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CHAPTER 1 

INTRODUCTION 
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1.1 Historical background 

The deep seabed is one of the newest and potentially most rewarding area that 
A- 

has challenged the mankind in its quest for knowledge and material achievement. 

Resources of the deep seabed promise to make an enormous contribution to the 

world's resource. One of the resource of interest are the manganese nodules, which 

lie on the ocean floor. Other than manganese, these nodules contain various metals, 

such as, copper, nickel, cobalt, molybdenum, vanadium and titanium. The discovery 

of marine manganese nodules took place in 1872-1876 during voyage of the H.M.S. 

Challenger. Deep-sea nodules were recovered for the first time on 18th Feb. 1873, 

approximately 300 km southwest of the Island of Ferro in the Canary Group (Murray 

and Renard, 1891). 

Although manganese nodules have been known for more than a century, the 

interest in exploring these vast deposits has begun only in the last couple of decades 

when John Mero (1965) suggested the possibility of mining manganese nodules as an 

alternative source of metals to existing land deposits. As a result the search for 

marine resources has lead to delineation of ,c large deposits of manganese nodules 

in(Atlantic, Indian and Pacific Oceans (Cronan, 1980). 

1.2 Morphology and chemistry of manganese nodules 

Nodules are generally found in the abyssal area of the world oceans under 

conditions associated with low sedimentation and sufficient input of metal oxides from 

the hydrogenous as well as digenetic sources. Nodules are earthy, black, potatc 
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shaped, spherical deposits with a specific gravity of 2.0 (Anonymous, 1982). They 

may also be found in varied forms and shapes, reflecting different formation 

processes. They occur in many sizes from 0.5-10 cm in diameter, although the 

majority belong to 3-4 cm class. Internally, some nodules show concentric bandings, 

which signify layer-by-layer growth of nodules over a period of time. The outer 

layers of different metals accrete around a nucleus which may be a clay particle, rock 

piece or a shark;tooth. 	Nodules exhibit heterogenous chemical composition (Table 

1.1): 

Table 	1.1: Examples of metal content in manganese nodules 

Sample Mn Fe Co Ni Cu 
< 	 (wt.%) 	 > 

Nodule A 9.50 17.00 0.16 0.13 0.07 

Nodule B 25.60 4.10 0.16 1.57 1.28 

Nodule C 18.63 19.64 0.48 0.31 0.13 

Nodule D 42.30 2.47 0.17 0.26 0.15 

(Anonymous, 1982) 

1.3 Factors controlling distribution of nodules 

There are certain factors which determine the distribution of nodules. 

a. 	Rate of sedimentation: 

Low sedimentation leads to high concentration of nodules at the sediment 

surface (Horn et al, 1972a). The highest concentration of nodules is found in 

siliceous ooze areas or red clay areas where sedimentation rates are low (1-3 mm in 
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1,000 yrs) (Hays et al, 1969). High concentrations of nodules or thick encrustations 

can also occur on seamounts where sedimentation is limited as a result of currents. 

b. Age of seafloor: 

The total time available for accretion of the oxides influences abundance and 

distribution of nodules. The Fe-Mn encrustations increase as seafloor gets older away 
ti 

from the ridge ores), (Glasby, 1970). 

c. Availability of Nuclei: 

The Fe-Mn oxides accrete around a nucleus, which may be a fragment of 

altered volcanic rock (palagonite or pumice) and sometimes sharks teeth. The 

distribution of volcanic nuclei is related to variation in the incidence of submarine 

volcanism, and explains the relatively high concentrations of nodules in volcanic areas 

(Horn et al, 1973). 

1.4 Distribution of nodules 

The distribution of nodules is known to be highly variable over small areas of 

seafloor, thus ocean-vvide nodule distribution charts(show only average concentrations 

(Glasby, 1976). Nodules vary from 75% to almost zero coverage on the seafloor 

within a few hundred meters (Kaufman and Siapno, 1972). Data on distribution of 

nodules was initially collected from dredging; followed by deep sea coring, which was 

also used to estimate nodule distribution beneath the sediment surface, and later deep 

sea grab (Mero, 1965). In recent years, underwater camera and television are 

becoming common for estimating the distribution of nodules on the ocean floor. 
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Preliminary data collected on manganese nodules using various techniques ham 

shown a very high percentage of nodule occurrence in the Pacific Ocean, followed by 

the Indian Ocean and the Atlantic Ocean (Table 1.2). 

Table 	1.2: 	Nodule occurrence for ocean areas from sediment samplers and 
photographs 

Area 	 Total 	 Occurrence 
Stations 	 of nodules 

North Pacific 16546 3004 (18%) 

South Pacific 9077 1118 (12%) 

Indian 5406 486 (9%) 

Atlantic 19178 654 (3%) 

All oceans 50207 5262 (10%) 

Clarion-Clipperton Zone *  1783 1150 (64%) 

(Anonymous, 1982) 

Because the CCZ is the area of prime commercial interest, the values for it are 
listed separately; however, they are also included in the North Pacific total/. 

Nodule distribution in the Pacific is better known than in the other oceans. 

High concentrations occur in an east-west band in the North Pacific between 6°30'N 

and 20°N. In the northern portion of the area of high nodule concentration, sediments 

are predominantly red clays with sedimentation rates of around 1mm/1000 years; 

whereas in the south, they consist of siliceous oozes with sedimentation rates of 

3mm/1000 years. In the South Pacific, nodules are more irregularly distributed due to 

greater sedimentological and topographic diversity, with the highest concentration of 

nodules in the South West Pacific Lin, which is an area of slow (0.3 - 0.5 mm/1000 
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years) deep-wittep sedimentation; the deposits consist principally of fine"red to 

chocolate brown clays. 

Nodule distribution in the Atlantic is more limited than in the Pacific, as a 

result of differing patterns of sedimentation in the two oceans. The Atlantic receives 

much greater amount of terrigenous sediments relative to its size than the Pacific and 

the sedimentation rates are tWO high to permit development of extensive nodule 
t- 

deposits. Another inihibiting factor is the general shallowness of the seafloor, as 

tiLei0(' 
much of it lies above the sathoaate" compensation depth. Rapid biogenic 

sedimentation inhibits nodule growth, as does terrigenous sedimentation in the 

marginal areas areas of the oceans. L isgest abundances are found between the Mid-Atlantic 

Ridge and the abyssal plains adjacent to the continental margins. 

Distribution of nodules in the Indian Qcean is more common in the basins/ 

than the elevated areas with highest concentrations in the depressions on either side 

of the 90° East Ridge (Fig. 1.1) This is an area of low sedimentation rates (1-3 

mm/1000 years) and far away from terrigenous input from land. 

1.5 Environment of nodule occurrence 

Although nodules are abundant throughout the oceans, they,are more common 
as 

in certain environments. Nodules can be classified ipte several depositional 

environments on the basis of their chemical and mineralogical differences. Average 

concentrations of different elements for these classes (Table 1.3) show that seamount 

nodules are characterised by high cobalt content, border-land varieties by high Mn/Fe 

ratio, and abyssal nodules by high Cu content (Glasby, 1976). There is little 



Seamounts Plateaux Active 
Ridges 

Mn 14.62 17.17 1531 
Fe 15.81 11.81 19.15 
Ni 0.351 0.641 0.306 
Co 1.15 0.347 0.400 
Cu 0.058 0.087 0.081 
Mn/Fe 0.92 1.53 0.80 
Depth(m) 1872 945 2870 

(Glasby, 

Other 
Ridges 

Continental 
Borderlands 

Mgixi 
Sim& 

19.74 38.69 15.65 
20.08 01.34 19.32 
0.336 0.121 0.296 
0.570 0.011 0.419 
0.052 0.082 0.078 
0.98 28.8 0.81 
1678 3547 1694  

--------------------------------- 
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difference between active ridge nodules and inactive ridge varieties other than Mn/Fe 
ti 

ratio, nor is there much difference between marginal seamount and bank nodules. 

Table 	1.3: 	Average abundances of Mn, Ni, Co and Cu in manganese nodules and encrustations from different 
environments (wt%) 

1.6 Criteria for exploitation of nodule deposits 

Ti Nodules are considered to be commercially viable if the deposits are 

paramarginal, i.e. nodule abundances are >5 kg/sq.m; and also the grade of nodules, 

i.e. Cu+Ni is >1.80% (Anonymous, 1987). Along with these, the seafloor topography 

must be favourable for the operation of a nodule collector. 

1.7 Research and development activities for nodule exploration 

Various countries such as France, U.S.A., U.S.S.R., Japan as well as India 

embarked on the exploration of the nodule deposits in the seas surrounding them. 

Although other countries have been looking for nodules for a longer period 

of time, India was the first country to be alloted the area of 1)50,000 sq.km . in the 

Central Indian dean by/United Nations. Most of the research work being carried out 

on manganese nodules is at the Scripps Institution of Oceanography (SIO) in U.S.A., 

which has created a large data base from the data collected by different research 
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vessels in different areas (Anonymous, 1982). This data base contains about 60,000 

station records/collected from geological cruise reports issued by government agencies 

and oceanographic institutions. In addition to data on seabed samples and underwater 

camera operations, there are 6,500 chemical analyses of nodules and crusts for Mn, 

Fe, Co, Ni, Cu, Zn, Pb, Al, Si and Ca. 

Similarly the French group (AFERNOD) has been carrying out research on 

manganese nodules using a variety of sampling devices and photography systems 

(Lenoble, 1980). The Geological Survey of Japan is also engaged in nodule 

exploration in the Pacific (including the Clarion-Clipperton zone) and has done 

investigations on various aspects of nodules such as mineralogy, geochemistry, internal 

structure/ and ail related topics like sedimentology, petrography, stratigraphy etc 

(Usui, 1994). Similar research is also going on in the UK, F G, New Zealand, South 

Africa and some other countries. Some of the ocean mining consortia have also been 

collecting data for more than a decade; their efforts are focussed mainly on,t(areas 

which have more commercial importance in the Pacific. 

