samples show that Y is predominantly associated with Fe oxide 

phase (75%) and the remaining 25% is associated with loosely bound phase. The LKD 

crust shows ~50% of Y is associated with loosely bound phase and ~30% of Y with Mn 

oxide phase. This suggests that iron hydroxide mineral phase accommodate loosely 

bound Y to its mineral structure or adsorbed to it in the hydrogenetic crust samples. The 

association of Y with FeOOH indicates that negative species such as Y(CO3)2
-
 are also 

important (Koschinsky and Hein, 2003), similar to rare-earth elements which form both 

mono- and di-carbonato-complexes (Cantrell and Byrne, 1987).  

Strontium, Zinc, Uranium: The major part of Sr, Zn and U are adsorbed or loosely 

bound to the different mineral species in the ferromanganese nodules/crusts. Hodkinson 

et al. (1994) reported that most of Sr and Zn could be leached with acetic acid. Similar 

result is obtained in this study; about ~75% of Sr is leached by acetic acid in the nodule 

sample and ~25% is associated with Mn oxide phase. The crust samples shows ~90-

95% of Sr is leached in loosely bound phase and remaining in the Mn oxide phase.  

 Zinc is associated with Fe oxide phase (~50%), loosely bound (~40%) and 

~10% with Mn oxide phase in nodule samples. The crust samples show ~50% of Zn is 

loosely bound, ~15-20% of Zn is associated with aluminosilicate phase and ~20% is 

associated with iron oxide phase. 

 Uranium in nodules is associated with loosely bound mineral phase and Fe 

oxide phase equally. U show limited association with manganese and aluminosilicate 

phases. Uranium in the crust sample shows ~75% association with loosely bound phase 

and ~20-25% with Fe oxide phase. The major association of U with L3 (FeOOH) is 

consistent with negatively charged carbonate complexes of the uranyl cation 

(UO2(CO3)2
2-

, UO2 (CO3)3
4-

, UO2(CO3)2(HO2)
3-

; Djogic et al., 1988; Koshinsky and 

Hein, 2003). 

 

Zirconium, Hafnium, Niobium and Tantalum: The mixed type of nodules show that 

Zr and Hf are associated with iron oxide phase (~75%) and (~25%) with 

aluminosilicate phase. This is consistent with the earlier results of Bau and Koschinsky 

(2006) where Zr and Hf were bound mostly with the hydrous Fe oxide phase. Smooth 

nodules show ~95-98% of Zr and Hf are associated with aluminosilicate phase. 

Separated oxide of smooth nodule show a majority (90 and 80%) of Zr and Hf is bound 
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to aluminosilicate phase. Rough nodules (both bulk and oxide) show >75% of these 

elements are associated with aluminosilicate phase and ~25% is associated with Fe 

oxide phase (Figure 5.3). This indicates that Zr and Hf are not only associated with 

nodule nucleus but can be taken by the oxide during the accretion processes. The CIR, 

PNK, ANS, AND crust samples show ~100% Zr and Hf associated with residual 

aluminosilicate phase. The SKC crust sample show Zr and Hf are more associated with 

aluminosilicate phase (90% and 85% respectively) and in LKD crust shows ~80 and 

75% of Zr and Hf with aluminosilicate phase.  

 About ~90-95% of niobium in nodules is associated with aluminosilicate phase 

and remaining with iron mineral phase. The nodule oxides show niobium association 

with Fe oxide phase increases from 5-10% compared to the bulk nodule sample. The 

crust samples also show ~90-95% of Nb associated with aluminosilicate phase. 

 Tantalum shows ~75-80% associated with aluminosilicate phase in the nodule 

samples. In the nodule oxide samples Ta mimics the trend of Hf. In crust samples too, 

Ta is associated mainly to aluminosilicate phase. The CIR, LKD and ANS samples 

show ~50-60% of Ta is associated with aluminosilicate phase and 25% with iron and 

~10-15% loosely bound phase. However AND crust shows that Ta is also associated 

with Fe oxide phase (~60%).  

Chromium, Cadmium and Scandium: Chromium in nodules is associated with 

manganese (~40%) Fe oxide phase (~40%) and (~10-15%) aluminosilicate phase and 

(~5%) Cr found in loosely bound phase. The crust samples show (~70-85%) of Cr is 

associated with aluminosilicate phase. About 5-20% of Cr is associated with Fe oxide 

phase (Figure 5.3).  

 Cadmium shows an association with Mn oxide phase (50-60%) and (30-40%) 

Cd is associated with Fe oxide phase. About ~5% of Cd is associated with loosely 

bound phase in rough nodule samples. Both the bulk and oxide portion of the smooth 

nodule show that ~15% of Cd is loosely bound. On the other hand, the crust samples 

show 25-40% of it is associated with loosely bound phase. CIR crust show ~80% of Cd 

associated with loosely bound phase. This indicates that the surface adsorption may be 

an important process for Cd accretion.  
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Figure 5.4 Relative concentration of metals in chemically separable oxide phases in crust leach 

experiment.  

Scandium in the nodule samples show ~70-80% is associated with iron oxide phase 

and ~20-25% with aluminosilicate phase. In the crust samples ~20-30% of Sc is  

loosely bound and ~30-40% is associated with Fe oxide phase.  
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Barium, Gallium and Lead: Majority of barium (80-85%) in the mixed type nodule 

sample and the oxide samples is bound to Mn oxide phase and remaining with iron 

oxide phase. The crust samples show more associated with manganese mineral phase 

(~50-80%). On the other hand, about 90% of Ba is associated with Fe oxide phase in 

bulk nodules.  

Gallium in the nodule shows more association to Fe oxide phase (~50-65%) and 

~30-40% of Ga with manganese mineral phase and ~5% associated with 

aluminosilicate phase. The CIR, LKD and AND crust samples show Ga is more 

associated with Mn oxide phase than Fe oxide phase. The ANS and PNK crust samples 

show equal proportion of Ga association with iron and Mn oxide phases. The SKC crust 

sample show more Ga association with iron than Mn oxide phase 

 Lead is mainly associated with Mn oxide phase (~50-60%) and 40-45% with 

aluminosilicate phase. The mixed nodule shows ~70% associated with aluminosilicate 

and 30% with Mn oxide phase. 

Major association of metals with the 4 chemically separable phases are: 

1. loosely bound or  exchangeable cations include Sr (~80%), Li (~60%) and U 

(~50%), Cu and Zn also present. Surface adsorption may be the process.  

2. The manganese oxide phase metal possibly with ∂-MnO2 or todorokite:  Mn, 

Co, Cr, Ni, Cd, Zn, Cu, and Pb; these must be sorbed preferentially on the 

negatively charged surface of the MnO2 in ferromanganese oxides. The 

driving force could be a strong coulombic interaction (Koschinsky and Hein, 

2003). 

3. Iron oxide phase (amorphous FeOOH) associated metals include Fe, REEs, 

Mo, V, Th, Y, Cu, Zn, Sc and U. Possibly bound to the slightly positively 

charged surface of the amorphous FeOOH phase 

4. Residual aluminosilicate phase include metals like A1, Zr, Ta, Nb, Cs, Rb and 

traces of Pb.  

These results are nearly consistent with the results of sequential leaching 

experiment of Koschinsky and Halbach (1995) on ferromanganese oxides. 

Rare-earth elements: Ferromanganese nodules and crusts are highly enriched in REEs 

(Piper, 1974; Elderfield et al., 1981; Glasby et al., 1987; Nath et al., 1992; De Carlo and 

McMurtry, 1992; Bau et al., 1996; Ohta et al., 1999). Studies on the oceanic chemistry 
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of the REE suggest that their abundance in ferromanganese minerals (Fe-Mn-oxides) is 

largely controlled by scavenging processes (Elderfield and Greaves, 1982; Whitfield 

and Turner, 1987; Elderfield, 1988). Koeppenkastrop and De Carlo (1992) reported the 

incorporation of seawater REE into deep-sea nodules and crusts mainly by sorption of 

REEs from seawater onto Fe oxyhydroxides and Mn oxides.  

Results of sequential extraction experiment carried out as a part of this work 

have revealed that nearly all REEs are closely associated (above 95%) with Fe-bearing 

phase. Other three phases(loosely bound, Mn, and aluminosilicate) host very little 

amount of REEs, among these three phases loosely bound phase is hosting more and 

aluminosilicate phase is hosting the least. In crusts too, a major portion of REEs are 

associated with iron oxide phase except the LKD crust sample. In majority of cases, 

REE association with other chemically separable phases is very less. The shale 

normalized REE pattern in different mineral phases are shown below (Figure 5.5). The 

patterns of iron-oxide bound fraction show a distinct similarity in shape and magnitude 

with the bulk REE patterns in all the 3 types of nodules considered here except for Ce. 

Similar magnitude suggests that much of the REEs are hosted by iron-oxyhydroxide 

phase in manganese nodules. Among the REEs, like other lanthanides, La is mostly 

associated with Fe-oxide phase. In rough nodules ~5% of La is associated with Mn-

oxide phase and ~5% of La loosely bound to the minerals. The crust samples shows 

~20% of La loosely bound to the minerals and remaining with Fe-oxide phase. An 

exception is the LKD crust where ~50% of La was loosely bound to the particle 

surfaces and 30% is associated with Mn-oxide phase. This is consistent with earlier 

findings. The trivalent REE and even Ce are associated with Fe and apatite phases in 

Fe-Mn nodules (Elderfield and Greaves, 1981). Other studies on Fe-Mn crusts have 

also shown that that the trivalent REE are associated with the Fe oxide and apatite (De 

Carlo, 1991; De Carlo and Mc -Murtry, 1992). The coprecipitation of Fe oxyhydroxide 

and REE (III) in natural aquatic system is reported by Ohta and Kawabe (2000). 

Oxyanions such as (VO4)
3-

, (CrO4)
2
, (AsO4)

3-
, and (PO4)

3-
 co-precipitate with iron 

oxyhydroxides whereas REEs and Th continue to be scavenged from seawater onto the 

particulate iron oxyhydroxide (Metz and Trefry, 1993; Rudnicki and Elderfield, 1993). 

 Cerium in all crust samples shows 99% association with iron oxide phase except 

in LKD crust where Ce is associated with manganese and iron oxide phase (50%). The 
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positive Ce anomaly is displayed mainly by Fe-oxide phase in all the nodules and crust 

samples (all except CIR crust where no anomaly is seen) studied here (Figures 5.5-5.6). 

A weak positive fractionation of Ce is seen associated with Mn-oxide phase. This is in 

contradiction to some of the earlier studies. It has been suggested that both Mn oxides 

and Fe oxides are important REEs and Y scavengers in seawater, but that oxidative 

scavenging of dissolved Ce, which is the cause for the occurrence of Ce anomalies in 

seawater and chemical sediments (including Fe–Mn crusts) is restricted to Mn oxides 

(e.g., Elderfield, 1988; Moffett, 1990; and references therein). This view has been 

challenged by Haley et al. (2004) who suggested that REEs scavenging by marine Mn 

oxides is negligible and that organic coatings and hydrous Fe oxides are the important 

carriers of REE(III) in the ocean. Subsequent to this, Bau and Koschinsky (2009) have 

carried out the sequential leaching of 2 crusts in a nearly similar scheme which is 

followed here and found that Mn oxides and the Fe oxides phases show pronounced 

positive Ce anomalies of almost similar size. This result (most of the Ce anomaly 

associated with Fe oxide) is also different from other findings. Experimental results of 

adsorption studies by Koeppenkastrop and DeCarlo (1992) on vernadite and iron 

oxyhydroxides show a positive Ce anomaly on vernadite. The adsorptive properties of 

iron oxyhydroxides (FeOOH) and vernadite (∂MnO2) shows a positive Ce anomaly on 

vernadite. The oxides of both smooth and rough nodules show slight negative cerium 

anomaly in the bulk REE pattern (Figure 5.5), but show a pronounced positive cerium 

anomaly in the iron oxide phase which suggests an important role of Fe-oxide in 

acquiring positive Ce anomaly.   