The "Surveys for Polymetallic Nodules in the Indian ocean" started by locating 

the submarginal deposits in the Arabianqea which was followed by"theexploration 

in the Central Indian Basin. The study area was explored using different types of 

grabs, corers, dredges and photography systems/ which led to India's claim in this 

area. Nodule deposits in this area are designated to be commercially viable, with 

>2.47% of Cu+Ni+Co and >5kg/sq.m of abundance (Sudhakar, 1989). 
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1.8 Study area 

The Central Indian Basintis located between south of Sri Lanka and the 
RyaVevit,  

South-East Indian Ridge, and the Central Indian Ridge and the Ninety-degree East 

Ridge (Fig. 1.1). The triple junction at 25°30'S and 70°E/ represents the intersection 

of the Central Indian Ridge, South west Indian Ridge and Southeast Indian Ridge; 

thereby separating the Indian, Antarctic and African plates. In the CIB, spreading 
ti 	 A. 

rates reported are 3.6 cm/year between anomalies A21 and A23 and 8 cm/year 
juitki.ta 

between anomalies A23 and A25 and the age of the crust in this area y_aties between 

54 and 62 My. (Kamesh Raju and Ramprasad, 1989). Some major and minor 

fracture zones have been reported in the arewhich essentially run in the NNE - SSW 

direction. The major ones are Indira (83°) and Indrani (79°) fracture zones (Mckenzie 

and Sclater, 1971) and the recently reported 73 °E and 75°45' E fracture zones 

(Kamesh Raju et al, 1993). 

The regional bathymetry of the area (Fig. 1.2) shows water depths between 

4100 m and 5550 m with a large number of seamounts and abyssal hills in the 

southern and the southwestern parts whicir trave-fizalts- with variable slopes (0-35°), 

and t abyssal plains as well as t Intervening valleys in the rest of area (Kodagali, 
ti 

1989; Kodagali et al, 1992). Many of the seamounts are clustered around,efracture 

zones observed in the area (Kamesh Raju eta), 1993). Some of these seamounts have 

cOrrA-e.,%-s 
a relief of more than 1000 m (Mukhopadhyay and Khadge, 1992)/whereas SC4114-44--- 

A., 	
m' 4- 

,t 	'"have steep slope/ on one side pergentle slope/ on the other (Kodagali, 1993). 
k. 

Siliceous ooze is the dominating sediment in the area/with a thin strip of calcareous 

ooze in the west and red clays,6 the south (Udintsev, 1975). The area surveyed for 
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Fig.I.2 Bathymetry of the Central. Indian Basin (depths are x 100m ) 
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this study lies between 10° and 16° latitudes, and 72° and 82° longitudes, comprising 
A 

an area of 7,26,000 sq km. 

1.9 Objectives and scope of the present study 

,T‘nodule sampling in this area was carried out with the free fall grabs:tvier 

deployed at intervals as close as 1/8th of a degree (equal to 14 km) more 

promising areas were then dredged for bulk samples. Cameras attached to the freefall 

C 
grabs were used for photography of seabed (Fig. 1.3) at the sample locations. In order 

ti 

to collect data in the areas between sampling stations, deep towed camera operations 

were carried out. Use of underwater photography as an exploration tool is 

comparatively a new aspect on which extensive research is being carried out all over 

the world. This study contributes to these efforts of using photograph data for 

understanding and quantifying the distribution of manganese nodules in the CIB. 

Althoughi ;Idconventional sampling devices such as 	grabs and dredges are 

extensively used to collect 	nodule and sediment samples, studies show that camera 

01/4./ 

operations have higher number of positive results (35% of nodule occurence), as 

compared to various types of samplers (7-20%), 11lynextito box corers (41%) (Table 

1.4). This is because nodules have a patchy distribution and Oa most samplers 

cover a small/area/they may miss the nodules, whereas a photograph records nodule 

occurrence over larger areas, recording isolated nodules as well (Fig. 1.4). Only the 

02)21Ply 	 fluAA 
box corer penetrates 	than other samplers and collects buried nodules also, having 

A 

higher success rate. 



Fig. 1.3: Photographs of Fe-Mn nodules and crusts on the 
Central Indian Basin (depth = 4800 - 5200 in); 
(a) Dense polymetallic nodule field 

(b) Fe-Mn crust on rock outcrop 

seabed in 4(7- 



AREA COVERED BY SEABED PHOTO 
AT I.5m ALTITUDE = 0.7776 m 2  

Fig. 1.4 .Comparative areas of a photograph with different 
sampling equipment 
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Operation/ of all the types of samplers is tedious, time consuming, and 

expensive; whereas photography is faster, involves less mechanical failures and hence 

/ is economical. Although/ the technique of underwater photography has been 

generally used for study of benthic biology (Lampitt et al, 1984; Rice et ca, 1985; 

Thorndike et a/, 1982) it can also record the occurrence of nodules in their insitu 

environment, alongavith all the features associated with them on the seafloor, such as 

the microtopography, rock outcrops, sediment character, biogenic activity, current 

action etc. Hence, photography gives a wide variety information besides nodule 

distribution/ which the other samplers do not record. 

Table 1.4: 	Proportion
A  

of stations with nodule occurences 
from sediment samplers and camera stations 

(i
) 

Data From 	 % Occurrence 

Corers 9 
Grab Samplers 7 
Dredges 20 
Box Corers 41 
Camera Stations 35 

(Anonymous, 1982) 

The present study is an attempt to estimate the nodule population as well as 
t- 

to study the distribution characteristics of nodules from underwater photograph data. 

Hence, the objectives of this study are: 

to develop photography as a reliable technique for quantitative estimation of 
Ott ,  do, 

nodul0, 

(ii) to study the distribution characteristics of nodules with respect to the associated 

environmental features from photographic technique, 
wo 

(iii) to apply the seabed photograph' data for exploitation of nodules. 
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e. 

Since, underwater photography is a newly developing tool for, exploration of 

manganese nodules, the methods for their interpretation and quantification of features 

are not fully well established. During the course of this study a complete procedure/ 

for interpretation and storage of data, called "SPHINCS" (Seabed Photographs 

Interpretation and Cataloguing System) was evolved which uses specially developed 

format for data acquired from photos. 

In recent years, there are some studies related to use of photography data to 
afkit'S 9, 	 ,i.  

:7 	'' 
	 ry , t 

estimate nodule concentration (Annoymous, 1982). These include luse of cartoons and 

planimeters for estimating nodule coverage (Frazer et al, 1978; Fewkes et al, 1979), 

measurement of dimensions of nodules recovered in grab for standardisation of weight 

concentration (Lenoble, 1980) and comparison of nodule parameters in photo to grab 

abundance (Handa and Tsurusaki, 1981). In this study, some of the nodule 

parameters from seabed photos were used to develop emperical formulae for 

quantitative estimation of nodule population and burial ( om  photo dai0. 

To understand the environment of occurrence of nodules, their distribution/  was 

studied in relation to the various associated features, such as sediment cover, rock 

exposures, seabed topography, and biogenic activity. The sediment-water interface 

creates a thin fluffy layer which is known to obscure the nodules from camera view. 

This causes variable burial of nodules under this Sediment-Water Interface Boundary 

(SWIB) layer (Sorem and Fewkes, 1979) which results in under-estimation of nodule 

abundances from photographs (Anonymous, 1982). Nodule abundances from 

photographs and grabs were compared to estimate the burial caused by the SWIB 

layer. The need for a correction factor to account for nodule burial (Handa and 
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Tsurusaki, 1981; Fewkes et al, (1979) and Felix, 1980) has been established by this 

study. 

Study of the distribution characteristics of nodules has helped to understand 

the environment of occurrence of nodules, and also in identifying potential areas 

suitable for mining. The patchy distribution of nodules can be related to the local 

environmental factors, such as the distribution of suitable nuclei and local variations 

4-9- 
in pattern of sedimentation (Glasby, 1977). The rock exposures near the summits of 

seamounts are the most common source of nucleus, which is then transported along 

the slopes, where accretion takes place. T sedimentation in CIB is known to be 

very low (2-3 cm/million years), which is the source of various metal oxides which 

accrete around a nucleus. 

Submarine erosion of rock outcrops, fragmentation and accummulation along 

slopes' along with bottom currents which would prevent the accumulation of sediment, 

lead to higher accretion of Fe-Mn oxides in certain areas, resulting in preferential 

concentration of nodules along the slopes of abyssal hills (Moore and Heath, 1966). 

Sediment erosion due to current action (Mero, 1965; Heezen and Hollister, 1971): 

might cause buried nodules to be exposed in these areas which was established in this 

study. The distribution of nodules, as well as the locations of rock exposures and the 

extent of sediment cover were correlated with local as well as regional bathymetry, 

and five zones of distribution with respect to different topographic settings were 

identified. 
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Large volume of data (52,000 photographs along with 1130 
	

of subbottom 

and video data) were analysed in detail to estimate the areal coverage of nodules, 

crusts and sediments as well as to delineate potential areas of nodule deposits. The 

distribution characteristics of nodules alongwith the associated seabed features, were 

used to estimate the potential impact of their exploitation on the marine environment. 

These results can serve as important inputs for demarkation of mine sites and 

design of the mining system in future. 



CHAPTER 2 

METHODS OF DATA ACQUISITION 
AND INTERPRETATION 
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2.1 Introduction 

Data on manganese nodules are collected from a variety of mechanical devices, 

as well as underwater remote sensing techniques. The mechanical devices are 

conventional tools such as the grabs, corers and dredges, which are lowered either / 

freefall or tethered on a wirerope. These are time- consuming and subject to 

mechanical failures. Since ship time is expensive, it is not economical to use these 

mechanical devices in every stage of exploration. The underwater remote-sensing 

devices are easier to operate, faster and collect larger amount of data at every 

sampling location than the mechanical samplers. These techniques can be effectively 

employed for collection of regional seabed data, and physical sampling can be carried 

out at certain locations for ground check. 

In this study, efforts have been made to study the nodule deposits from two 

such techniques, namely underwater photography and deepsea echosounding supported 

by grab sampling for ground truth. Procedures were developed to interpre and 

catalogue the variety of data acquired through these techniques, so that they can be 

inferred and retrieved by a user of any discipline with ease. All the techniques used 

for acquisition of data and the methods developed for their detailed interpretation as 

well as systematic cataloguing have been described in this chapter. 
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2.2 Data acquisition 

2.11 Photography systems 

Data on seabed photographs were collected from two different types of camera 

systems, both being used for specific purposes. They are: 

a. Photoboomerang camera: 

The camera is attached to) freefall grab (Preussag), which is launched into 

the sea and travels untethered. The system not only collects the ocean bottom 

nodules, but also takes a photograph just before sampling the seabed. The shutter 

of this single shot camera is operate by the impact of the trigger weight suspended 

from the camera fixed inside the grab (Fig. 2.1). The area covered by each 

photograph, depends upon the altitude at which the camera is operated . Photographs 

are taken on standard 35mm, colour or B/W films. The advantage of using the 

photoboomerang camera system/ is that besides taking a photograph of the seafloor, 

the grab also collects a sample, which can be used as/ground truth. In this system, 

the photograph is taken from 1-2 m altitude and the area photographed varies from 47 

x 71 cm to 95 x 142 cm. 

b. Deeptow camera System: 

This system comprises individual units of e still cameras, video camera, flash 

attachment, altimeter and a stabilising fin mounted on a tow frame (Fig. 2.2), which 

e  
is suspended from the ship with 18 mm coaxial cable. The camera consists- of35mm, 

B/W film 	can take uji'to 6000 photographs continuously either in manual mode 

or in programme mode at regular intervals. A depressor unit consists of a pinger, 



cot`t 4 

Fig. 2.1: Photo boomerang camera Nyith seabed photo 



Fig. 2.2: 	Deeptow camera system with strip of photos 
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which gives sound signals for locating the tow frame, and the subbottom profiler as 

well as the side scan sonars, which record the characteristics of the seafloor. Data on 

date, time, photograph number and altitude are recorded on all the photographs, video 

and the sonar records. The advantage of the deeptow camera system is that a large 

number of photographs can be taken in a single operation. The deeptowed camera is 

operated from —5 m altitude above the seafloor, hence covering larger area (5 - 18 

sq.m) on the seafloor. 

2.22 Echosounding 

a. Single beam echosounding: 

Another technique used for data collection is the underwater echosounding for 

the determination of the depth of the seabed at various sampling locations as well as 

between them. This system is operated throughout the survey period/and the data are 

used to plot the bathymetry of the area. This system comprises a hull-mounted 

transducer, which transmits sound pulses at a particular frequency, which travel 

through the water column and the reflected pulses are received and processed by the 

system for two-way travel time, at the rate of 1,500 m/sec. The travel time is 

converted to depth of the seafloor, which is recorded on the EPC recorder (Fig. 2.3) 

on the ship. 

b. Multibeam echosounding: 

The Hydrographic multibeam Sweeping survey echosounder system is used for 

surveying the seafloor as well as for display and recording of morphological structures 

in areal and isoline representations. It works with a frequency of 15.5 KHz. The sound 

signals are transmitted through an array of 59 beams, which are situated perpendicular 



Fig. 2.3: Samples of echosounding records showing seamounts and 
abyssal plains in the study area 
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to the longitudinal axis of the vessel. These beams cover a swath (horizontal area on 

seafloor), of about twice the vertical distance to the seabed. 

2.23 Navigation 

Navigation data are used for determining the location of the stations where 

sampling and echosounding are carried out. Shipboard satellite navigation system 

receives signals from orbiting satellites regarding the ship's position in terms of 

latitude and longitude. This system is also capable of calculating the distance, time 

required, course and drift for travelling to the subsequent stations, as well as updatO 

the position of ship with respect to the previous satellite position. 

2.24 Sampling 

Sampling of the seabed is carried out by means of devices such as: 

a. Freefall grabs: 

A grab is attached to a buoyant body (Fig. 2.4) made of glass spheres and the 

system is deployed in the seawater without any cable or line and is capable of 

travelling downwards on its own due to the ballast weights fixed to the sides. When 

it hits the sea bottom, the weights get released and the grab closes, thus collecting 

the sample. It is brought up due to the buoyancy of the glass spheres. The capacity 

ekeit 
of this grab is 20 kg of nodules and cover an area of-0.13 sq.m. 

k 

b. Photo-Okean Grabs: 

These grabs are operated on a steel wire rope and collect a sample of the 

sediment and nodules, as well as take 4-5 photographs at the same location. The area 

covered by them is 0.24 sq.m. 



Fig. 2.4: 	Freefall grab being launched at the site 
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c. 	Dredges:  

Large box dredges of the height of 2 m, base length of 1.5 m and width of 0.5 

m are lowered on 18 mm wire rope and dragged on the seafloor to collect a large 

amount of nodules. These are generally used for bulk samples of nodules for 

metallurgical studies, but also collect large pieces of Fe-Mn encrustations which come 

in its path, which other grabs and corers cannot collect. 

2.3 Data computation 

When this study was taken up, no standard proceidure was available for 

interpretation and estimation, as well as for cataloguing of data from the seabed 

photographs. Hence during the course of this study, a system was specially developed 

which enables interpretation, storage and retrieval of data, which is named as 

SPHINCS (Seabed PHotographi INterpretation and Cataloguing System). The 

procedure followed is shown in the flow chart (Fig. 2.5). This system can be used for 

quantitative estimation of the nodule parameters, as well as a qualitative evaluation 

of the features associated with them. This interpretation and cataloguing system can 

also be adopted for the study of any other features studied by underwater photography 

technique. 

2.31 Estimation of nodule parameters 

ON( 
a. 	Estimation of area photographed on the seabed: 

The area covered by each photo is calculated from the lens angle and the 

altitude (Fig. 2.6), by the empirical formula: 

D = X * tan 	 (1) 



I SHIPBOARD DATA COLLECTION 

PROCESSING OF FILMS / NUMBERING OF PHOTOS I 

DETAILS OF CRUISE OPERATIONS 

INTERPRETATION OF DATA 

Qualitative analysis 
of features 

 

Quantative estimation of 
size,coverage,abundance 

   

STORAGE AND RETRIEVAL IN dBASE III+ 

DATA PROCESSING 

PRESENTATION OF DATA (MAPS,CHARTS,TABLES,ETC.) I 

Fig. 2.5 Flow chart for processing of photo data 



19 

where 8 = half of the viewing angle of the lens, 

X = altitude from the seabed and 

D = half of the length of the rectangular area photographed on the seafloor. 

Here, D is determined from X (recorded on every photo) and 0 (= 25.5°). After the 

calculation of D, the length (L) and breadth (B) of the rectangular area photographed 

on the seafloor are calculated as: 

L = 2 * D, and 

B = 2/3 * L 

Hence, the total area (A) photographed on the seafloor is 

A = L * B 

b. Measurement of dimensions from the photographs  

In order to measure the dimension of any feature on the seafloor, the scale 

factor (SO needs to be calculated from area of the photograph and area photographed 
A 

on the seafloor, as follows: 

Sf = (Ap/ap)' 	 (2) 

where Ap = Area photographed on the seabed and 

ap = Area of the photograph. 

It can be used for measuring the diameter of nodules, or length of an organism, or any 

other feature on the seabed. 

c. Estimation of nodule coverage  

Coverage (C) refers to the area covered by the nodules (in percent) with respect 

to the area photographed on the seabed. Hence, 

C = (At/ap) * 100 	 (3) 

where At = total area covered by nodules. 
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Fig. 2.6 Schematic for calculation of area photographed 

on the seabed . 
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There are different methods for
t
estimation of coverage. It can be done by 

superimposing a square grid with the same dimensions as of the photograph and 

counting the squares occupied by the nodules (Bastein-Thiry, 1979), an optical 

image-analyser (Handa and Tsurusaki, 1981), an electronic planimeter or templates 

(Fewkes et al, 1979), point counting and cartoons (Anonymous, 1982; Frazer et al 

1978). A faster method is to estimate coverage using the point counting method for 

a reference set of photographs4,01ougtnytoidifferent coverages, and visual comparison 

of the 9therplotosi with these reference photos. This method is faster than the use of 

an electronic analyser, which may also be expensive and time- consuming 
11, 

(Bastein-Thiry, 1979). Moreover, the accuracy is restricted by the analyser's ability 

to differentiate between nodule boundary and sediment cover (Fewkes et al, 1979). 
L ,c-LN •-t 	' 4  

Howev6r, in order to improve the accuracy, a computer-oriented approach was 

envisaged to evaluate the nodule coverage from photographs, combined with manual 

interaction to discriminate betweenei  nodules and the sediments while digitizing the 

photographs. An interactive digitization software (PHDIG) was developed in ANSI 

77 FORTRAN, at NIO (Ramprasad and Sharma, 1989), wherein a number of points 

on each nodule boundary are digitized by the operator. The outline of each nodule 

is considered to be a polygon and is divided into a number of triangles made from 

lines radiating from a central point to the apices on the circumference. The central 

point is chosen such that the radiating lines from this point do not intersect the 

circumference at more than one point (Fig. 2.7). For 'n' number of points on the 

circumference, the area of a nodule is given by the following equation: 



„K. ariK4C:".kat 
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Fig. 2.7 Schematic for estimation of nodule size by digitising . 
software. 
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AN = ( I O l,i,i+1) 6 1,n,2 
i=2 

where AN = Area of nodule 'N' 

6 = represents area of the triangle defined by corners at the suffix. 

The total area covered by all the nodules in a photograph is: 

t 
At = 	ANi 	 (4) 

i=1 

where t = total number of nodules. 

The area of the photograph (ap) is calculated by digitizing the corners of the 

photograph and the coverage (C) is computed from the equation (3). The average 

nodule diameter (D) is computed by equating the perimeter of the nodule to that of 

a circle, as: 

D = Pht 	 (5) 

where P = 	perimeter of the nodule (which is the sum of the sides of the polygon). 

Although, this method is more accurate, it is extremely time consuming, as it 

involves digitisation of each nodule in the photograph, and can be used for 

representative estimates. 

d. 	Calculation of nodule abundance: 

Abundance of nodules is nodule concentration in weight per unit area. For 

estimation of the abundance, different workers have suggested a few methods which 

use the data from the grabs as well as the photographs (Felix et al, 1980; 

Bastein-Thiry, 1979; Lenoble, 1980; Fewkes et al, 1979). However, the nodule 

abundance can be calculated directly using data from the photographs alone by using 

the empirical equation between nodule abundance (from grabs) and nodule coverage 

21 

(3) 
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(from photos) developed by Handa and Tsurusaki (1981), as follows: 

Abun(photo) = 7.7 * D * C/100  	(6) 

where Abun(photo) = Abundance in photograph (kg/m 2) 

D = Average nodule diameter (cm) 

C = Nodule coverage (To). 

This relation was improved upon, during this study, from the data acquired in 

the Central Indian Ocean (Chapter 3). The abundance from the grab, Abun(grab), is 

calculated by dividing the weight of the nodules recovered in the grab, by the area of 

the grab. 

e. Relative abundance: 

Since this study aims to develop/ the photographic technique for quantitative 

estimation of seafloor features, a relation to ascertain the reliability was developey 

which gives the percentage of agreement between the photo-abundance and 

grab-abundance, which is calculated as follows: 

RA = {Abun (photo)/Abun (grab)} * 100  
	

(7) 

The relative abundance is higher in the areas where more nodules are exposed 

and hence recorded in photos, increasing the reliability of this technique in such areas. 

f. Percentage of buried nodules  

Since, the photographs record only the exposed nodules, and the grabs collect 

the buried nodules also, the relative abundance can be used to estimate buried nodules. 