The loosely bound phase is depleted in cerium and show a clear negative cerium 

anomaly. Lack of enrichment of other tetravalent elements such as Zr, Th and Hf in this 

phase suggests that this phase is not an efficient scavenger of Ce. Aluminosilicate phase 

shows negative cerium anomaly except smooth nodule bulk sample, ANS and AND 

crust samples. Positive Ce anomalies can only result from oxidative scavenging and 

some of the detrital silicate phases can have negative Ce anomalies. 
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Figure 5.5 The shale normalized REE patterns in different chemically leachable phases of nodule 

leach experiment. 

The mixed type of nodule show MREE enrichment in the bulk, loosely bound and 

iron oxide phases. Negative cerium anomaly is seen in the loosely bound and 

aluminosilicate phases. A distinct europium anomaly and depleted HREE is seen in the 

manganese oxide phase in all the samples except in LKD crust (Figure 5.6). This is 

interesting as fractionation of Eu from other REEs and reduction of Eu
+3

 to Eu
+2

 can 

occur at temperatures above 200–250 °C (e.g., Bau, 1991). REE fractionation 

controlled by redox equilibrium at high temperatures can lead to LREE enrichment and 

positive Eu anomalies in reduced metalliferous fluids at active spreading centers (e.g., 

Bau, 1991). Thus a distinct Eu anomaly is characteristic of hydrothermal plume 

particulates and seawater.  
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Figure 5.6 The shale normalized REE patterns in different chemically leachable phases of the 

manganese crust samples. 

Vent fluids from East Pacific Rise (Klinkhammer et al., 1994) and Mid-Atlantic 

Ridge (German and Elderfeild., 1990) show a distinct positive Eu anomaly and HREE 

depletion. This is interesting as this may pose a question as to whether the hydrothermal 

sources are contributing Mn to the CIB nodules. To explain the chemical gradient of 

increasing Mn observed in nodules from eastern Pacific, a hypothesis of hydrothermal 

origin was proposed (Lalou, 1983; see Halbach and Puteanus, 1988). An additional Mn 

flux might be derived from solutions discharged at the spreading ridge of the East 

Pacific Rise and Gapalapagos spreading center spreading in the direction of bottom 

water transport (Halbach and Puteanus, 1988). Chen and Owen (1989) have similarly 

identified significant hydrothermal input to the formation of ferromanganese nodules 
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from the North Pacific Ocean as a result of the deposition of colloidal hydrothermal 

precipitates which are widely dispersed from vents on the crest of the East Pacific Rise.  

 

5.3 U-Th isotopic systematic in phases   

The higher thorium and uranium concentration are closely correlated to smooth 

nodules from high topographic regions. Deeper basins rich in rough nodules are poor in 

thorium which explains the origin of thorium and uranium mainly from seawater during 

hydrogenetic accretion processes. Correlation of uranium and thorium with other 

elements are listed in the table below (236 chemical analysis). Good positive 

correlation with Fe, Sr, Co, Y, Zr, Nb, REEs, Hf, Ta, Pb and Ti and these all belong in 

the group of hydrogenetic processes and indicate that they are deposited from ambient 

seawater. U and Th show strong negative correlation to Cu, Ni, Li, Ga, and Rb (Table 

5.3). 

Table 5.3 the correlation of U and Th with other metals. 

  Al Fe Mn Mg Ca K Ti Co Cu Ni  Ba Li Sr Zn  

Th -0.14 0.73 -0.14 -0.25 0.11 -0.21 0.64 0.67 -0.66 -0.49 0.04 -0.71 0.79 -0.47 

U -0.23 0.68 -0.15 -0.24 0.08 -0.31 0.56 0.83 -0.67 -0.60 0.00 -0.57 0.89 -0.37 

 

  Sc Ga Rb Y Zr Nb Mo Cs La Ce Pr Nd Sm Eu 

Th 0.34 -0.60 -0.31 0.69 0.86 0.79 -0.32 -0.27 0.86 0.83 0.91 0.55 0.92 0.83 

U 0.17 -0.60 -0.38 0.77 0.90 0.91 -0.23 -0.37 0.90 0.92 0.89 0.54 0.88 0.81 

 

  Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U   

Th 0.45 0.90 0.89 0.84 0.85 0.85 0.86 0.85 0.86 0.66 0.83 1     

U 0.49 0.90 0.90 0.90 0.91 0.92 0.92 0.92 0.87 0.64 0.82 0.79 1   

 

U-Th isotopes which have application in dating the authigenic phases (e.g., 

Krishnaswami and Cochran, 1978) such as nodules were studied here. To our 

knowledge, no fractionation studies of this type were carried out before. It is assumed 

that 
230

Th which is used in dating nodules after being scavenged will remain in 

authigenic phases and may not undergo diffusion. It cannot be excluded that exchange 

between U bound in oxide layers and truly dissolved U in sediment/crust pore water 

continues to some extent, due to the high porosity of Fe–Mn nodules and crusts 

(analogous to Nd; see Bau and Koschinsky, 2006).  
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Table 5.4 U-Th isotope specific activity in different leach phases 

Sample Leach phases 238U (dpm/g) 234U (dpm/g) 232Th dpm/g 230Th dpm/g 

Rough 

nodule 

Bulk  

sample 

Loosely bound phase 18.28 ± 0.34 43.24 ± 0.82 7.47 ± 2.84 446.43 ± 28.89 

Mn-bound phase 6.43 ± 0.12 8.44 ± 0.16 2.91 ± 0.50 53.24 ± 2.49 

Fe-bound phase 0.70 ± 0.01 4.60 ± 0.09 22.94 ± 1.60 55.99 ± 2.66 

Aluminosilicate phase 1.25 ± 0.02 2.89 ± 0.05 2.63 ± 0.41 26.73 ± 1.41 

Rough 

nodule 

only oxide  

sample 

Loosely bound phase 29.82 ± 0.56 95.93 ± 1.81 - - 29.12 ± 2.23 

Mn-bound phase 0.63 ± 0.01 5.12 ± 0.10 - - 10.59 ± 1.15 

Fe-bound phase 9.69 ± 0.18 11.35 ± 0.21 30.03 ± 1.38 868.43 ± 20.24 

Aluminosilicate phase - - 124.62 ± 2.35 7.26 ± 1.04 129.14 ± 5.39 

Smooth 

nodule 

Bulk  

sample 

Loosely bound phase 31.36 ± 0.59 51.64 ± 0.97 4.40 ± 0.64 59.07 ± 2.62 

Mn-bound phase 1.71 ± 0.03 13.98 ± 0.26 4.39 ± 0.45 20.46 ± 1.04 

Fe-bound phase 12.95 ± 0.24 17.64 ± 0.33 33.97 ± 2.09 142.32 ± 5.27 

Aluminosilicate phase 13.17 ± 0.25 22.64 ± 0.43 12.52 ± 1.70 57.08 ± 3.85 

Smooth 

nodule 

only oxide  

sample 

Loosely bound phase 19.89 ± 0.38 18.08 ± 0.34 34.34 ± 3.95 182.83 ± 10.41 

Mn-bound phase 2.38 ± 0.04 5.84 ± 0.11 115.06 ± 24.28 657.50 ± 76.38 

Fe-bound phase 12.12 ± 0.23 15.26 ± 0.29 50.60 ± 3.99 776.02 ± 28.93 

Aluminosilicate phase 19.01 ± 0.36 67.15 ± 1.27 10.86 ± 1.81 155.61 ± 8.13 

 

  

  

Figure 5.7 Uranium and thorium elemental concentration and isotopic activity in the different 

host phases.  
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A similar mechanism has been proposed to be responsible for discrepant depth 

profiles of 
234

U/
238

U and 
230

Thex in crusts (Neff et al., 1999) due to a post-depositional 

exchange of uranium with pore water. 
232

Th may be redistributed during reorganization 

of Fe-Mn layers associated with the fixation of metal oxides during Fe-Mn crust growth 

(Kusakabe and Ku, 1984). In this study the U-Th isotopes association with chemically 

separable but representing mineral phases is examined. Uranium and thorium elemental 

concentration and isotopic activity associated with different chemically separable 

nodule mineral phases are plotted (Figure 5.7). Highest 
230

Th activity (446 dpm/g) was 

found in loosely bound phase of rough nodule when the whole nodule was analyzed. 

And when the separated oxide portion was separated, maximum 
230

Th activity was seen 

in the Fe-oxide phase (Table 5.4). Similar case was seen in the smooth nodule when 

analyzed on a bulk basis, and the in the separated oxide of same nodule, high 
230

Th 

activity was found in both Mn-oxide and Fe-oxide phases.  
 

High activity of 
234

U was found in loosely bound phase of both whole and oxide 

portion in rough nodules. In smooth nodule too, loosely bound fraction has shown the 

highest 
234

U activity. Interestingly, 
234

U which is particle reactive and usually 

scavenged by authigenic phases, has its high activity in aluminosilicate phases (Table 

5.4; Figure 5.7). Aluminosilicate can in general have higher activity of 
238

U and 
232

Th 

but that was not the case. 
230

Th/
232

Th and 
234

U/
232

Th ratios were used for dating the 

authigenic oxides such as nodules and crusts in the past (e.g., Huh and Ku, 1984). It is 

assumed that the ratios have to remain constant from the time they have reached the 

accreting particle surface. However, ratios calculated for these nuclides show that they 

are different in surface (loosely bound) and authigenic oxides. In the oxide of smooth 

nodule, the ratios were in fact highest in detrital and Fe-oxide phases. This data suggest 

that a considerable difference in activity can be found in different phases. It is however 

not possible to decipher whether the nuclides when bound to oxides can fractionate 

later into individual oxides (Fe, Mn). Ideally, it may be good to selectively separate the 

Mn or Fe oxide and measure the activity of nuclide in the growth layers.  

5.4 Iron isotopic variation in CIB nodules 

Iron is a bio-limiting micronutrient in the ocean and its biogeochemical cycle 

influence the productivity and CO2 concentration in the marine environment. Therefore 

the knowledge about the mechanism and control of iron fluxes is important in marine 
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environment. Manganese nodules and crusts in the deep sea environment are the best 

tools to study the records of iron isotopic variations in the deep oceans (Levasseur et 

al., 2004). In natural environments the largest Fe isotope fractionations occur during the 

redox changes, as well as differences in bonding and are expressed only in significant 

quantities of Fe that may be mobilized and separated. Fe
2+

aq is the most common 

species for mobilizing Fe in the circum-neutral pH of most low-temperature aqueous 

systems, and Fe
2+

aq has low 
56

Fe/
54

Fe ratios relative to Fe
3+

-bearing minerals. A variety 

of abiologic and biologic processes that involves redox or bonding changes, among 

microbial Fe
3+

 reduction produces the largest quantities of isotopically distinct Fe 

compared to abiologic processes (Clark et al., 2008). Iron isotopes are used as 

biosignatures of bacterial reduction of Fe 
2+

 and this is one of the major reasons for Fe 

isotopic fractionation in marine sedimentary environments (Beard et al., 1999). 

The 
56

Fe values in the 16 nodule samples vary from -0.63 ‰ to -0.06 ‰ and the 


57

Fe values vary between –0.95 and 0.1‰ (Table 5.5). Iron isotope fractionation is 

more in the southeastern part of the study area and also in the deep basins between 73
o
 

and 76.5
o
 fracture zones where the oxygenated Antarctic bottom water currents move 

(as described in chapter 3). The crust samples show 
56

Fe varies from -0.55 to -0.12‰ 

and 
57

Fe varies from -0.95 to -0.11‰. The Afanasiy Nikitin crust sample shows high 

iron isotope fractionation and CIR crust sample shows the least (Figure 5.8).  