The percentage of buried nodules (B) is complimentary to the relative abundance, and 

is calculated as: 

B = 100 - R 	 (8) 
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2.4 Interpretation of seabed features 

2.41 Nodules 

Since the features associated with nodules can be studied from photographic 

data, seabed photographs help to understand the environmental setting of the 

nodules. The nodules occur on the seabed in varying coverages and sizes, which 

determine the nodule abundance at different locations. However, generally 

photographic estimates are lower than that from the grabs as dtk‘ buried nodules are 

not seen in the photograph (which the grab collects). The extent of burial depends 

upon the size and shape of nodules and the thickness of the SWIB layer. This relation 

can be used to evolve a correction factor to arrive at a more accurate estimate of 

nodule abundance from the photographs. By use of the photograph/ data, the 

distribution characteristics with respect to the associated seabed features can be studied 

in detail (Chapter 3, 4, 5, 6). 

2.42 Rocks 

They can be observed as large outcrops within the sediments and nodule fields \ 

are oceanic basalts, which have either acquired Fe-Mn encrustations, or are broken 

fragments that act as centres for accretion of oxide layers to form nodules. Broken 

fragments drift downslope from the peaks, and when exposed, get coated with metal 

oxides, resulting in abundant distribution of nodules along the lower slopes of 

seamounts and abyssal hills. This distribution of outcrops and fragments with respect 
A 	 rt` 

to nodule concentration, show the influence of rocks on nodule accumulation 

(Chapter 5). 
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2.43 Sediment cover 

The thin, fluffy, sediment-water-interface- boundary (SWIB) layer (Sorem and 

Fewkes, 1979) which is known to bury nodules and obscure them from camera view 

(Fewkes et al, 1979) can be observed froni photos. Thickness of sediment layer can 

-Ak 
be estimated from impact of camera counterweight, whereas the extent of nodule 

burial can be evaluated from the relative abundance. Hence, the role of sediment in 

burial of nodules can be studied from the photographic data (Chapter 3). 

2.44 Biota 

A variety of biogenic features such as tracks, tubes, fecal casts and burrows 

as well as benthic organisms are commonly observed in)nodule areas/which can 

be related with nodule abundance and coverage. This relationship is useful for 

conservation of deepsea environment from the effects of nodule mining (Chapter 8). 

2.5 Data storage and cataloguing 

In order to catalogue the large volume and wide variety of data collected from 

sea-bottom photographs has during this study, standard format was developed for 
k 

cataloguing of information on ,quantitative estimations as well as qualitative 

interpretations of nodules with associated environmental parameters. This includes 

operational details (latitude, longitude, depth, film colour and status of operation); 

camera settings (aperture, altitude and area covered); observations on seabed features 

(microrelief, biota, rock exposure, sediment characteristics, and seabed minerals) and 

measurement of various parameters of nodules (size, coverage, and abundance). All 
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the information from the photographs which are used for interpretation are catalogued 

in dBASE III+ (Table 2.1), which facilitates easy acquisition, storage, retrieval and 

processing of data from photographs by users from various disciplines (Sharma and 

Kodagali, 1990). 

Table 2.1: 	Example of structure for cataloguing seabed photography data in 
dBASE III+ 

Field Field Representation Type Width No. of 
No. Name of 

field 
decimal 
places 

1. Sequence no Number Character 7 
2. Ship Name Character 6 
3. Cruise Number Numerical 4 
4. Station Number Character 4 
5. Latitude Degrees Character 8 
6. Longitude Degrees Character 8 
7. Depth Metres Numerical 7 2 
8. Camera type Make/model Character 3 
9. Camera view V= vertical, 

0= oblique 
Character 1 

10. Film Colour, B/W Character 3 
11. Focal length Metres Numerical 4 2 
12. Lens aperture f Numerical 3 1 
13. Photograph 

length 
Centimetres Numerical 3 0 

14. Photograph 
breadth 

Centimetres Numerical 3 0 

15. Quality of 
photograph 

VG= very good, 
G= good, 
F= fair, 
P= poor 

Character 2 

16. Topographic 
feature 

M= mount, 
S= slope, 
V= valley, 
P= plain 

Character 1 

17. Microrelief N= nil, 
R= ripple, 
S= scour, 
C= current 

Character 3 
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Table 2.1: 	Example of structure for cataloguing seabed photography data in 
dBASE III+ (Contd.) 

Field Field Representation Type Width No. of 
No. Name of 

field 
decimal 
places 

18. Biological 
activity 

N= nil, 
A= animal, 
T= tracks, 
B= burrows, 
C= casts 

Character 4 

19. Rocks/crusts Percentage Numerical 4 1 
(coverage) 

20. Sediments Percentage Numerical 4 1 
(coverage) 

21. Nodule Percentage Numerical 4 1 
(coverage) 

22. Nodule abun. Abun photo) Numerical 5 2 
(photograph) (kg/m ) 

23. Nodule abun. Abun (grab) Numerical 5 2 
(grab) (kg/m ) 

24. Relative 
abundance 

Percentage Numerical 5/100 2 

2.6 Processing of deeptow data 

In order to demarate potential nodule areas from the deeptow data, a number 

ICAA'L  
of software were developed as a part of this study, for the following purposes: 

1. calculation of area covered by every photograph from altitude and lens angle, 

2. estimation of abundance of nodules in every photo from coverage estimates, 

3. interpolating the position of every photo from the navigation data, 

4. merging the navigation and photo data. 

The detailed results of all the methods developed and explained in this chapter 

are described in relevant chapters. 



CHAPTER 3 

DISTRIBUTION OF NODULES AND 
ASSOCIATED FEATURES IN 

STUDY AREA 



27 

3.1 Introduction 

Data from 988 photographs 	been evaluated for distribution of nodule 

coverage and the estimation of nodule abundances in the study area. The distribution 

of various parameters associated with nodules, such as zt,he water depth, coverage of 

rocks (fe-Oln encrustations ?) and sediments, nodule sizes, and relative abundance, as 

well as comparison with grab data, have been evaluated in this chapter. 

3.2 Distribution of nodules and associated features 

3.21 Water depth 

Echosounding records digitised at the photographic locations, show that the 

water depths range from —4000 m to —5600 m. Their frequency distribution (Fig. 3.1) 

shows that a majority (78%) of the locations sampled and photographed occur between 

5000 m and 5400 m, a few locations (7.6 and 10%) have 5400 to 5600 m and 4800 

to 5000 m depths, and very few locations (0.1- 1.8%) have <4800 m or >5600 m of 

depth. Most of the locations with lower depths (<4800 m) correspond to abyssal 
& 

hills and seamounts, whereas those between 5000 m and 5400 m are file abyssal 

plains, and >5400 m are t e abyssal valleys on the seabed. 

3.22 Nodule coverage 

Of the "tal 988 photographs evaluated, no nodules were observed in 659 

photographs (i.e 66.77%), which shows that there are many locations where)* 

nodules are not exposed in the study area. Of the remaining 329 photos, nodule 
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coverage ranges from 1 to 90% (Fig. 3.2), and almost 72% of them have very low 

nodule density (<20% coverage), about 19% liaVe medium density (20-40% coverage) 

and <10% eve high nodule density (aV)va 40% coverage) (Fig. 3.3). A regional 

distribution map of the nodule coverage in the CIB (Fig. 3.4) shows that t medium 

and high nodule concentrations (20-40, 40-60 and >60%) occur in the southern and 

south western parts of the survey area, whereas* lower nodule coverage (<20%) ,06-  
e e 

the remaining areas. 

3.23 Rock outcrops (Fe-Mn encrustations) 

Rock exposures were observed in about 29 locations in the study area, their 

areal extent varying from 5 to 100% coverage on the seafloor (Fig. 3.5). Most of 

them (18 out of 29) have very high coverage (>70%), of which a majority (14) have 

almost 100% coverage on the seafloor. The remaining (11) have low to moderate 

coverage (5-60%). 

Observed between 4000 m and 5600 m of water depth, many of them (12/29) 

are located at depths less than 5000 m and are found to occur on the crests of the 

seamounts and their slopes. Similarly, many of these (12/29) also occur at 5200-5600 

m depth, these being the outcrops exposed on the flanks of the abyssal valleys in the 

area. These rock outcrops are generally associated with few nodules, as no nodules 

were observed at 20 locations (out of 29), less than 10% nodule coverage was 

observed at 4 locations, and only 5 locations had nodules between 10 and 50% 

coverage. 



a 

b 

Fig. 	3.2: 	Photographs of nodules with (a) low coverage and (b) high 
coverage on the seabed 
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Fig. 	3.5: 	Photographs of 
(a) rock outcrops (Fe-Mn encrustation); 
(b) complete sediment cover on the seabed 
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These rock outcrops are either coated with Fe-Mn encrustations (as observed 

from dredge samples), or are broken into fragments that act as centres for accretion 

of oxide layers to form nodules (Horn et al, 1973). The lateral extent of these rock 

exposures appear to be limited (<500 m) in many cases, because the freefall grabs 

dropped within 0.5 Km radius have recovered only nodules and even photographs do 

not show the presence of rock outcrops. 

3.24 Sediment cover 

*sediment cover invariably occurs at all locations, even with rock exposures 

and the nodule deposits. lysediment has been recorded in 975 out of 988 photos 

evaluated, and not observed in only those locations where the rock outcrops have 

100% coverage. Their frequency distribution shows that most of the locations (82.4%) 

have very high (90-100%) coverage (Fig. 3.5), the remaining (17.6%) have variable 

coverage (1-90%). 

sediment cover forms a thin, fluffy mixed layer of sediment and water at 

the seabed, called the sediment - water interface boundary (SWIB) layer (Sorem and 

Fewkes, 1979), which is known to bury t nodules and obscure them from the camera 

view at some locations (Fewkes et al, 1979). This results in an under-estimation of 

the nodule abundance. The extent of nodule burial depends upon the size and shape 

of the nodules and the thickness of the SWIB layer (Felix, 1980; Anonymous, 1982). 