In this study, more fractionation of Fe isotopes is found in three locations in the 

CIB (south western, south eastern and northern part) and least is reported from the 

central part of CIB (on the seamount slope), where high Mn/Fe ratio and manganese 

content are reported. The Fe isotope frationation is inversely proportional to the Fe 

concentration (Figure 5.9). 

The 
56

Fe and 
57

Fe show a negative correlation with Fe, Co and REEs 

concentration in general. The smooth nodules show positive correlation and crust 

samples exhibit very strong negative correlation while rough nodules show a negative 

correlation (Figure 5.10). This indicates the iron isotope fractination may directly 

depend upon the hydrogenetic processes and follows the seawater chemistry. On the 

other hand, significant fractionation may not be taking place in diagenetic pore fluids.  
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Figure 5.8 The 
56

Fe in the Indian Ocean nodules and crust samples. 
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Figure 5.9 Mn/Fe, Fe%, 
56

Fe and 
57

Fe variation in the CIB nodules. 
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Figure 5.10 
56

Fe and 
57

Fe correlation with Fe%, Co%, Mn/Fe, and Mn% 

The 
56

Fe varies from  -0.63‰ to -0.29‰ in smooth nodules and shows a 

good correlation with Mn/Fe (Figure 5.10). But in the rough nodules these correlations 

are very poor and may suggest some other factors or processes to be responsible for 
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isotopic fractionation. In rough nodules the 
56

Fe varies from -0.62‰ to -0.06‰ and 

the average isotopic fractionation is less that of smooth nodules. Diagenetic processes 

and bacterial iron reduction reactions are also actively involved in Fe isotopic 

fractionation in rough nodules. Among the three crust samples, Afanasy Nikitin 

seamount crust sample and CIR crust sample show nearly same as that of smooth 

nodule isotopic fractionation, but the crust sample from the CIB shows similar 

fractionation to that of rough nodules. This may be due to some microbial effect or 

diagenetic input. The 
56

Fe values in the 16 nodule and three crust samples vary from -

0.63 ‰ to -0.06 ‰ and the 
57

Fe values varies between –0.95 and 0.1‰. Significant Fe 

isotopic fractionation is found in smooth nodules than rough nodules. 

Smooth nodules show good correlation between 
56

Fe and 
57

Fe and Fe % which 

suggest that the Fe isotopic fractionation in smooth nodules may be occurring during 

the Fe uptake.  

 

5.5 Conclusion 

 Sequential leaching of nodule and crust samples will help understand the main 

binding phases of elements and genetic relationships and thus has an advantage over the 

bulk geochemical analysis. Four chemically separable phases viz., 1) loosely 

held/adsorbed; 2) Mn-oxide bound; 3) Fe-oxide bound and the 4) residual 

aluminosilicate phases were separated and analyzed for many elements. Elements 

associated with loosely bound phase include Sr, Li, U and Zn. The Mn-oxide bound 

phase include metals such as Mn, Co, Pb, Ni, Cr, Cd, Ba and Ga. Metals such as Fe, Sc, 

V, Cu, Y, Mo, REEs and Th are bound to Fe-oxide mineral phase. Finally, elements Al, 

Rb, Zr, Nb, Ta, Hf and Cs are bound to residual aluminosilicate phase. Surface 

adsorption on to negatively charged Mn oxides or on slightly positively charged Fe 

oxides may be the primary process of metal incorporation.   

Sequential extraction for REEs have shown that major portion of these elements 

are bound to iron-oxide phase . Significantly, Fe-oxides seem to be responsible for 

positive Ce anomalies found in ferromanganese oxides in the area. Interestingly, Mn 

oxide phase shows positive Eu anomaly and HREE depletion which is characteristic of 

vent fluids. A possibility of Mn from hydrothermal source has been discussed based on 

this. Chemically separated phases were studied for U-Th isotopes and the nuclides 
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(
230

Th, 
234

U) usually employed for estimating the growth rates of ferromanganese 

oxides were found to be fractionated between these four phases. A distinct difference in 

association is seen when both the whole nodule and oxide part were considered, which 

means these nuclides tend to fractionate with no particular trend.   

Fe isotope compositions of 16 manganese nodules and 3 crust samples from 

Indian Ocean were analyzed. Three distinct groups were identified when 
56

Fe is 

related to Mn/Fe. Rate of transfer of Fe from the water column above on to the nodule 

surfaces have played a key role in assigning low 
56

Fe values. As Fe is progressively 

removed from migrating bottom currents, the precipitation of Mn oxides took 

predominance along with the remaining Fe that has become 
56

Fe-enriched. Such a 

process is akin to kinetic isotope fractionation during the removal of Fe from solution. 

The correlations between Fe, Co, REEs Mn and Mn/Fe reveal hydrogenetic processes 

are more favorable in iron isotope fractionation in nodules. 
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Table 5.5  Details of Iron isotope samples 

Sample 

Latitude  

(º) 

Longitude 

 (º) 

Depth 

 (m) Morphology ∂
56

Fe  ∂
57

Fe  Fe% Mn % Mn/Fe Co (ppm) sediment type 

S-3-144 -10.9 83.5 4815 R -0.24 -0.41 5.52 27.83 5.04 1118 siliceous 

S-3-201 -14.5 81.5 4848 R -0.09 0.1 3.92 29.33 7.49 791.8 siliceous- red clay 

R-171 -12.5 74.5 5040 R -0.06 -0.04 3.31 23.36 7.1 736.2 siliceous 

S-4-260 -15.0 78.5 5100 R -0.4 -0.29 3.29 31.27 9.5 718.6 red clay 

F-3-155 -7.0 78.5 5142 R -0.14 -0.3 7.19 23.86 3.32 1175 siliceous 

S-3-180 -13.0 78.5 5196 R -0.45 -0.62 7.46 26.74 3.58 1790 siliceous 

SK-8-56 -14.5 77.0 5288 R -0.42 -0.84 3.23 31.6 9.77 640.9 siliceous 

SK-11/93 -12.0 78.5 5381 R -0.62 -0.79 7.89 24.22 3.07 1849 siliceous 

S-4-225 -14.5 75.0 5400 R -0.32 -0.71 5.65 27.97 4.95 1688 siliceous- red clay 

S-4-227 -14.5 74.0 5200 M -0.44 -0.57 11.93 17.98 1.51 2475 red clay 

S-3-203 -14.5 82.5 4800 S -0.46 -0.66 10.78 20.66 1.92 2077 siliceous- red clay 

S-3-191 -12.5 79.9 4848 S -0.37 -0.88 10.89 22.37 2.05 2076 siliceous 

S-211 -15.5 83.5 4860 S -0.63 -0.87 8.75 22.89 2.62 1794 red clay 

S-4-229 -14.5 73.0 5000 S -0.41 -0.71 13.12 19.21 1.46 2010 red clay 

S-7-328  -14.5 78.5 5212 S -0.29 -0.5 12.6 18.62 1.48 2838 siliceous- red clay 

F-1-13 -11.0 73.5 5379 S -0.41 -0.62 13.02 18.52 1.42 1882 siliceous 

AND crust -3.0 82.9 3200   -0.55 -0.95 17.06 17.7 1.04 3554 terrigenous  

CIR crust -5.6 67.9 3500   -0.12 -0.11 20.53 14.22 0.69 1003 carbonate 

SKC crust -12.4 78.8 4981   -0.28 -0.48 8.41 25.69 3.05 1601 siliceous 
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CLIMATIC SIGNALS 

 

 

 

 The development of deep-sea manganese nodules is a reflection of global 

cooling resulting from the transition of a sluggish Cretaceous ocean with warm saline 

bottom water to the post-Eocene ocean with cold, well-oxygenated bottom currents and 

are considered to have formed since the lower Miocene (~12 Ma) (Glasby, 1988). The 

chemistry of the nodules is controlled by the chemistry of the deep sea water column 

(hydrogenetic) and pore water chemistry of top sediment layer (diagenetic). Ocean 

chemistry in turn depends on fluvial run-off, the nature and quantum of chemical 

constituents carried by such run-off would be governed by terrestrial erosion and 

weathering (e.g., Richter et al., 1992). In addition to river fluxes, the ocean chemistry 

can also be influenced by submarine volcanism and insitu oceanic rock weathering. The 

chemical makeup of the oceans altered dramatically during the time of global climate 

change (13 million years ago) (Griffith et al., 2008). Climatic changes during Miocene 

to Recent periods controlled the weathering condition in continents and river fluxes to 

the ocean. Variability in the climate was considered as the primary factor determining 

controls on erosion over geological timescales (Clift, 2006).  

In addition to climate changes on tectonic time-scales, deep sea manganese 

deposition of the present day ocean can be linked to large scale global tectonics 

(Glasby, 1988; Roy, 1988). During the maximal climatic changes driven by dispersion 



                                                                                             Chapter 6 Climatic Signals 

149 

 

of continents as seen today, continents were thermally relaxed, sea level fell, promoting 

latitudinal thermal gradients, and increased marine circulation leading to glaciation at 

emergent polar regions (Glasby, 1988). As a result of India–Eurasia continental 

collision (45–55Ma), Himalayan–Tibetan mountain ranges reached a peak 

constructional phase with deformational structures developed in the Neogene period 

(23-15Ma) and the erosion of the Himalaya intensified simultaneously (Clift et al., 

2008). Rapid erosion in the Asia during early–middle Miocene (24–11 Ma), is linked to 

Himalayan uplift and especially precipitation, mostly related to monsoon strengthening 

(Clift, 2006). Raymo (1994) established that a rapid increase in 
87

Sr/
86

Sr of seawater in 

the middle Miocene has been related to a major episode of erosion and weathering due 

to the deformation in the Himalayan orogen at that time (Raymo, 1994).The result of 

this rapid erosion in the Himalayan mountain ranges increased the sediment/metal input 

to the Indian Ocean. It is not known whether this process has any influence on the 

formation of manganese nodule deposits in CIB. A key question to understand is why 

the CIB is rich in nodules compared to other Indian Ocean abyssal basins. To 

understand this, an attempt is made here to decipher the nodule growth initiation time 

periods and to see if any relation exists between growth initiation pulses and the 

climatic changes on tectonic time scales. Discussion on distal and local tectonics and 

the ensuing climatic changes will be pertinent. The approach is to estimate the growth 

rates, determine the timing of nodule growth initiation and relate the growth initiation 

periods to known tectonic and climatic changes. 

 

6.1 Growth rates 

  The growth rate in manganese nodule represents the amount of metal accreted 

on the nodule nucleus or thickness of metal oxide over the nucleus in specific time 

period. This is intimately related to the metal availability and the physiochemical 

conditions in the area of formation. The growth rate of the manganese nodules is one of 

the slowest geologic phenomenon in the earth, that is in the order of few 

millimeters/million years (Heath, 1979) and vary according to the processes controlling 

the formation, the availability of metal input, environment of formation etc. In general 

hydrogenitic nodules show less growth rate when compared to the diagenetic nodules 

and the highest growth rate occurs where hydrothermal metal source is available. 

Growth rate of nodules is very useful in providing clues to the origin and occurrence of 

these deposits and are also useful as a recorder of past - oceanography /sea water 
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chemistry, the earth’s magnetic field and cosmic ray intensity variations and in 

assessing their resource potential (Somayajulu, 2000). Dated nodules found to have 

slowly grown layers enriched in Fe whereas layers with fast growth rates had high Mn, 

Ni and Cu content (Heye and Marchig, 1977). 

 

Empirical calculation of Growth rates  

Though radiometric techniques such as 
230

Th (1/2t = ~75 kyr) and 
10

Be (1/2t = 

~1.5 myr) methods can be used to determine the growth rates of nodules, world wide 

very few nodules have been dated to date. This is basically due to the expertise and 

technology required is not easily available. In view of limitations of dating many 

nodules radiometrically, different workers have proposed different empirical formulae 

to calculate the growth rates from the chemical composition. In this study, three 

methods are used. These are methods proposed by Lyle (1982), Sharma and 

Somayajulu (1987) and Manheim and Lane-Bostwick (1988) and a comparision has 

been made in growth rates using all 3 techniques. Lyle (1982) proposed that the growth 

rates are closely related to the bulk chemical composition of nodule and he also 

observed that the accumulation rate of Mn is proportional to the square of the 

accumulation rate of Fe. This relationship has been used to derive the equation that 

predicts nodule growth rates from their chemical compositions. Following is the growth 

rate equation,  

Growth rate R = 16.0 [Mn/(Fe)
2
] + 0.448  where Mn, Fe are the metal content 

of nodules in percentage.  

Lyle (1982) felt that this equation accurately predicts growth rates up to about 50 

mm/Ma, but the nodules with faster growing rates may yield incorrect rates. 

Age determination of ferromanganese crusts by the 
10

Be (half life = 1.5 m.y.) 

method was developed by Somayajulu, (1967). He found the most reliable method of 

determining growth rates of oceanic ferromanganese nodules/encrustations of age <~15 

Ma is by using cosmic ray produced 
10

Be.  Sharma and Somayajulu (1987) modified 

Lyle’s equation using 
10

Be based growth rate data, 

Growth rate R = 8.33 [ Mn/(Fe)
2
] + 2.16   

For the faster growth rates up to 16 mm/Ma, Lyle’s method is more suitable. For the 

slow growth rates below 5 mm/Ma both equations may not predict accurate growth 

rates. Manheim and Lane-Bostwick (1988) proposed the cobalt chronometer. The 

cobalt chronometer uses Co, Fe and Mn percentages for computing growth rates. 
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 Growth rate R = 0.68/ (Co 
n
) 

1.67  
  where (Co 

n
) = Co x 50/ (Mn +Fe). 

 The growth rate of nodules of representative station is calculated using the bulk 

chemical composition of the representative station. In this study three different methods 

are used and these are comparable. The growth rate of nodules using Lyle’s method 

varies from 1.5 to 31mm/Ma. The modified growth rate equation from Sharma and 

Somayajulu (1987) gave growth rate which ranges from 2.7 to18.2 mm/ Ma. In the 

cobalt chronometer method the growth rate is computed and varies from 3.2 to 37 

mm/Ma. The rough nodules show more growth rate and vary from 2.1 to 31.2 with an 

average of 11.1mm/Ma. In mixed type of nodules, the growth rate varies between 2 and 

17.2 with an average growth rate of 4.9 mm/Ma. The smooth surface textured nodules 

show very slow growth rate, which varies from 1.5 to 7.8 mm/Ma with an average 

growth rate of 2.9 mm/Ma.  

 

 

Figure 6.1. The variation in the growth rate of CIB nodules (Lyle’s method) 

 

 The growth rates of CIB nodules are high in the central part of the basin where 

more diagenetic rough nodules are present (Figure 6.1). This area is covered by 

siliceous sediment and nodules with rough surface texture and rich in Mn, Cu and Ni. 
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The south-eastern part of the basin shows slower growth rates where iron rich 

smooth/mixed type nodules are present. From all this factors, it can be concluded that 

diagenetic processes are more favourable for faster growth compared to hydrogenetic 

processes which favours slow growth rate.  

  

6. 2 Thickness of oxide layer 

 The thickness of oxide layer in the CIB nodules is measured using the Vernier 

Calipers from representative nodules of selected station. Thickness of oxide is 

calculated by averaging 4-5 nodules from the representative station and the top/bottom 

thickness variations are also considered. 

 

 

Figure 6.2 The variation in oxide layer thickness in the CIB nodules. 

In this present study, the oxide layer thickness is more (10-22 mm) in the central 

part of the basin (Figure 6.2) where diagenetic nodules are found, while in the deeper 

areas of the basin, high growth rates are found. The eastern and western parts of the 

basin show nodules with less oxide thickness (0.5-10 mm). This may be due to the 

hydrogenetic nodules having slow growth rate. This coincides with the earlier reports 
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that the nodules from the summit of the seamount have sporadic distribution and are 

less spherical, have smooth surfaces, have lowest oxide/nucleus (O/N) ratios, and 

contain low values of Mn/Fe, Ni and Cu (Mukhopadhyay and Nath, 1988). Oxide layer 

thickness is found to be thinner in the nodules from the terrigenous, terrigenous-

siliceous and red clay sediments. More thick oxide layers are reported from the areas of 

siliceous, calcareous and siliceous-red clay sediments (Banerjee and Miura, 2001). In 

this study, a total of 106 smooth nodules and 216 rough nodules were observed and the 

thickness varied between 2.2 to 15.5 mm. Rough nodules were found to have slightly 

thicker oxide layer (average 8.5 mm) than the smooth nodules (average 7.7 mm). In 

smooth nodules, oxide thickness varies from 3-13.5mm. Most of the irregular nodules 

and mixed type of nodules show difference in thickness in different directions.  

  

6.3 Time of initiation of nodules in CIB 

The time of initiation of nodules in CIB is calculated using the empirically 

derived growth rates and thickness of oxides in the representative nodules. Number of 

stations where nodule growth initiated in different geological periods is shown in the 

histogram (Figure 6.3). According to Lyle’s method, nodule growth initiation started in 

CIB during middle Miocene time. During the Pliocene time, nodule growth was 

initiated in number of stations around western and southeastern parts of the CIB. Major 

initiation commenced in Pleistocene time. Sharma and Somayajulu’s method also gave 

the same trend but the growth rate initiation started in Late Miocene. Cobalt 

chronometer method shows that the growth initiation started in the early Pliocene and 

major initiation started in middle and early Pleistocene (Figure 6.3). From all these it 

can be concluded that the initiation of the nodule growth in CIB started from middle 

Miocene and proliferation of nodule growth took place in middle and early Pleistocene. 

The age of nodules varies from 0.18 to 15.4 Ma (Figure 6.3). Most of the rough 

nodules (135/145 stations) are younger than 1.8 Ma in age (Pleistocene Period). 

Remaining 10 stations with rough nodules have ages below 3 Ma (Late Pliocene age). 

Smooth nodules show an age variation from 0.97 to 15.4 Ma. Among these, some are of 

Pleistocene (40% stations) and many are of Pliocene and Miocene age. The age 

calculation using cobalt chronometer method is found to be varying from 0.014 to 4 

Ma. While with Sharma and Somayajulu’s method it is found to vary from 0.26 to 8.6 

Ma. From all these it can be concluded that almost 85% initiation of the nodule 
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mineralization in CIB started during Pleistocene and around 12% of them were initiated 

during the Pliocene. 

 

 

Figure 6.3 The histogram showing time of initiation of CIB nodules in different geologic time periods. 

 

6.4 Age of CIB nodules 

The geographical distribution of the stations with age of mineralization 

(manganese nodules) in the CIB is plotted in figure 6.4. The Miocene nodules (older 

nodules) started growing in the western, south-eastern part of the basin and along the 

topographic high/seamount tops of the central part. Younger diagenetic rough nodules 

of Pleistocene age are abundant in the deeper regions of the central part of CIB. Most of 

the smooth and mixed type of nodules (hydrogenetic) shows older age and diagenetic 

rough nodules are of comparetively younger age and reveals that the hydrogenetic 

processes started first in the formation history of CIB nodules and diagenetic processes 

influenced the nodule formation in the later stages. Diagenetic accretionary processes is 

very much active in the central deep area (11–15°S), where large biogenic deposition 

started during the Early to Late Pliocene with the development of a high biogenic 

productivity belt which made a favourable condition for the formation of daigenetic 

nodules in this area (Figure 6.4). A biologic bloom took place in Late Miocene to Early 

Pliocene in the Indian Ocean (Dicken and Owen, 1999). Formation of the most recent 

diagenetic nodules is associated with higher rates of sedimentation in the deep-sea 

troughs, where the siliceous sediments are much thicker due to the diagenetic 

mobilization of manganese and its precipitation under oxic and suboxic conditions 
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(Martin-Barajas et al., 1991). Based on 
230

Thexcess and 
10

Be studies, Banakar and Borole 

(1991) and Banakar and Hein (2000) have found that a CIB ferromanganese crust 

growth has initiated between 10 and 15.5 Ma B.P. This is roughly the time when the 

nodules must have started growing. 

 

 

Figure 6.4 The age of initiation of mineralization of manganese nodules in CIB. 

 

6.5 Relation to regional and local tectonics and climate. 

Histograms showing the number of nodules initiated during that time period are plotted 

(Figure 6.5). Three different methods used in this study are plotted in different color 

codes. The number of nodules initiated in a time slots of 0.5 Ma are grouped together 

and plotted. The initiation in nodule growth in CIB has started at around 15.5 Ma BP 

(Middle Miocene; not shown in figure 6.5). The next period in which the nodule growth 

initiation was found during 8-8.5 Ma B.P. (Phase 1). Few nodules were found to start 

growing during the period between 3.5 and 5 Ma (Phase 2). An increase in growth 

initiation was found during the period between 2 and 3 Ma (Phase 3). The period 

between 0 and 2 Ma (Phase 4) is the important phase in which about 85% of nodule 

growth initiation commenced. The initiation of manganese mineralization in CIB with 
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age is compared with the reported climatic changes that took place in the regions 

relevant to CIB (Figure 6.5). The silicate detritus supply from the Himalayas in the 

Indian Ocean crust (Banakar et al., 2003), the mineral flux record from ODP Site 758 

(Hovan and Rea, 1992; Nath et al., 2005), variation patterns of the East Asian monsoon 

proxy Baishui loess magnetic susceptibility (Xiong, et al., 2006), the flux of clastic 

sediment to ocean (Clift, 2006), carbon isotope studies of grassland vegetation from 

northern Pakistan (Quade et. al., 1989), and Cenozoic planktonic foraminiferal record 

from western Arabian Sea (ODP Site 722; Kroon et al., 1991) are the major earlier 

climatic features compared with this study (Figure 6.5). 

The nodules growth initiation in CIB started during middle – late Miocene 

(Figure 6.5). At nearly the same period, ferromanganese crust growth was initiated in 

the CIB (Banakar and Borole, 1991; Banakar and Hein, 2000). The modern global 

circulations in the world ocean initiated in this period (Ciesielski et al., 1982) and 

enhancement of Antarctic bottom water currents all over the deep sea environment 

started during the same time (Zachos et al., 1992) resulting in the global change in deep 

water ocean chemistry. Eh-pH conditions favoured the formation of manganese crusts 

in the Pacific and Atlantic basins (Halbach and Puteanus, 1984) and the manganese 

nodules in the Pacific (Glasby, 1988). The global change in climate and ocean 

chemistry by bottom water oxygenation in the late Miocene triggered the initiation of 

nodule in the deep sea environment. 

The first peak of major initiation of CIB nodules are seen around 8 Ma (Figure 

6.5 ), which is coeval to a major pulse of erosional flux from the Himalayan-Tibetan 

Plateau (Hovan and Rea, 1992), a sudden increase in detrital silicate fraction in 

ferromanganese crust ( Banakar et al., 2003), increase in the sedimentation rate in the 

Indian Ocean (Clift, 2006), megapulse –I reported from Baishui loess record (Xiong et 

al., 2006), increased Globogerina bulloides relative abundance in the sediments (Kroon 

et al., 1991), and increased ∂
13

C% associated with pedogenic carbonate (Quade et al., 

1989) also coincide with the onset of Indian summer monsoon. 