This relation has been used to evolve empirical formulae to estimate nodule abundance 

from the photographs. 
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3.25 Microrelief 

Microrelief on the seafloor such as ripple marks or a scour mark/ as a result 

of current action, is seldom observed in the nodule areas of the CIB, indicating 
41/ 

extremely slow movement of bottom waters and very wek currents. However, nodule 

deposits, rock exposures and biological features do bring about minor 

microtopographic variations in the morphology of the seabed. 

3.3 Evaluation of nodule sizes 

3.31 Nodule sizes from photographs 

The frequency distribution for average nodule sizes (Fig. 3.3) from all the 329 

nodule bearing photographs, shows that 3-4 cm is the most common range for nodule 
t■ 

sizes (observed in 61.7% of the photos), and a majority of the nodules (91%) occur 

between 2 and 5 cm sizes, and the remaining (9%) have <2 cm and 5-8 cm sizes. The 

overall average nodule size for all the photos (i.e. total of average nodule size from 

each photo divided by total no of photos), is 3.81 cm for the study area. 

3.32 Nodule sizes from grab samples 

Nodule weight and number in different size classes were measured for 170 

grab samples and frequency distribution was worked out for them (Fig. 3.6). Two 

thirds (67%) of the nearly 9000 nodules collected in all the samples belong to 2-4 cm 

size class, followed by 4-6 cm (20%), <2 cm (9%), and very few in 6-8 cm (2.79%) 

and >8 cm (0.5%). Frequency distribution by weight also shows that 2-4 cm size 

class is the most dominant one (40%), closely followed by 4-6 cm (35%), 6-8 cm 
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(10.8%), and >8 cm (5.3%), the leastibeing <2 cm (1%). However, 	t broken 

fragments constitute about 8% of the total weight of nodules sampled, which could not 

be classified into different sizes. 

Hence, by number as well as by weight, nodules between 2-4 cm size 

contribute the most to the total population of nodules, and many of the remaining 

nodules belong t nd 4-6 cm. The average weight per nodule increases with size 

from 2.8 gms for <2 cm to 236 gms for >8 cm nodules, the average weight per nodule 

being about 24 gms. The average size for all the nodules sampled (total size divided 

by total number of all nodules) is 3.35 cm. 

3.4 Estimation of nodule abundance 

3.41 Development of formula for photo abundance 

As suggested by various workers, nodule abundances can be estimated using 

grab as well as photography data (Bastein-Thiry, 1979; Fewkes et al, 1979; Felix, 

1980; Handa and Tsurusaki, 1981). All of these/ have suggested the use of nodule 

sizeX to estimate abundance, but measuring nodule siz can be highly tedious for all 

the locations, and also difficult to estimate from seabed photographs due to partial 

burial of nodules under the sediment cover. 

Moreover, these workers used inputs from photos as well as grabs to estimate 

nodule abundance, but in order to make photography an independent tool, it is 

necessary to consider nodule parameters from photograph alone. A method has been 

developed by incorporating nodule coverage, which is a direct indicator of the density 
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111' 

and population of nodules at any given location, to estimate abundance from 

photographs. For this purpose, nodule coverage at each location was correlated with 

grab abundance and a number of empirical formulae were worked out for different 

nodule coverage, as well as for all coverage together (Table 3.1). 
A_ 

Table 3.1: 	Empirical formulae developed for, estimation of nodule abundances 
& 

Data 
set 
(n) 

Nodule 
coverage 
(%) 

Grab 
abundance 
(Kg/sq.m) 

Empirical formula 

659 0 0,1,2,....n A = 0 C + 2.38 
436 0 1,2, 	n A = 0 C + 3.61 
112 1 0,1,2,....n A = 0 C + 4.00 
31 2 0,1,2,....n A = 0 C + 5.87 
33 5 0,1,2,....n A = 0 C + 6.34 
30 10 0,1,2,....n A = 0 C + 8.05 
31 20 0,1,2,....n A = 0 C + 9.88 
34 30 0,1,2,....n A = 0 C + 9.05 
28 40 0,1,2,....n A = 0 C + 12.61 
18 50 0,1,2,....n A = 0 C + 10.85 
5 60 0,1,2,....n A = 0 C + 17.37 
5 70 0,1,2,....n A = 0 C + 16.94 
988 0,1,2,...n 0,1,2,....n A = - 0.21 C + 19.39 
289 1,2, 	n 1,2, 	n A = 0.17 C + 5.69 
329 1,2, 	n 0,1,2,....n A = 0.174 C + 4.75 

, C 	C 

( 	
vp 

The formulae (nos. 1, 2) calculated for locations where coverage ,0%, 

cannot be used at all the locations, as it is not possible to know the occurrence of 

buried nodules, if photo data shoN1 absence of nodules. The formulae (nos. 3-12) 

developed for individual coverage (from 1-70%), cannot be used as the data points (n) 

available for most of them are very few (n=5-34, with one exception of n=112). The 

formula (no. 13) for all the data points (988), I uses the data set which contains many 

locations where no nodules have been recorded either in photos or in grabs, and hence 

they cannot be correlated. The formula (no. 14) for the locations where coverage in 

C 
No. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
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photos as well as abundances in grabs are more than zero, seems to be the most ideal 

one, but in reality there are some locations in the nodule fields where nodule 

abundances are zero, due to patchy distribution of nodules. In order to account for 

/v) 
these, the last formula (no. 15) for all locations where nodule coverageyer 'recorded 

in photos, but may not have been recovered in grabs, was adapted for estimation of 

nodule abundances from photos using coverage data. These estimates may be slightly 

lower than the actual nodule resource, but are safer to use for large area evaluation/ 

owing to, heterogenous occurrence of nodules on the seabed. 

The said formula is as follows: 

AP = 0.174 C + 4.75 
	

(1) 

where AP = abundance in photo (Kg/sq.m) 

C = coverage in photo (%) 

The number of data points used for this computation ,te 329 and the 

coefficient of correlation, r = 0.74 

3.42 Distribution of photo abundance 

The estimation of nodule abundance from the above mentioned formula/shows 
°AAEd 

that t/the 329 nodule-bearing locations, 219 locations (67%) have reasonable to high 

(5-20 Kg/sq.m) abundances, and the remaining (110) locations 19(e submarginal (<5 

Kg/sq.m) nodule abundances (Fig. 3.7). 

3.43 Distribution of grab abundance 

Of the 988 locations sampled, nodules were recorded in grabs at 725 locations, 
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of which 403 locations (55%) have submarginal nodules (<5 Kg/sq.m), whereas the 

remaining (322) locations have paramarginal (>5 Kg/sq.m) nodule deposits (Fig. 3.7). 

A possible reason for less number of photographs showing paramarginal 

(exploitable) nodules/as compared to grabs/is that generally nodules are exposed at 

locations of high abundance only, which can be recorded in the photographs. The 

other locations with few nodules (low abundance) can be sampled by the grabs, but 

no nodules are seen e]posici in the photographs, hence large number of photos show 

absence of nodules at most of the locations. 

3.5 Comparison between photo abundance data and 
grab abundance data 

3.51 Match - mismatch 

Comparison of data from e seabed photographs with those of 	grab 

samples at the same locations, provides information on the comparability of the two 

techniques/ as follows: 

Matching Data  

Where nodules are recorded both in the photographs and in the grabs: 289 

(29.3%) locations. 

Where no nodules are recorded in either the photographs or the grabs: 224 

(22.7%) locations. 

This shows that 52% of the locations sampled have matching results from both 

photographs as well as grabs, as in 29.3% locations both have recorded the 

rc. of nodules and almost 22.7% show absence of nodules in both.  
9 

occurrence 



b. 	Mismatch  

(i) Where the photographs have recorded the nodules on the seabed, whereas the 

grabs have failed to recover them: 40 (4%) locations. 

35 
tk 

(ii) Where the grabs have recovered nodules but the photographs have not recorded 

them: 435 (44%) locations. 
CY 

Of the locations with a mismatch (48%), only in 4% of the locations the photographs 

have recorded nodules on the seafloor, whereas the grabs have not recovered them, 

either because of mechanical failure of the grab or patchy distribution of nodules. In 

the remaining 44% locations, the grabs have recovered nodules, but the photographs 

have not recorded them, which could be because the nodules are not exposed on the 

surface, but are buried under the sediment, through which the grab can collect nodules, 

but photo cannot record, as will be evident from the frequency distribution of relative 

abundance. 
— 	c c 

3.52 Frequency distribution of relative abundance 

is n(o agreement between grab and photo data (same as in 'Mismatch' above), as either 

of them have not recorded presence of nodules. Out of the 513 'matching' 
qt 

locations, 365 (71%) locations have very high agreement (RAt100%), and in the 

remaining the agreement between photos and grabs varies from 30-90% (Fig. 3.8). 

This shows that, whereas at many locations quite a few nodules are exposed (when 

RA-100%), there are many locations with buried nodules (RA=30-90%), their degree 

of burial ranging from 10-70% under the sediment) (c 

Distribution of relative abundance/also shows that at 475 (48%) locations there 
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3.6 Conclusions 

As observed from the photographic data, nodule coverage are extremely 

variable (1-90%) and also patchy in distribution, with a very large number of locations 

(-67%) showing no occurrence of exposed nodules. The nodule abundances from 

photos show that most of the nodule—bearing locations (219 out of 329) have 

paramarginal deposits (>5 Kg/sq.m). The grabs show the occurrence of nodules at 

more number of locations (725 out of 988) than the photo data, which indicates 

towards  the occurrence of buried nodules under the upper soft sediment layer/which 

the grabs can collect/ but the photos do not record (Bastein-Thiry, 1979; Handa and 

Tsurusaki, 1981). 

The occurrence of sediment as substrate for nodules at all the locations and its 

high coverage (90-100%) at most (82.4%) of the locations, and sampling of nodules 

by grabs at locations where photographs do not record any exposed nodules, confirms 

the phenomenit of the sediment cover burying the nodules to variable depths as well 

as proportions, depending upon the local seafloor conditions (at different locations) 

(Fewkes et al, 1979; Felix, 1980). 

A number of empirical formulae were worked out to correlate nodule coverage 

with grab abundance, so as to arrive at one single formula to estimate nodule 

abundance from photographs. This formula ieworked out from the nodule data 

acquired from the Central Indian Basin and tam into consideration the local as well 

as regional distribution characteristics of nodules; fence it can safely be used for :14' ‘' 

it 

estimation of nodule abundances from the photography data in this area. 
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The distribution of nodule sizes in photos as well as grabs/ shows that a 

majority of the nodules belong to 3-4 cm size class/ throughout the study area, eir 

average sizes for about 9000 samples and 1000 photos ranging between 3.35(3.81 cm. 