The Himalayan-Tibetan Plateau has been playing a significant role in the 

development of monsoonal climate, including the initiation of the Indian paleomonsoon 

~8 Ma (Prell and Kutzbach, 1992). This is the time of major uplift in the Tibetan 

Plateau (An et al., 2001) and closely related to the east Asian and Indian monsoons 

(Chen et al., 2003). 

 



                                                                                             Chapter 6 Climatic Signals 

157 

 

 

Figure 6.5. The comparison of different earlier work on Asian climatic events with initiation of 

nodule growth in the CIB. 

 

Vegetation changes from forests to grasslands due to the onset of monsoon 

occurred in northern Pakistan between 7.4 and 7.0 Ma (Quade et al., 1989). These ages 

are close to geological records of the maximum summer monsoon activity at ~8 Ma 

(Chen et al., 2003). From all these evidence it is suggested that the Himalayan – 
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Tibetan uplift and related climatic changes and intensification of monsoon have 

favoured the initiation of nodule growth in the Indian Ocean. 

The next bloom in the initiation of nodule growth has occurred between 3.5 and 

5 Ma (Phase 2, Figure 6.5), which coincides with both the erosional flux (ODP 758) 

(Pulse 3, Hovan and Rea, 1992) and the monsoonal mega pulse recorded in Chinese 

loess sequence (Megapulse-II, Xiong et al., 2006). Increased sedimentation rates in the 

marginal sea (Clift, 2006) and grain sizes were found between 2 and 4 Ma due to the 

influence of climate change on erosion rates also reported in the same period (Zhang et 

al., 2001). Zhang et al. (2001) found a sharp increase in worldwide sedimentation rates 

during the Pliocene–Recent (<4 Ma) reflected intensified continental erosion, most 

likely driven by the glacial–interglacial climate. Himalayan silicate detrital flux 

increased during this period (Banakar et al., 2003). These evidences suggest the glacial- 

interglacial climate during this period enhanced the erosion in the Himalayan- Tibetan 

region and corresponding erosional flux to the ocean  favoured the growth initiation in 

the CIB. 

 Late Pliocene–Pleistocene is the period well known for global climate change 

driven by Northern Hemisphere glaciation. During this time, Huntington et al. (2006) 

reported the increased exhumation rate in the Higher Himalaya between 2.5 and 0.9 Ma 

caused by climate change. This resulted in the intensification of the East Asian winter 

monsoon with the current seasonal pattern of the Indian summer monsoon (Gupta et al., 

2004) in Asian region. Clift (2006) reported a dramatic increase in sedimentation rates 

in basins surrounding the Himalayan–Tibetan orogenic system during the same period. 

The occurrence of the 400,000 years megacycle from 2.5 Ma to 0.8 Ma in the 

monsoonal record were attributed to the combined effect of the tectonic uplift and ice 

sheets on monsoon intensity (Xiong et al., 2006). The major phase of tectonic uplift of 

the Tibetan Plateau during the Pliocene-early Pleistocene which corresponds to ODP 

site 758 Pulse 3 (Hovan and Rea, 1992, Figure 6.5) also amplified the monsoon 

intensification in Asian continent. Growth initiation of nodules is higher during this 

time (Figure 6.5) which indicates that the time period between ~2 and 0.8 Ma 

(Pliocene-early Pleistocene) experienced the maximum favourable condition for nodule 

growth initiation in the Indian Ocean during monsoon intensification in Asia. During 

the last one million year more growth initiation took place (Figure 6.5) which 

excellently corresponds with the monsoonal megapulse-III in Asia (Xiong et al., 2006), 

and major Himalayan erosional event pulse 4 (Nath et al., 2005). The maximum 
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increase in detrital flux from Himalayan erosion recorded in a ferromanganese crust 

from the CIB has also been reported in the same time period (Banakar et al., 2003) and 

maximum sedimentation rate in the marginal basins of Asian continent (Clift, 2006). 

This is also supported by the evidences that two radiometrically dated nodules from the 

CIB have yielded an age of 1 million year (Banakar, 1990). Shyamprasad (1994) found 

microtektites belonging to the Australasian tektite strewn field in the substrate of a 

ferromanganese crust dredged from the CIB indicating the initiation of crust growth to 

be younger than the strewn field age of 0.77 Ma (Izett and Obradovich, 1992).  

Four longer phase variations can be identified in the manganese nodule growth 

record here (Figure 6.5). These four phase variations can be correlated with the pulses 

of mineral flux recorded in ODP Site 758 sediments and the three pulses of Baishui 

loess record, referred as monsoonal mega pulses by Xiong et al., (2006). Megapulse I 

reported in 6-7 Ma is comparable with Phase 1 (8 Ma) of nodule growth record and the 

megapulse II during 2-4 Ma coincides with phase 2 and 3 of nodule growth in CIB and 

Pulse 3 suggested by Hovan and Rea (1992). The close observation in Megapulse II and 

Pulse 3 reveals these are a combination of two distinct periods 3-4 Ma and 2-2.5 Ma 

and are well matched with Phase 2 and 3 in nodule growth. Megapulse III in the loess 

record and Pulse 4 mineral flux (Nath et al., 2005) input exactly matched with the 

intensified nodule growth in the CIB during  Pleistocene (Phase 4). Xiong et al. ( 2006) 

considered that the major phase of tectonic uplift of the Tibetan Plateau during the 

Pliocene-early Pleistocene which corresponds to ODP site 758 pulse 3 and mega-pulse 

II in loess record may have significantly amplified the monsoon response sensitivity to 

orbital-scale variations in insolation (Prell and Kutzbach, 1997; Ruddiman, 1997). The 

occurrence of the 400,000 years megacycle from 2.5 Ma to 0.8 Ma may reflect the 

combined effect of the tectonic uplift and ice sheets on monsoon intensity (Xiong et al., 

2006). From all these evidences, it is clear that the large scale variation in Asian 

monsoon and Himalyan-Tibet uplift tectonic events are well reflected in the major 

phases in the initiation of nodule growth in CIB. This also indicates that the ultimate 

metal source for CIB nodule growth is possibly from Himalayan runoff.  

The correlation of the manganese nodule growth initiation with the mineral flux 

pulses and the loess record suggests that the tectonic events and growth records are 

closely related to the Himalayan and Tibetan uplift and the associated monsoon 

intensification since the late Miocene (Tapponnier et al., 2001). Increased erosional 

mineral/metal flux to the Indian Ocean has become primary source for the nodule 
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growth along with global oxygenated deep water current systems favoured the nodule 

growth in CIB. 

6.6 Conclusion 

Empirically derived growth rates and actually measured oxide thickness has allowed 

the calculation of nodule growth initiation time periods. The nodule growth initiation 

was found to have started in CIB during middle Miocene time when the present 

configuration of bottom topographic features took place which has allowed the deep 

water oxygenation. The timing of nodule growth episodes were synchronous with the 

onset and intensification of monsoon as well with the increased erosional fluxes from 

Himalaya. The Himalayan –Tibetan uplift (Miocene to Recent) caused climatic changes 

in this region. The, erosional mineral/metal flux to the Indian Ocean due to monsoon 

intensification supplied enough metal source for the nodule growth in CIB and 

oxygenated bottom water currents favoured the nodule growth in CIB. This indicates 

that the Asian tectonics and climatic changes during Miocene to Recent are closely 

related to the nodule growth. 
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CHAPTER 7  

SUMMARY AND CONCLUSIONS 

 

 

 

 

The polymetallic nodules are wide spread in all major ocean floors. These are sinks 

for most of the metals. The metal contents in these deposits show large variations from 

basin to basin. The physical properties also vary from place to place. The environment 

(Eh/pH conditions) of nodule formation will play a key role in defining the physio-

chemical properties of polymetallic nodules in deep ocean floor. The morphology of 

manganese nodule represents the size, shape and surface texture of individual nodules. 

CIB is the world’s second largest nodule deposit. This study is the first comprehensive 

study carried out on a systematic grid scale covering nearly the entire nodule bearing 

belt (~1.3x10
6
sq.km) aiming to map the regional variability of morphological and 

geochemical properties in order to understand various controls on  geochemical 

variability. In this context, 23,000 manganese nodules from 194 locations were 

physically examined to describe the morphology, a total 232 nodules were analysed for 

41 elements making this the single largest database with regard to Central Indian Basin 

nodule field. While the bulk (whole nodule) geochemical data helped to understand the 

regional controls such as the bathymetry, tectonic features and water masses, 

multivariate statistical treatment of geochemical data helped identify the major element 

bearing phases.  Sequential leaching experiments were employed to extract the 

chemically separable phases and this allowed elemental affinity with major mineral 

phases within the nodules.  A pilot study is made to understand the fractionation of U-

Th nuclides within the chemically separable phases. Also new to this area is the study 
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of Fe-isotopic variation in manganese nodules and crusts. Worldwide, only one nodule 

was analysed before for Fe-isotopic study. Following are the conclusions drawn from 

all these studies. From the geochemical and oxide thickness data, and empirically 

derived growth rates, nodule initiation ages were computed. This helped in putting the 

evolution of nodule growth history into a context of plate reorganization, bottom water 

oxygenation, tectonic and climatic changes in the Northern Indian Ocean.  

 Morphological studies have shown that the nodules from northwest and the central 

part of the CIB are found to be more rough or gritty in surface texture, larger in 

size, more irregular, botryoidal in shape. Southeastern and eastern part of the basin 

show more smooth rounded, smaller nodules. These morphological variations 

suggest the role of topographic control and effect of AABW in the environment of 

formation.   

 Local nodule formation facies exist in the north-western part of the basin indicated 

by small patches of smooth surface texture.  

 The AABW in the CIB affect the nodules in two ways, making the environment 

more oxidizing, which helps in the metal oxide precipitation and nodule to accrete. 

The second effect is the rolling of nodules which make them rounded and smooth 

and favours smaller nodules according to current velocity. 

 In the north, north-western and central part of CIB, the effect of AABW (rolling) is 

less due to the seamount chains related to fracture zone running N-S directions. 

This area experiences more diagenetic enrichment of metal oxide accretion from 

the sediment and makes the nodules rougher, larger and gives an irregular shape.  

 Thus it can be concluded that the topography of the area and oxygenated AABW 

are major controlling factors for the formation of CIB nodule and its morphology. 

 The topographic high regions (seamount tops/slopes) in the south-eastern part of 

the CIB contain hydrogentic smooth nodules which are enriched in Fe, Co, Pb, Sr, 

Y, REEs, Zr, Hf, Nb, Ta, Th and U metals. This enrichment is due to the presence 

of highly oxygenated AABW currents and active hydrogenetic precipitation. 

 The rough nodules from deeper basins in between the seamount chains related to 

the facture zones of central, western, northern part of the CIB are enriched in Mn, 

Cu, Ni, Zn, Mo, and Li metals. This indicated that the processes involved in nodule 

formation in this area are diagenetic-hydrogenetic.  
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 The metals such as Al, Ti, K, Mg, Ca, Cs, Rb and Sc found in nodules from 

topographic high regions of eastern CIB are more enriched in these metals. These 

metals are associated with aluminosilicate mineral group in the nodules. 

 The correlation coefficient analyses and factor analysis show three major groups of 

metal association in CIB nodules, Iron related group of hydrogenetic precipitation 

(Fe, Ti, REEs, Hf, Zr, Th, Nb, U, Pb, Sr, Y, Ca, Co, Ta), manganese group of 

diagenetic precipitation (Mn, Mg, Zn, Ba, Cu, Ca, Ga, Ni, Mo, Li, K) and 

aluminosilicate group (Al, K, Rb, Ca, Ti, Mg, Sc, Cs). 