The distribution patterns also show that nodules of sizes <1 cm and >6 cm/ do not 

contribute substantially, either by number or by weight tothe 'tire nodule resource 

and so can be neglected for mining purposes as well as for design consideration of the 

collector mechanism. 

Comparison of efficiency of photographic method with grab sampling shows 

that the frequency of recording the occurrence of nodules on seafloor, matches for 

both in 52% of the cases, and there is a mismatch between them in the remaining 

0 	- (48%) cases, N‘›icely ncludl cases where grabs have failed to collect nodules due to 

mechanical failures, but the photographs have recorded them; and also cases where 

grabs have recovered t  buried nodules, but photographs have not recorded any, due 

to complete burial of nodule This is also reflected in the frequency distribution of 

relative abundance (RA), wherein 48% of the cases have no agreement at all between 

grabs and photos. Whereas, in the remaining (52%) cases, tile RA varies from 30- 

100%, many cases among these (364 out of 988) having a very high percentage of 

agreement (RA = 90-100%) between the two. This shows that although photo and 

grab data can have similar results in some locations, they may also have diverse 

results due to local and oper4ional conditions in s"frte other locatiOns,andyr both the 

techniques can bescbelused in conjunction with one another and to supplement the 

data collected by each one of them) to quantify a&- well as study the distribution 

characteristics of nodule deposits, as described in the following chapters. 



CHAPTER 4 

EFFECT OF 'SEDIMENT-WATER 
INTERFACE BOUNDARY' LAYER 
ON THE EXPOSURE OF NODULES 

AND COMPUTATION OF THEIR 
ABUNDANCE 
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4.1 Introduction 

As observed in the previous chapter, nodule estimation from seabed 

photographs needs to be carried out carefully because nodules are often buried under 

a thin veneer of sediments, and hence not only their size and numbers, but also 
,.‘tv 

quantity cialf e underestimated (Lenoble, 1980). As a result, there is a difference 

between nodule abundance in the grabs and the photographs (Bastein-Thiry, 1979). 

This sediment layer under which the nodules are partially (or fully) buried (Fig.4.1) 

is the sediment-water interface (Cronan and Tooms, 1967; Menard, 1964; Sorem and 

Fewkes, 1979), and the estimation of the nodule abundance from photographs may be 

hampered due to this burial of nodules by the sediments (Anonymous, 1982). 

Several studies have been carried out on the comparison of nodule abundance 

from seabed photographs with grab data. Felix (1980) used a large spade core 
It 

(covering an area of 86.5 sq.cm . and a height of 35 cm) with a camera mounted in 

the sample box. After sampling, the surface of the core was photographed and 

matched with the nodules from the sea-bottom photographs. Similarly, attempts were 

made to relate the nodules recovered from the grabs with those recorded in the 

photographs (Frazer et al, 1978) and to "develop a reliable method" for evaluation 

the seabed photographs (Fewkes et a4 1979). 

These studies have emphasized the need for a 'correction' factor for the 

estimates from the photographs to account for the burial of nodules under the upper 

soft, fluffy sediment layer or the sediment-water interface boundary (SWIB) layer. 

From the mining point of view, however/only the nodules in the surface layers are 



fTi 

Fig. 	4.1: 	Seabed photo with exposed and partly buried nodules 
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considered recoverable (Anonymous, 1984), and so quantification of nodule abundance 

in the top 10-15 cm is sufficient at this stage. 

This chapter deals with the comparison of nodule parameters from photos and 

freefall grabs (Table 4.1), in order to understand the implications of nodule burial on 

exposure and quantification of nodules in the Central Indian Basin. 

Table 	4.1: 	Seabed photo and grab data used for this study 

Area Covered 	 Abundance Recorded 	Relative 
SI. 	Station 	Water 	 percentage of 
No. 	No. 	Depth 	By Photo- 	By 	 Photo 	Grab 	 abundance in 

graph - 	Nodules 	 photo wrt. grab 

(m)  

1. 3250 5220 47 x 71 <1 0.10 2.30 4.0 
2. 3252 5160 95 x 142 16.22 5.24 15.40 34.0 
3. 3256 5105 47 x 71 -- -- 1.92 -- 
4. 3257 5100 47 x 71 <1 0.10 1.92 5.0 
5. 3269 5100 .72 x 108 1.77 0.37 0.60 61.6 
6. 3279 5250 72 x 108 1.77 0.45 5.00 9.0 
7. 3282 5230 72 x 108 1.42 0.34 8.46 4.0 
8. 3289 5030 72 x 108 1.93 0.80 1.15 693 
9. 3293 5200 72 x 108 18.26 5.06 14.62 34.6 
10. 3294 5020 47 x 71 17.70 5.00 1134 42.6 
11. 3302 5220 72 x 108 17.16 5.97 6.92 86.2 
12. 3304 5290 72 x 108 38.80 10.77 9.62 112.0 

4.2 Observations from photographs and grabs 

4.21 Comparison of size classes 

Nodule sizes' were classified into different size classes from photos and grabs. 

There appears to be a striking similarity in the distribution patterns of the various 

nodule sizes (Table 4.2) except for a marginal difference in the frequency (%) 

distribution of the smallest size class (0-2 cm) when compared in the photographs 

(32.3%) and the grabs (34%). This can be due to burial (or non-exposure) of small 

nodules under SWIB layer. Estimation of nodule diameters from photographs by 
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Frazer et. al., (1978), also showed that the frequency of size classes from photos and 

grabs had similar pattern of the distribution. 

Table 	4.2: 	Comparison of size classes of nodules in photographs and grabs 
----- ------------------------------------------------------ ------ ----------- ------ -------- 

Size classification of Nodules 

Sr. 	Station 0-2 cm 2-4 cm 4-6 cm 6-8 cm 8-10 cm Total 
No. 	No. 	PGP GP GP GPGP G 

1. 3250 - - - 2 1 4 - - 1 6 
2. 3252 78 57 80 81 28 28 2 2 - - 188 168 
3. 3256 - 5 	 16 21 
4. 3257 - 14 - 12 1 1 1 27 
5. 3269 7 2 17 22 6 6 - 30 30 
6. 3279 5 30 27 27 5 5 1 1 - 38 63 
7. 3282 .. 3 - 16 10 10 1 1 - 11 30 
8. 3289 - 44 10 17 	 10 61 
9. 3293 34 22 48 45 16 10 3 3 1 1 102 87 
10. 3294 10 10 28 31 12 16 3 2 53 53 
11. 3302 20 12 32 11 8 8 - - - 60 31 
12. 3304 34 19 42 36 8 8 2 2 1 1 87 66 

Total 188 218 284 316 95 96 12 11 2 2 581 643 

Freq. 32.35 34.3 49 49 16.3 15 2 1.7 0.35 0.31 100 100 

(%) 

Abbreviations: 	P - Photo, G - Grab. 

4.22 Sediment cover and nodule exposure 

Varying thickness of SWIB layer can be observed from the total or partial 

burial of the camera triggerweight in the photographs. Stations having smaller 

nodules, do not show any nodules exposed in the photographskin case of a thick 

SWIB layer (station nos. 3250, 3256, 3257, 3282) as against those photographs with 

a comparatively thin SWIB layer (station nos. 3279, 3280). 

In some cases, the number of ;14 nodules of the smallest size clas 	seen in 

/If a 
the photographs is larger than t_40se from the grab, due to the 'fractionation' effect of 

the thin cover of sediments on the nodules which 'divides' the nodule in more than 

one part when seen in the photograph, thus giving a 'feeling' of a larger number of 

nodules of the smaller size class (Fig. 4.2). 
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FIG.4-2 FRACTIONATION EFFECT :- Nodules as seen in 
seabed photo-nodules look smaller or ' fractionated' 
in the photo. Dotted lines show n  real boundary of 
nodules; continuous line shows nodule boundary 
exposed due to sediment cover. 
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4.23 Nodule abundance and coverage 

The distribution of nodule abundance (Table 4.3) shows that the estimates from 

the photographs are lower than those of the grabs. Due to the sediment cover, the 

number of nodules exposed as well as average diameter of the nodules isquite small 

as a result of the burial of nodules, whereas the grab penetrates into these sediments, 

collecting the buried nodules. 

Table 	4.3: Distribution of nodule abundance in photos and grabs 

Photo Grab 

Abundance Freq Freq. Cumm. Freq Freq. Cumin. 
(kg/m 2) (%) Freq. (%) Freq. 

0.00 1 8.33 8.33 0 0.00 0.00 
>5.00 7 5833 66.66 6 50.00 50.00 
5.00-10.00 3 25.00 91.66 3 25.00 75.00 
10.00-15.00 1 8.33 99.99 2 16.66 91.66 
15.00-20.00 0 0.00 0.00 1 8.33 99.99 

4.24 SWIB layer and abundance estimates 

Wherever the SWIB layer is thin, there is a high percentage of agreement 

(RA>60%) because more nodules are exposed, and in the case of a thick SWIB layer, 

there is a low percentage of agreement (RA<10%) and the intermediate thickness 

shows RA=30-50% (Table 4.4). 

4.3 Effect of SWIB layer on nodule parameters 

4.31 Effect of SWIB on nodule exposure 
Nr: - 

Based on the above observations, we can concludeckthat the variable - blitri eal of 

nodules depends upon their sizes and thickness of the SWIB (Table 4.5). The 

thickness of the Sediment-Water Interface Boundary extends upto about 10 cm (Sorem 
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Table 	4.4: 	Relationships of various parameters studied in the area 

Relative 
SI. 	Stn. 	Cnt. Wt. 	SWIB layer 	Comparison of size classes 	percentage of 
No. 	No. 	penetration 	thickness 	 abundance in 

photo w.r.t. grab 

1. 2250 	Complete 	Thick 	Only 1 of medium size is 	4.0% 
exposed, others buried 

2. 3252 	Intermediate 	Intermediate 	Almost all nodules 	 34.0% 
are exposed 

3. 3256 	Complete 	Thick 	All nodules totally buried 

4. 3257 	Complete 	Thick 	Only 1 of medium size is 	5.0% 
exposed, smaller ones buried 

5. 3269 	Partial 	Thin 	All nodules seem to be 	61.6% 
exposed 

6. 3279 	Complete 	Thick 	Small size nodules are buried 9.0% 

7. 3282 	Complete 	Thick 	Only medium and large 	4.0% 
nodules exposed, smaller 
ones buried 

8. 3289 	Thin 	Intermediate Many of 2-4 cm class 	693% 
exposed, only smallest 
size buried 

9. 3293 	Intermediate 	Intermediate Almost all nodules seem 	34.6% 
to be exposed 

10. 3294 	Intermediate 	Intermediate Almost all nodules exposed 	42.6% 

11. 3302 	Partial 	Thin 	Many nodules exposed 	86.3% 

12. 3304 	Partial 	Thin 	Many nodules exposed 	112.0% 

  

    

Table 	4.5: 	A model showing variable burial of nodules under varying thickness of SWIB layer 

Sediment 	 Size Classes (cm) 
(SWIB) 
layer 	 0-2 	2-4 	4-6 	6-8 	8-10 	>10 

Very thin 	Partly 	<-  	-Fully exposed  	> 
(-1 cm) 	 exposed 

Thin 	 Not 	Partly 	< 	 Fully exposed 	 > 
(-3 cm) 	 exposed 	exposed 

Intermediate 	< 	Not exposed 	> 	Partly 	< 	 Fully exposed 	> 
(-5 cm) 	 exposed 

Thick 	 < 	Not exposed 	> 	Partly 	< 	 Fully exposed 	> 
(-7 cm) 	 exposed 

Very thick 
(-9 cm) 

 

	Not exposed 	 

 

> 	Partly 	Fully 
exposed 	exposed 

  

Extremely 	< 	 Not exposed 	  
thick (>10 cm) 



43 
I 

and Fewkes, 1979; Felix, 1980); and the nodule sizei generally range from <1 to 

about 10 cm along their longer axes. Since t)enodules are actually shorter along their 

vertical axis and not quite spherical as assumed, there are chances of more nodules 

being buried under actual conditions, which is more so for larger nodules (Frazer et 

al, 1978). The nodules with relatively flat upper surfaces have a greater tendency of 
'Le 

complete burial than tjta-tOctules with hemispherical surfaces. The variation in the 

sediment coverage between)hle neighbouring nodules in p/e' photographs is controlled 

by the degree of convexity and the size of projections on nodule surface (Felix, 1980). 

4.32 Effect of SWIB layer on abundance estimates from photos  

sued from this study, the lesser the thickness of the SWIB layer, 

the more accurate are the photographic estimates (Table 4.6). This shows that no' , , 

single correction factor to account for buried nodules, can be applied to all the 

samples to estimate the nodule abundance from the photographs (Sharma, 1989a). 

Hence, a number of standard relationships have to be developed for the different 

seabed conditions i.e. thickness of the SWIB, the nodule diameters and coverages. 

Table 4.6: 	Relation of SWIB thickness to relative abundance for nodules 

SWIB layer 	 Relative Abundance (RA) 
(Accuracy) 

Very thick 	(> 8 cm) 	 <20% 

Thick 	(6-8 cm) 	 20-40% 

Intermediate 	(4-6 cm) 	 40-60% 

Thin 	(2-4 cm) 	 60-80% 

Very thin 	(0-2 cm) 	 >80% 
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4.4 Discussion 

The above study, brings out the following observations: 

(i) The nodule size distribution patterns are strikingly similar'ir 311 both/ the 

photographs and the grabs, 

(ii) The thickness of the SWIB layer controls the exposure (or burial) of nodules, 

especially the smaller size classes which are invariably buried under, the 

thinnest of SWIB layers, 

(iii) The photographs give lower abundance values than ,he grabs due to 

'fractionation' effect of the SWIB layer in the photographs, or the burial of 

the nodules which the grab collects and 

(iv) The thinner the SWIB layer, the higher is the nodule abundance estimate from 

the seabed photographs. 

1 

	

A number of empirical relationships (instead of one single 'correction' factor) 	0, V, 
I 

	

need to be worked out, to be applied depending upon the thickness of the SWIB layer, 	v 

so as to arrive at more accurate estimates from the photographs. 

4.5 Computation of nodule abundance under 
different seafloor conditions 

As observed from the comparison of photos and grabs,tire nodules appear to 

be buried to varying extents under the uppermost uncompacted sediments on the 

seabed or the 'Sediment-Water Interface Boundary' (SWIB) layer (Cronan and Tooms, 

1967; Sorem et al, 1979), leading to an underestimation of the nodule abundance from 

the seabed photographs (Frazer et al, 1978; Bastein-Thirty, 1979; Anonymous, 1982). 
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Several methods have been proposed for estimating the nodule abundance from the 

photographs (Bastein-Thirty, 1979; Fewkes et a!, 1979; Felix, 1980; Handa and 

Tsurusaki, 1981) and have attained an accuracy of 50-80% with respect to the actual 

nodule abundance due to the problem of variable burial of nodules. The next part of 

this chapter aims at correlating the burial of nodules and the thickness of the SWIB 

layer, at about 270 locations in different seabed settings, in order to develop methods 

to estimate nodule abundance accurately from seabed photographs (Sharma, 1989b). 

4.6 Classification and evaluation of photo data 

For this purpose, 	data from all locations have been classified in two 

separate groups based on the following criteria: 

Criterion 1) Penetration of the camera trigger weight to indicate the thickness of the 

SWIB layer, and Criterion 2) t e relative abundance values indicating the extent of 

nodule burial. 

4.61 Criterion 1: Classes based on thickness of SWIB layer 

The classes in this group are based upon the thickness of the upper soft 

sediment layer (indicated by the penetration of the camera trigger weight) such as, nil, 

very less (25%), intermediate (50%), high (75%), and complete (100%). For these 

classes, the maximum, minimum, mean and standard deviation (SD) as well as the 

correlation matrix have been worked out for the water depth, nodule coverage, nodule 

abundance from the photograph and grab and the relative abundance (Tables 4.7, 4.8). 



1 
Nil 
9 

Max. 	5329 

Min. 	4560 

2 
25% 
11 

5637 

4800 

3 
50% 
24 

5450 

4815 

4 
75% 
23 

5725 

4575 

5 
100% 
211 

5700 

4575 

Mean 4991 5245 5111 5096 5186 

SD 	273.9 220.6 170.6 184.6 177.8 

Max. 	95 70 75 40 65 

Min. 	1 9 0 0 0 

Mean 48 39 25 15 3 

SD 	31.4 19 18 12 7.3 

Max. 	14.43 21.56 16.17 11.78 14.62 

Min. 	0 2.08 0 0 0 

Mean 2.23 12.68 7.1 4.49 1.02 

SD 	4.7 6.05 4.42 3.42 1.95 

Max. 	14.61 27.69 25.38 13.46 16.15 

Min. 	1.00 2.00 1.00 1.00 1.00 

Mean 4.73 15.83 11.23 7.36 4.28 

SD 	4.53 6.44 5.14 3.44 4.07 

Max. 	123.7 104.78 100 103 100 

Min. 	0.0 36.02 0.00 0.00 0.00 

Mean 69.62 82.33 64.78 59.28 26.93 

SD 	48.3 21.71 33.23 33.42 41.44 

Class 
penetration 
No. of data 

Depth 

Coverage 

Abundance 

RA (%) 

Abundance 
(0 9  
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Table 4.7: 	Statistical parameters for classes based on "SWIB" thickness 
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Table 	4.8: 

Class 	1: 

Correlation matrices for classes based on SWIB thickness 

Trigger weight penetration = nil 

Depth 1.0000 

Coverage 0.3791 1.0000 

Abundance -.0871 0.0589 1.0000 
(Photo) 

Abundance 
(grab) 

-.2443 0.1222 0.8316 	1.0000 
C.!) 

Coverage x -.0868 0.0593 1.0000 	0.8316 1.0000 
Diameter 

Relative 0.0073 -.0052 0.4670 	0.0230 0.4668 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 

Class 	2: Trigger weight penetration = 25 % 

Depth 1.0000 

Coverage 0.3998 1.0000 

Abundance 0.4534 0.9355 1.0000 
(Photo) 

Abundance 0.1432 0.7628 0.8307 	1.0000 
(Grab) 

Coverage x 0.4533 0.9438 1.0000 	0.8307 1.0000 
Diameter 

Relative 0.4785 0.3204 0.2889 	-.2813 0.2890 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 
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Table 	4.8: 

Class 	3: 

Correlation matrices for classes based on SWIB thickness (Contd.) 

Trigger weight penetration = 50 % 

Depth 1.0000 

Coverage 0.5057 1.0000 

Abundance 0.4316 0.9217 1.0000 
(Photo) 

Abundance 0.3213 0.7373 0.6835 	1.0000 
(Grab) 

Coverage x 0.4316 0.9215 1.0000 	0.68253 1.0000 
Diameter 

Relative 0.2899 0.4874 0.6268 	-.0060 0.6268 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 

Class 	4: Trigger weight penetration = 75 % 

Depth 1.0000 

Coverage 0.1308 1.0000 

Abundance 0.0524 0.9354 1.0000 
(Photo) 

Abundance 0.0913 0.6727 0.7597 	1.0000 
(Grab) 

Coverage x 0.0508 0.9349 1.0000 	0.7597 1.0000 
Diameter 

Relative -.0402 0.6708 0.6649 	0.1205 0.6638 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 
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Table 	4.8: 

Class 	5: 

Correlation matrices for classes based on SWIB thickness (Contd.) 

Trigger weight penetration = 100 % 

Depth 1.0000 

Coverage -.1514 1.0000 

Abundance -.1808 0.9220 1.0000 
(Photo) 

Abundance -.0702 0.4800 0.5329 	1.0000 
(Grab) 

Coverage x -.1810 0.9216 1.0000 	03226 1.0000 
Diameter 

Relative -.2050 0.4526 0.5102 	-.0782 0.5102 1.000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 

All classes: 

Depth 1.0000 

Coverage -.0872 1.0000 

Abundance -.0673 0.8099 1.0000 
(Photo) 

Abundance -.0587 0.5970 0.7519 	1.0000 
(Grab) 

Coverage x -.0673 0.8098 1.0000 	0.7516 1.0000 
Diameter 

Relative -.1904 0.4978 0.5585 	0.1571 0.5583 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 
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The mean nodule coverage increases (from 3 to 48%) with a decrease in the 

thickness of the SWIB layer because more and more nodules tend to be exposed. The 

mean nodule abundance in the photographs and the grabs also increases from 1 to 13 

and 4 to 16 kg/sq.m/respectively, with a decrease in the thickness of the SWIB layer, 

except in class 1 where there is no sediment cover (trigger weight shows no 

penetration at all) but only rock exposures (and Fe-Mn encrustations) at these 

locations, which cannot be sampled. 