 The concentration of manganese group elements (Mn, Cu, Ni, Ba, Zn, Mo, Li, Ga, 

and Cs) enriched in rough nodules and depleted in smooth nodules. The 

concentration of iron group elements (Fe, Ti, Co, Sr, Pb, Zr, Nb, Y, Ta, Sc, Hf, Th, 

U and REEs) is enriched in smooth nodules with high cerium anomaly and is 

depleted in rough nodules.  

 While the 3-component system identified here is identical to the previous findings, 

one factor was found to have significant loading of Mg. This may reflect either the 

low-temperature alteration of basaltic glass or it may represent the contribution of 

ultramafic material to the nodules. In the CIB, ultramafic material is possibly 

associated with fracture zones, seamounts and abyssal hills. Ultramafic rocks were 

also recovered from the Central Indian Ridge located to the west of the study area. 

Intrusion of this mantle material may lead to hydrothermal activity and contribute 

to the particular features of this endmember. 

 While the accretionary processes are generally considered either as hydrogenetic, 

oxic diagenetic or suboxic diagenetic, when bulk sediment chemistry is compared 

with other controlling factors, regional tectonic features and nodule nucleus were 

found to have significant influence. The Mn, Ba, Zn, Ga, Ni, Cu and Li shows 

enrichment in nodules with pumice nucleus and Fe, Co, Ti, Hf, Zr, Th and Sr 

shows enrichment in the nodules with altered basalt as nucleus. The nodules with 

clay as nucleus are enriched in Sc, Y, Rb, and Ta and U, Pb, REEs are enriched in 

nodules with shark teeth as nucleus.  

 Substrate sediment type is usually considered as a major control on the variability 

of nodule characteristics. However, compared to other variables, geochemical 

variability with sediment type was not significant.  
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 Ce/La ratio was used to decipher the interbasinal variability in bottom water 

oxygenation in the past. Here this ratio is employed and the intrabasinal variability 

in bottom water oxygenation was deciphered. The Ce/La in the CIB show high 

values in the south-eastern part of the basin indicating the presence of oxygenated 

waters consistent with the results displayed by morphological features.  

 Traditionally, a 3-metal route is considered for metallurgical extraction and the 

grade is described as a combined metal content of Cu, Ni and Co in nodules.  A 

comprehensive evaluation of resources of all elements studied has allowed to 

identify additional metals such as Zn, Ba, Sr, Mo, Pb, Ce, Zr and Li to be 

economically important as byproducts during nodule metal extraction and to help 

in value addition  

 Sequential leaching of nodules and crust samples helped to separate 4 chemically 

separable phases. Loosely bound mineral phase metals include Sr, Li, U and Zn. 

The Mn-oxide bound mineral phase include metals such as Mn, Co, Pb, Ni, Cr, Cd, 

Ba and Ga. Fe-oxide mineral phase include metals such as Fe, Sc, V, Cu, Y, Mo, 

REEs and Th. The aluminosilicate phase includes metals such as Al, Rb, Zr, Nb, 

Ta, Hf and Cs. 

 Sequential extraction for REEs have shown that major portion of these elements 

are bound to iron-oxide phase. Significantly, Fe-oxides were found to be 

responsible for positive Ce anomalies found in ferromanganese oxides in the area. 

This is in contradiction to some experimental adsorption studies in the past. 

Interestingly, Mn oxide phase shows positive Eu anomaly and HREE depletion 

which is characteristic of vent fluids. A possibility of Mn supply from 

hydrothermal source has been discussed based on this.  

 Sequential extraction studies were also carried out on  U-Th nuclides (
234

U, 
238

U, 

230
Th and 

232
Th and their ratios) which are usually employed in estimating the 

growth rates of ferromanganese oxides. It is assumed that the ratios have to remain 

constant from the time they have reached the accreting particle surface. However, 

ratios calculated for these nuclides show that they are different in surface (loosely 

bound) and authigenic oxides. In the oxide of smooth nodule, the ratios were in 

fact highest in detrital and Fe-oxide phases. These data suggest that a considerable 

difference in activity occurs in different phases. 
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 The 
56

Fe values of Group I and II nodules (smooth) show positive correlation with 

Mn and related elements while negative correlation is observed with Fe, Co and 

REEs. These correlations suggested that the rate of transfer of Fe from the water 

column above on to the nodule surfaces has played a key role in assigning low 


56

Fe values. As Fe is getting progressively removed from migrating bottom 

currents, the precipitation of Mn oxides took predominance along with the 

remaining Fe that has become 
56

Fe-enriched. The kinetic isotope fractionation 

associated with transformation of 3

aqFe  to Fe
3+

 oxy-hydroxides can explain the low 


56

Fe values of manganese nodules.  

 The correlations between Fe, Co, REEs Mn and Mn/Fe reveal that the iron isotope 

fractionation in nodules would take place during the Fe accretion into the nodules. 

 The thickness of oxide and empirically calculated growth rates of CIB nodules are 

high in the central part of the basin and the south-eastern part of the basin is 

characteristic of slower growth rates. Diagenetic processes seem to be more 

favourable for faster growth compared to hydrogenetic processes. 

 The nodule growth initiation appears to have started in CIB during middle Miocene 

time which is synchronous with the latest phase of plate reorganization when the 

present ocean topography has taken shape and bottom waters became oxygenated. 

The Miocene nodules (older nodules) started growing in the western, south-eastern 

part of the basin and along the topographic high/seamount tops of the central part. 

During the Pliocene time the growth initiated in number of stations around western 

and south-eastern parts of the CIB. Nodule growth has proliferated during the 

Pleistocene time. Younger nodules of Pleistocene age are abundant in the deeper 

regions of the central part of CIB. 

 Comparison of timing of nodule initiation with the tectonics and climate has shown 

that the growth periods are coeval with episodes of Himalayan detrital influx.  

 The Himalayan –Tibetan uplift and related climatic changes from Miocene to 

Recent resulted in monsoon intensification of different amplitude in different time 

periods, and increased erosional mineral/metal flux to the Indian Ocean. This 

seems to have become the primary source of metals for the nodule growth along 

with global oxygenated deep water current systems favoured the nodule growth in 

CIB. 
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Abstract

Co-rich Mn crusts from four different locations of the world ocean have been studied to understand the role
of dissolved oxygen of the ambient seawater in the formation of Co-rich Mn crusts. WOCE (World Ocean
Circulation Experiment) oxygen profiles of modern seawater in the Equatorial North Pacific Ocean, Equatorial
South Indian Ocean and the North East Atlantic Ocean have been evaluated with respect to the occurrence of
Co-rich Mn crusts at depths ranging from 1500 to 3200 m. The oxygen content at these depths varied from
~90–240 mmol/kg. The oxygen minimum zone (OMZ), with oxygen contents in the range ~45–100 mmol/kg, is
located in the depth range 800–900 m in these regions. The age of the ocean crust on which seamounts formed
is in the range 80.3–180 Ma. Profiles of the oxygen contents of seawater with depth in the oceans are shown to
be extremely useful in establishing the optimum conditions for the formation of Co-rich Mn crusts. The use of
WOCE oxygen profiles to study geochemical processes in the oceans is highly recommended.

Keywords: Afanasiy-Nikitin Seamount, Co-rich Mn crusts, Eh-pH diagrams, oxygen minimum zone, WOCE
profiles.

1. Introduction

Co-rich Mn crusts have attracted considerable
attention for over 20 years (Manheim, 1986; Mangini
et al., 1987; Puteanus & Halbach, 1998; Hein et al., 2000;
Glasby, 2006). Interest in these crusts was based on two
factors; their formation over periods in excess of 60
million years in some cases which make them excellent
palaeoceanograhic indicators (Koschinsky et al., 1996;
Frank et al., 1999) and their high Co and Pt contents
which make them of potential economic interest (Hein
et al., 2000). However, most of the previous studies
of these crusts have tended to focus on crusts from

individual seamounts rather than considering the
crusts on an ocean-wide basis. The aim of this study
therefore is to compare Co-rich crusts from different
oceans in order to establish the role of the oxygen
content of seawater on the composition of these crusts.

The seamounts chosen for comparison are the
Horizon Guyot (Hein et al., 1992) and Lamont Sea-
mount (Ren et al., 2007) in the Equatorial N. Pacific,
Afanasiy-Nikitin Seamount in the Equatorial S. Indian
Ocean (Banakar et al., 1997, 2007; Rajani et al., 2005) and
the Lion and Tropic Seamounts in the NE Atlantic
(Koschinsky et al., 1995, 1996). By way of background,
the concentration, residence time and speciation of 16
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elements in seawater is presented. The principal char-
acteristics of the crusts from each of the study areas are
then described in some detail.

2. Speciation of elements in seawater

The speciation of elements in seawater has previously
been reported by Glasby and Schulz (1999), Bruland
and Lohan (2004) and MBARI (2008). In this study,
we have prepared one Eh-pH diagram showing the

predominance fields and equal activity boundaries of
the major element species in the system C-S-O-H at 2°C
and have calculated Eh-pH diagrams for 16 elements
under standard conditions in seawater. These diagrams
are shown in Figure 1. The concentrations, residence
times and speciation of elements in seawater based
on these studies are listed in Table 1. Bruland and
Lohan (2004) presented an excellent account of the
factors controlling the distribution of these elements in
the ocean. The results presented here are of particular

a) b) c)

d) e) f)

g) h) i)
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j) k) l)

m) n) o)

p) q)

Fig. 1 Eh-pH diagram showing the predominance fields and equal activity boundaries of the major element species in the
system C-S-O-H at 2°C followed by Eh-pH diagrams for 16 elements under standard conditions in seawater. The elements
are listed in order of increasing atomic number.
(a) Eh-pH diagram showing the predominance fields and equal activity boundaries of the major element species in the
system C-S-O-H at 2°C. The stability fields at 25°C are similar. The upper and lower boundaries are the stability limits for
water. In the Eh-pH diagrams that follow, these labels are omitted for clarity.
(b) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Mn-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Mn. The concentration used to construct this diagram was
SMn = 360 pmol kg-1.
(c) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Fe-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Fe. The concentration used to construct this diagram was
SFe = 540 pmol kg-1.
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Fig. 1 Continued
(d) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Co-Cl-S-C-O-H. The boundary between aqueous species and minerals represents the stability
limits of mineral phases at the seawater concentration of Co. The concentration used to construct this diagram was
SCo = 20 pmol kg-1.
(e) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Ni-Cl-S-C-O-H. The boundary between aqueous species and minerals represents the stability
limits of mineral phases at the seawater concentration of Ni. The concentration used to construct this diagram was
SNi = 8.2 nmol kg-1.
(f) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Cu-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Cu. The concentration used to construct this diagram was
SCu = 2.4 nmol kg-1.
(g) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Zn-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Zn. The concentrations used to construct this diagram were
SCl = 546 mmol kg-1; SC = 2.248 mmol kg-1; SS = 28 mmol kg-1; and SZn = 5.4 nmol kg-1.
(h) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals (dark
gray) in the system Ru-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability limits of
mineral phases at the seawater concentration of Ru. The concentration used to construct this diagram was SRu = 50 fmol kg-1.
(i) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Rh-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Rh. The concentration used to construct this diagram was
SRh = 780 fmol kg-1. Thermodynamic data for minerals phases from are taken Brookins (1988) and aqueous species from
Cozzi and Pantani (1958).
(j) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Pd-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Pd. The concentration used to construct this diagram was
SPd = 560 fmol kg-1. Thermodynamic data for minerals phases are taken from Brookins (1988) and for aqueous species from
Elding (1972) and van Middlesworth and Wood (1999).
(k) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Te-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Te. The concentration used to construct this diagram was
STe = 550 fmol kg-1. Tellurium species data taken from Wagman et al. (1982).
(l) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Ce-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Ce. The concentration used to construct this diagram was
SCe = 5 pmol kg-1. Additional thermodynamic data for Ce species were taken from Wagman et al. (1982).
(m) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Eu-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability
limits of mineral phases at the seawater concentration of Eu. The concentration used to construct this diagram was
SEu = 1.1 pmol kg-1.
(n) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals (dark
gray) in the system Os-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability limits of
mineral phases at the seawater concentration of Os. The concentration used to construct this diagram was SOs = 56 fmol kg-1.
The thermodynamic data for minerals and aqueous species were taken from Brookins (1988) and Llopis and Colom (1976).
(o) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals (dark
gray) in the system Ir-Cl-S-C-O-H. The boundary between aqueous species and minerals represents stability limits of
mineral phases at the seawater concentration of Ir. The concentration used to construct this diagram was SIr = 680 amol kg-1.
The thermodynamic data for minerals and aqueous species were taken from Brookins (1988) and Poulsen and Garner (1962).
(p) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Pt-Cl-S-C-O-H. Boundary between aqueous species and minerals represents stability limits of
mineral phases at the seawater concentration of Pt. The concentration used to construct this diagram was SPt = 250 fmol kg-1.
The thermodynamic data for minerals and aqueous species were taken from Brookins (1988) and for aqueous species from
Elding and Leden (1966) and Wood (1991).
(q) Eh-pH diagram showing the predominance fields of aqueous species (light gray) and stability fields of minerals
(dark gray) in the system Au-Cl-S-C-O-H. The boundary between aqueous species and minerals represents the
stability limits of mineral phases at the seawater concentration of Au. The concentration used to construct this diagram was
SAu = 50 fmol kg-1.
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interest because the speciation of these elements has
been determined from Eh-pH diagrams and differs
from that reported in the three previous studies
(Table 1).

The diagrams were constructed using the Geo-
chemist’s Workbench Release 4.0.2 (Bethke, 1996)
based on the Lawrence Livermore National Laborato-
ry’s geochemical database (Delany & Lundeen, 1990)
augmented by thermochemical data from additional
sources (Cozzi & Pantani, 1958; Poulsen & Garner,
1962; Elding, 1972; Llopis & Colom, 1976; Wagman
et al., 1982; Brookins, 1988; Wood, 1991; Van Middles-
worth & Wood, 1999). The diagrams show the pre-
dominance fields of aqueous species (light gray) and
stability fields of minerals (dark gray). For metals
where thermodynamic data were available at 2°C,
the diagrams were constructed for that temperature.
Otherwise the diagrams represent conditions at
25°C. This difference in temperature is not expected
to affect the metal speciation of the metals depicted
significantly. The diagrams were constructed using
elemental concentrations in seawater taken from
MBARI (2008). The speciation of the elements in sea-
water may be read off the relevant Eh-pH diagrams at
pH 8.2 and Eh + 0.4 v.

Of the elements that are of most interest to the for-
mation of deep-sea manganese nodules and Co-rich
Mn crusts, Co is present in seawater in extremely low
concentrations (20 pmol/kg) which suggests that it
is rapidly removed from seawater, possibly scavenged
by manganese oxides (MBARI, 2008). This rapid
removal of Co from seawater may play a significant
role in the formation of Co-rich Mn crusts. Mn, Fe, Ni
and Cu are also present in low concentrations in
seawater (360 pmol/kg, 540 pmol/kg, 8.2 nmol/kg
and 2.4 nmol/kg, respectively). The residence times of
Mn and Fe in the oceans are about 60 and 200–500
years, respectively, and are very short compared to the
turnover time of the oceans which is about 1500 years.
The rapid removal of Mn from seawater may account
for the significant fractionation of Mn between the
ocean basins and the widespread occurrence of man-
ganese nodules on the deep-sea floor (Glasby, 2006). By
contrast, the residence times of Ni and Cu are much
longer, 6000 and 5000 years, respectively.

From the Eh-pH diagram of Cu, it is seen that
CuOH+ is the dominant form of Cu in seawater at Eh
values greater than 0.37 V and CuCl2

- at Eh values less
than 0.37 V (Fig. 1f). Cu is present in low concen-
trations in Co-rich Mn crusts because these crusts
formed under less oxidizing conditions where CuCl2

-

is the dominant form of Cu in seawater (Glasby &
Schulz, 1999). At Eh values greater than 0.37 V, Cu
is present in seawater as Cu2+ ions and is readily
adsorbed on the negatively charged Mn oxides. This
explains the high Cu contents in deep-sea manganese
nodules.

Au is also of particular interest because the boundary
between Au and AuCl2

- is constant at +0.4 V, the Eh of
seawater (Fig. 1q). Au is therefore thermodynamically
stable in seawater in two forms, Au and AuCl2

-.
Adsorption of elements from seawater is dependent

on the pH of zero point of charge (pHzpc) of the sorbent
which is about 8.0 for ferrihydrite and 2.2 for manga-
nese oxides (Glasby, 1974; Kunzendorf & Glasby, 1992;
Koschinsky et al., 2003).

3. Co-rich Mn crusts

Co-rich Mn crusts are hydrogenous manganese crusts
having Co contents in excess of 1% in some cases. The
crusts are typically 5–100 mm thick and occur on
exposed surfaces on older seamounts (100–60 Ma) at
water depths of 3000–1100 m, particularly in the Pacific
Ocean. Principal substrates include basalts, hyaloclas-
tites, indurated phosphorites and clay stone. The thick-
est crusts occur at water depths of 1500–2500 m which
correspond to the depths of the outer summit area
and flanks of most Pacific seamounts of Cretaceous age
(Hein et al., 2000; Glasby, 2006). The thickest crusts
occur on the oldest ocean crust (Fig. 2).

3.1 Equatorial N Pacific transect at 20°N

The Co-rich Mn crust from the Horizon Guyot has been
described in detail by Hein et al. (1992). The crust is
located at 19°30′N, 168°52′W at a water depth of 1800–
1780 m and is 47–60 mm thick. The ocean crust at this
site was emplaced at 147.7–139.6 Ma (Müller et al.,
1997; Fig. 2). In all, 50 point analyses were made by
electron microprobe at intervals of about 1.2 mm on
average along a vertical transect through the crust. The
crust was dated by measuring the strontium isotope
composition of the crust and comparing it with the
Tertiary seawater curve. The average growth rate of
the crust was estimated to be 2.5–3.2 mm my-1 and
the maximum age of the crust was estimated to be
18.5 Ma. However, this method of dating crusts has
subsequently been discredited because strontium in
the manganese oxide phase of the crust exchanges
with seawater throughout the history of the deposit
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(VonderHaar et al., 1995). A more reliable method of
dating Co-rich Mn crusts has been described by Frank
et al. (1999).

The Co-rich Mn crust from Lamont Seamount has
been described in detail by Ren et al. (2007). The crust is
located at 21°28′N, 159°40′E at a water depth of 2450 m
and is 37 mm thick. The ocean crust at this site is 154.3–
180.0 Ma (Müller et al., 1997). In all, 184 point analyses
were made by electron microprobe at intervals of

about 0.2 mm on average along a vertical transect
through the crust and the crust was dated using the
Co-geochronometer which is based on an inverse rela-
tionship between the Co-content of the crust and its
rate of accumulation (Puteanus & Halbach, 1998). The
average growth rate of the crust was estimated to
be 1.6 mm my-1 and the maximum age of the crust was
estimated to be 22.3 Ma. The locations of these crusts
are shown in Figure 3.

Fig. 2 Schematic map showing the ages of the ocean crust in the world’s ocean (Müller et al. 1997).

Fig. 3 Schematic map showing the locations of the samples from Horizon Guyot and Lamont Seamount in the Equatorial N.
Pacific Ocean, Afanasiy-Nikitin Seamount in the Equatorial S. Indian Ocean and Lion Seamount and Tropic Seamount in
the NE Atlantic Ocean.
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In a previous publication, Glasby et al. (2007) have
documented the northward migration of the Magellan
seamounts and guyots in the far western Pacific and
its influence on the formation of the Co-rich Mn crusts
there. Three units were identified within these crusts.
Unit I began in the Eocene, Unit II in the early Miocene
and Unit III in the Pliocene. In some crusts, a proto unit
of late Cretaceous age could also be identified. The high
Co contents of the outer parts of the crusts were shown
to be a consequence of the increasing deep circulation
of the ocean and the resultant shoaling of the oxygen
minimum zone (OMZ) with time. In a more detailed
study, Ren et al. (2007) studied the internal structure of
a 37-mm Co-rich Mn crust from Lamont Guyot in the
Marcus-Wake Seamount cluster (located at 21°28′N,
159°40′E) by means of electron-probe microanalysis. Of
particular importance was the observation of a double
maximum in the concentration of Co in the crust at
about 20 Ma and 5 Ma which presumably reflected
the occurrence of well-developed oxygen minima at
these times. There was also a well-developed inverse
relationship between Mn and Fe in these crusts reflect-
ing variations in the influx of Fe of aeolian origin into
the Pacific from the deserts of Asia (mainly China) with
time. In addition, short-term erratic variations in com-
position were identified with periods of 0.61, 0.96 and
1.65 M, respectively. These high-frequency oscillations
were thought to be related to climatic changes con-
trolled by the highest order periods of the Milankovich
cycles.

3.2 Afanasiy-Nikitin Seamount

The Afanasiy-Nikitin Seamount (ANS) consists of a
cluster of seamounts with a minimum depth of ~1600 m
located in the Equatorial East Indian Ocean almost due
south of India at 3°S 83°E. It is the largest seamount in
the Indian Ocean, ~450 km long and ~150 km wide. The
basement platform of the seamount rises to a water
depth of 3800 m, on which there is a cluster of elongated
peaks. The shallowest of these is in the northern group
at a depth of ~1600 m. The crusts were sampled in the
depth range 1650–3200 m. The ocean crust at this site is
120.4–80.3 Ma (Müller et al., 1997; Fig. 2). The location
of this crust is shown in Figure 3.

Eight Co-rich Mn crusts were sampled from seven
locations on the tallest seamount of the cluster at water
depths ranging from 1600 to 3200 m during a cruise of
R.V. A. A.Sidorenko in 1994 (Banakar et al., 1997, 2007;
Parthiban & Banakar, 1999; Dutta et al., 2001; Rajani
et al., 2005; Rajani, 2007). The crusts were 1.5–6.0 cm

thick. The substrates on which the Co-rich Mn crusts
formed are mainly basalts emplaced during the basaltic
effusions in the Late Cretaceous and a variety of sedi-
mentary rocks, including fossil corals (Rajani et al.,
2005). Co-rich crusts on this seamount have an average
Co content of 0.58% (max. 0.86%) and an average Ce
content of ~2247 ppm (max. 3763 ppm). Growth rates
of the crusts were variable and in the range 0.38–
6.36 mm Ma-1 (Rajani et al., 2005). Provisional estimates
suggest that the ANS hosts ~180 Mt of Co-rich Mn
crusts containing ~0.9 Mt of cobalt (Parthiban &
Banakar, 1999).

According to Krishna (2003), the ANS is the only
seamount in the Indian Ocean to penetrate the OMZ.
However, the OMZ at ANS occurs at a water depth of
~900 m well above the depth of the summit of this
seamount.

3.3 NE Atlantic Seamounts

Co-rich Mn crusts from seamounts in the NE Atlantic
have also been described in detail by Koschinsky et al.
(1995, 1996) and Abouchami et al. (1999). In particular,
crusts were recovered at a water depth of about 1500 m
at Lion Seamount which is located close to the outflow
path of the Mediterranean Outflow Water (MOW) at
about 36°N 16°W and at a water depth of 1000–2500 m
at Tropic Seamount which is located off Mauritania at
about 23°N 21°W (Koschinsky et al., 1995). The ocean
crust at these sites was emplaced at 147.7–139.6 Ma
(Müller et al., 1997, Fig. 2). The locations of these crusts
are shown in Figure 3.

At Lion Seamount, crusts up to 7 cm thick were
recovered at a water depth of about 1500 m. In addi-
tion, nodules with crust fragments as core and a few
mm thick outer layers of manganese oxides and
nodules with phosphatized limestone cores were also
recovered. The crusts contained up to 1.1% Ni and 0.8%
Co. 10Be dating of a 38 mm thick crust from Lion Sea-
mount gave an age of ~8.5 Ma which corresponds to a
growth rate of the crust of ~4.5 mm my-1. Lion Sea-
mount is located close to the Mediterranean Outflow
Water (MOW). Two peaks were observed in the Mn, Cu
and Ni profiles in these crusts corresponding to ages
of 6.2 and 1.6 Ma and are associated with the Messin-
ian salinity crisis and onset of northern hemisphere
glaciation, respectively.

At Tropic Seamount, the NW, W and SW slopes of
the seamount were steep and covered with manganese
crusts from the plateau at 1000 m to a water depth
of 2500 m. Volcanic rocks, coral reef limestone, phos-
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phorites, ferromanganese crusts and sediments were
sampled. The crusts were up to 10 cm thick and con-
tained up to 0.6% Ni and 0.9% Co. Current ripples
indicated that the SW section of this seamount is
swept clear of sediment by strong currents. 10Be dating
of a 38 mm crust from Tropic Seamount gave an age of
12.3 Ma which corresponds to a growth rate for the
crust of ~3 mm my-1. These crusts contain lower con-
centrations of Mn, Cu, Ni and Co than crusts from the
Equatorial N Pacific because of the input of aeolian dust
from NW Africa. Crusts from both seamounts are
much younger than those from the Equatorial N Pacific.

4. Oxygen content in seawater

In this section, the role of the oxygen content in seawa-
ter on the formation of the Co-rich Mn crusts along the
Equatorial N Pacific transect from Horizon Seamount
to Lamont Guyot, at Afanasiy-Nikitin Seamount and at
the NE Atlantic Seamounts is considered. For this
purpose, the Electronic Atlas of WOCE (World Ocean
Circulation Experiment) data is used to access on-line
plots of the oxygen profiles across each of the studied
locations (Schlitzer, 2000). The oxygen content of sea-
water used here is the oxygen content of modern sea-
water. No allowance is made for the variation in the
oxygen content of seawater throughout the growth
history of these crusts.

For the transect from Horizon Seamount to Lamont
Guyot, the distribution of oxygen in seawater is taken
from Profile PO3 which is an E-W Profile in the Equa-
torial Pacific Ocean at 25°N (http://www.ewoce.org/

gallery/P3_OXYGEN.gif; Fig. 4). This profile is 4–6
degrees of latitude north of the transect from Horizon
Seamount to Lamont Guyot.

From this profile, it can be seen that the OMZ at
Horizon Guyot occurs at a water depth of ~900 m
and has an oxygen content of ~45 mmol kg-1. The
Co-rich Mn crust was taken at water depth of 1800–
1780 m where the oxygen content of seawater was
~90 mmol kg-1. At Lamont Seamount, the OMZ occurs
at a water depth of ~1000 m and has an oxygen content
of ~50 mmol kg-1. The Co-rich Mn crust was taken at
water depth of 2450 m where the oxygen content of
seawater was ~120 mmol kg-1. The Co-rich Mn crust
from Lamont Seamount therefore formed under
slightly more oxygenated conditions than the crust
from Horizon Guyot.

For Afanasiy-Nikitin Seamount, the distribution of
oxygen in seawater is taken from Profile 108N, a S–N
Profile in the Indian Ocean at 80°E (http://www.
ewoce.org/gallery/18_OXYGEN.gif; Fig. 5). From this
profile, it can be seen that the OMZ at ANS occurs at a
water depth of ~900 m and has an oxygen content of
~45 mmol kg-1. The Co-rich Mn crust was taken at water
depth of 1800–1780 m where the oxygen content was
~90 mmol kg-1. A W–E profile showing the distribution
of dissolved oxygen in seawater at Afanasiy-Nikitin
Seamount can be seen in the W–E Profile IO2 (http://
www.ewoce.org/gallery/12_OXYGEN.gif; Fig. 6).

For the NE Atlantic Seamounts, the distribution of
oxygen in seawater is taken from Profile AO5 which is
a W–E Profile in the Atlantic Ocean at 25°N; http://
www.ewoce.org/gallery/A5_OXYGEN.gif; Fig. 7).

Fig. 4 Profile PO3 showing the distribution of dissolved oxygen in seawater on a transect from Horizon Guyot to Lamont
seamount in the Equatorial N. Pacific (http://www.ewoce.org/gallery/P3_OXYGEN.gif). The Profile is taken from
Schlitzer (2000).
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The Co-rich Mn crust at Lion Seamount was taken at
water depth of 1800–1780 m where the oxygen content
of seawater was ~210 mmol kg-1 and the OMZ was at a
depth of ~800 m where the oxygen content of seawater
was ~100 mmol kg-1. The Co-rich Mn crusts at Tropic
Seamount were taken at water depths from 1000 m
to 2500 m where the oxygen contents of seawater
ranged from ~140 to 240 mmol kg-1 and the OMZ was
at a depth of ~800 m where the oxygen content of
seawater was ~100 mmol kg-1.

These results show that the Co-rich Mn crusts from
Horizon Seamount, Lamont Guyot and Afanasiy-
Nikitin Seamount formed under similar conditions
but that crusts from the NE Atlantic seamounts
formed under more oxygenated conditions. Hein et al.
(2000) considered the OMZ in the oceans to occur at

water depths of 800–2200 m but it actually occurs at a
water depth of 800–900 m at the locations studied
here.

Based on oxygen contents of seawater (Figs 4–7), it
would appear that 1500–3000 m is the most favourable
depth range for the formation of Co-rich Mn crusts.

5. Composition of the Co-rich Mn crusts

The compositional data for the Co-rich Mn crusts
studied here are somewhat limited because the
data have not been collated in a systematic manner.
Different elements have been analyzed from each of
the study areas and, in the case of the NE Atlantic
samples, only average concentrations have been
reported (Koschinsky et al., 1995). Furthermore, the

Fig. 5 Profile IO8 showing the distribution of dissolved oxygen in seawater on a S-N transect from Antarctica to southern
India (http://www.ewoce.org/gallery/I8_OXYGEN.gif). The Profile is taken from Schlitzer (2000).

Fig. 6 Profile 102 showing the distribution of dissolved oxygen in seawater on a W-E transect across the Indian Ocean at a
latitude of 8°S (http://www.ewoce.org/gallery/I2_OXYGEN.gif). The Profile is taken from Schlitzer (2000).
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composition of the crusts from Horizon Seamount
and Lamont Guyot were determined by electron
microprobe analysis of spot areas whereas the com-
position of the crusts from Afanasiy-Nikitin Seamount
and the NE Atlantic were determined by bulk analy-
sis. The average composition of these crusts is listed
in Table 2.

From these data, it is seen that the Mn/Fe ratios of
the Co-rich Mn crusts are highly variable (0.83–2.33)

with the ratios from Horizon Guyot and Lamont
Seamount crusts being significantly higher than those
from Afanasiy-Nikitin Seamount and the NE Pacific
Seamounts. These higher ratios in the Lamont Sea-
mount crust Horizon Guyot and Lamont Seamount
crusts may, in part, be attributed to the fact that these
samples were analyzed by electron microprobe analy-
sis of manganese rich areas, 10 mm in diameter in the
case of the Lamont Seamount crust, and did not focus

Fig. 7 Profile AO5 showing the distribution of dissolved oxygen in seawater on a W-E transect across the Atlantic Ocean at
a latitude of 25°N (http://www.ewoce.org/gallery/A6_OXYGEN.gif). The Profile is taken from Schlitzer (2000).

Table 2 Average composition of Co-rich Mn crusts from Horizon Guyot and Lamont Seamount in the Pacific Ocean,
Afanasiy-Nikitin Seamount in the Indian Ocean and NE Pacific Seamounts in the NE Atlantic

Horizon Seamount
(Hein et al. 1992)

Lamont Guyot
(Ren et al. (2007)

Afanasiy-Nikitin Seamount
(Rajani, 2007)

NE Atlantic (Koschinsky
et al. 1995)

Na 1.32
Mg 1.48
Al 0.43 0.31
Si 2.19 1.21
K 0.46
Ca 2.81
Cr 0.35
Mn 28.2 30.1 19.8 17.7
Fe 12.1 15.3 19.2 21.3
Co 0.44 0.54 0.58 0.55
Ni 0.38 0.60 0.27 0.34
Cu 0.11 0.08 0.07
Zn 0.10 0.07
Pb 0.26 0.20
Ti 0.85 0.87 0.9
Mn/Fe 2.33 1.97 1.03 0.83
Water depth (m) 1800–1780 2450 1650–3200 1000–2500
n 50 181 8 20

All analyses in percent.
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on interstices within the crusts enriched in clay miner-
als. The Co contents of the crusts are in the range 0.44–
0.58% and somewhat low compared to the contents in
crusts taken from a similar depth in the Mid-Pacific
Mountains (Table 3). The Ni/Cu ratios of the crusts are
in the range 3.4–4.9. These high ratios in the crusts
reflect the fact CuCl3

2- and CuCO3°are the dominant
forms of Cu in seawater and are not readily adsorbed
onto the surface of negatively charged MnO2 (Glasby,
1974; Glasby & Schulz, 1999).

In their paper, Halbach and Puteanus (1984) showed
that the maximum Co contents in manganese crusts
taken from the Line Islands chain and the Mid-Pacific
Mountains occur at water depths of 1900–1100 m
immediately below the OMZ which is located at a
depth of 800–1200 m. At these depths, the oxygen
content of seawater is a minimum and the Mn content
in seawater is a maximum at ~2 nmol kg-1. Since the
flux of Co to the surface of the crusts remains constant
with water depth at ~2.9 mg cm-2 ka-1, these authors
concluded that the Co content of Co-rich Mn crusts is
at a maximum just below the OMZ.

Mangini et al. (1987) have also compiled data on
variations in the composition of Co-rich Mn crusts
from the Mid-Pacific Mountains with water depth and
shown that the Co contents of manganese crusts
decrease systematically with water depth in the depth
range 1100–4400 m (Table 3). In addition, Rajani et al.
(2005) have shown that the Ce anomaly in Co-rich Mn
crusts from the Afanasiy-Nikitin Seamount decreases
systematically from 8.1 at a water depth of 1650 m to 1.6
at a water depth of 3100 m.

Based on the distribution of dissolved oxygen
with depth in the oceans as shown in Figures 3–5, the
optimum depth for the formation of Co-rich Mn crusts
lies in the range 1000–3000 m in agreement with
previous observations.

6. Conclusions

This paper presents for the first time profiles showing
variations in the concentration of oxygen in seawater
with depth across three study areas. The use of eWOCE
profiles to trace the oxygen contents of seawater at the
OMZ and at the depth of formation of the Co-rich
crusts enables a much better understanding of the
factors controlling the formation of Co-rich Mn crusts
at different locations and water depths to be made. Use
of these profiles should become standard in interpret-
ing marine geochemical data in the oceans.
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