There is also a good correlation (r>0.67) between the nodule coverage and the 

abundance in the grab inilfe classes 2, 3, and 4. The correlation between the grab 

abundance and the product of the coverage with the diameter, as well as the 

abundance from the photographs is also slightly higher (r>0.68) for all the classes, 

except for class 5 (r=0.53) in which many nodules are recovered in the grabs, but not 

seen in the photographs due to a very thick sediment cover (penetration 100%). 

water depth, nodule coverage and abundance do not have a fixed range in any of the 

classes. e water depth seems to have no control over the thickness of the SWIB 

layer or with any of the other parameters studied. 

4.62 Criterion 2: Classes based on extent of nodule burial 

f,)-& 

ce the extent of e nodule burial is indicated by RA (%), the classes in this 

group are based upon the different ranges of RA, such as 100-80%, 80-60%, 60-40%, 

40-20 %, and 20- 0%. The maximum, minimum, mean and standard deviation (SD) 

as well as the correlation matrix for the various parameters in this group have been 

worked out for all the classes (Tables 4.9, 4.10). 
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Table 4.9: 	Statistical parameters for classes based on nodule burial 

la 2b 3c 4d 5e 
100-80 80-60 60-40 40-20 20-0 
29 22 28 43 147 

Max. 5637 5400 5725 5500 5550 

Min. 4180 5000 4815 4614 4670 

Mean 5104 5136 5126 5103 5220 

SD 258.4 131.5 171.0 204.3 168.4 

Max. 75 70 75 26 78 

Min. 1 1 1 1 0 

Mean 27 25 13 5 1 

SD 19.5 17.8 15.4 6.2 6.6 

Max. 16.32 21.56 14.34 6.. 2.10 

Min. 1 1 1 1 0 

Mean 8.07 7.95 3.85 1.88 0.3 

SD 5.1 4.7 3.3 1.5 0.5 

Max. 19.61 27.69 25.38 18.46 15.38 

Min. 1.00 1.5 1.69 2.76 1.00 

Mean 8.77 11.14 7.33 6.52 4.6 

SD 5.57 6.26 5.9 4.42 4.03 

Max. 100 79.57 59.17 39.23 20 

Min. 81.26 61.61 40.65 20.32 0.00 

Mean 91.37 70.48 51.49 28.48 3.4 

SD 6.04 5.6 5.61 6.23 6.02 

Class 
RA (%) 
No. of data 

Depth 

Coverage 

Abundance 

2 
e" - I- ' 

Abundance 

,-) 

RA (%) 



1.0000 

0.3600 1.0000 

0.4588 0.0201 

0.4560 0.8972 

0.4600 0.9206 

0.1346 0.3127 

Depth Coverage 

Depth 

Coverage 

Abundance 
(Photo) 

Abundance 
(grab) 

Coverage x 
D is meter 

Relative 
Abundance 

1.0000 

0.0912 	1.0000 

0.9998 	0.9911 	1.0000 

0.2062 	0.0947 	0.2083 	1.0000 

Abundance Abundance C x D 	RA 
(Photo) 	(Grab) 
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Table 4.10: 	Correlation matrices for classes based on nodule burial 

Class la: 	RA = 100-80% 

Class 	2b: RA = 80-60% 

Depth 1.0000 

Coverage 0.3600 1.0000 

Abundance 0.2401 0.8732 1.0000 
(Photo) 

Abundance 0.2664 0.8920 0.9884 	1.0000 
(Grab) 

Coverage x 
Diameter 

0.2384 0.8730 1.0000 	0.9882 
--- 

1.0000 

Relative 0.0273 0.2111 0.4277 	0.3012 0.4284 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 
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Table 	4.10: 

Class 	3c: 

Correlation matrices for classes based on nodule burial (Contd.) 

RA = 60-40% 

Depth 1.0000 

Coverage 0.2288 1.0000 

Abundance 0.0824 0.9454 1.0000 
(Photo) 

Abundance 0.0600 0.9244 0.9945 	1.0000 
(Grab) 

Coverage x 0.0820 0.9455 1.0000 	0.9942 1.0000 
Diameter 

Relative 0.2020 0.3257 0.3089 	0.2387 0.3099 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 

Class 	4d: RA = 40-20% 

Depth 1.0000 

Coverage 0.0280 1.0000 

Abundance 0.0190 0.0731 1.0000 
(Photo) 

Abundance 0.0401 0.9040 0.9467 	1.0000 
(Grab) 

Coverage x 0.0165 0.9731 0.9998 	0.9471 1.0000 
Diameter 

Relative -.0369 0.4019 0.3625 	0.1007 0.3620 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 
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Table 	4.10: 

Class 	5e: 

Correlation matrices for classes based on nodule burial (Contd.) 

RA = 20-00% 

Depth 1.0000 

Coverage -.1718 1.0000 

Abundance -.2278 0.1423 1.0000 
(Photo) 

Abundance -.1758 0.1987 0.6060 	1.0000 
(Grab) 

Coverage x -.2284 0.1414 0.9999 	0.6953 1.0000 
Diameter 

Relative -.2108 0.1069 0.9356 	0.5648 0.9369 1.000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 

All classes: 

Depth 1.0000 

Coverage -.0548 1.0000 

Abundance -.0628 0.8087 1.0000 
(Photo) 

Abundance -.0537 0.7014 0.7525 	1.0000 
(Grab) 

Coverage x -.0627 0.8988 1.0000 	0.7526 1.0000 
Diameter 

Relative -.2385 0.6655 0.7767 	0.4270 0.7762 1.0000 
Abundance 

Depth Coverage Abundance Abundance C x D RA 
(Photo) 	(Grab) 
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The mean nodule Coverage and the nodule abundance in the photographs show 
■ 

a decreasing trend (from 27 to 1% and 8 to <1 kg/sq.m.) with an increase in the 

nodule burial. The mean nodule \  abundance in the grab also decreases (from 11.14 to 

4.6 kg/sq.m) with an increase in e nodule burial (except for class 1 a). The 

correlation between the coverage, pro t of the coverage with the diameter, the 

nodule abundance from the photographs and from the grabs for all the classes (except 

class 5e) is very high (r> 0.87). In class 5 e, the nodule burial is >80% and so they 

are not recorded in the photographs, but collected in the grab (hence very low 

correlation). As a result, the correlation between the product of the coverage with the 

diameter, the abundance from the photographs and the abundance from grabs is not 

so high (r= 0.69) for class 5e, as compared to the correlation for classes la to 4d (r 

> 0.94). TJVwater depth has no relation with the extent of nodule burial as well 

as 	nodule coverage and abundance in the locations studied. 

4.7 Conclusions 

1. Nodule abundance in the photographs and the grabs are generally well 

correlated except in areas of thick sediment cover, i.e. high nodule burial. 

Although/the average nodule coverage and the abundance decrease with an 

increase in the thickness of the SWIB layer, the nodule population has no 

specific range of maximum and minimum values in different seabed settings 

(i.e. the thickness of the SWIB layer). 

2. 1 Water depth does not seem to have any control over the thickness of the SWIB 

layer or the nodule burial, which may be controlled by local topographic 

2 
variations (see chapters 5, 6). 	(1)  
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3. For the estimation of e nodule abundance from the photographs, empirical 

formulae yoween nodule parameters from photographs and grab abundance 

have been proposed jia* used in different seabed conditions (Table 4.11). 

Although, these formulae cannot be used directly, due to the limitation of 

techniques for accurate measurement of nodule dlamete , thickness of SWIB 
C r----1"-  

layer/, as well as extent of nodule burial, these methods can be developed in 
t( 	 A_ 

future for accurate estimations of nodule resources. 

4. The computation of mathematical relationships between the varying thickness 

of the SWIB layer (or nodule burial) and nodule parameters, offers the user a 

variety of empirical formulae for nodule estimation, depending upon the seabed 

conditions. 
(sP 

The proposed formulae can be further improved by using more sophist icated 

techniques for evaluation of sediment thickness, as well as for nodule burial. Hence 

seabed photography can be used effectively to demarcate areas for further surveys, by 

1,6"-d 
using high resolution techniques for deciphering thickness of sediment layer, as well 

as areas and extent of nodule burial. With a proper knowledge of the seabed 

conditions at different locations, more reliable data can be obtained using tj deep sea 

cameras which will be time saving as well as economical. 

ti 
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All 269 -- 	 0.75 	y = 7.74 x + 3.78 

7 

eC 

Table 4.11: Formulae for computing nodule abundance in different seabed settings 
,t7c-t 

re-C 
Based on SWIB thickness 

Class Class 	Data Data 
(n) (n) 

1 1 	9 9 

2 2 	11 11 

3 3 	24 24 

4 4 	23 23 

5 5 	211 211 

All All 	278 278 

SWIB 	Trigger wt. Correlation Relation to be used 
thickness 	penetration 	coefficient 

0 - 3 cm 	Nil 	0.83 	y = 6.18 x + 2.04 

3 - 6 cm 	Very less 	0.83 	y = 6.80 x + 4.62 

6 - 9 cm 	Intermediate 0.75 	y = 6.97 x + 4.97 

9 - 12 cm 	High 	0.84 	y = 7.14 x + 2.98 

12 - 15 cm Complete 	0.53 	y = 8.55 x + 3.14 

0.75 	y = 7.54 x + 3.31 

Based on nodule burial 

Class Data Nodule 	RA 
	

Correlation Relation to be used 
(n) 	burial(%) 	(%) 	coefficient 

x= ( CxD/ 100 
C = nodule coverage (%) in photograph 
D = average nodule diameter in photograph 

Y= Abundance (kg/sq.m) 



CHAPTER 5 

OCCURRENCE OF NUCLEATING 
MATERIAL ANWYHEIR RELATION „il 

TO NODULE ABUNDANCE FROM 
SPOT PHOTOGRAPHY 
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5.1 Introduction 

The occurrence of tJ manganese nodules on the seabed is, Aamong others, 

controlled by the distribution of the various nucleating materials (mainly rock 

fragments) and sediment cover in the area, which in turn are controlled by a variety 

of morphological features on the seafloor. The seabottom features of the Central 

Indian Basin are complex in comparison to those of the Pacific and Atlantic 

Oceans (Laughton et al, 1972). Previous studies in the Indian Ocean have revealed 

that the basinal areas are dominated by a large number of seamounts and abyssal hills 

(Kodagali, 1993) which were postulated to be features akin to the 'central' type of 

volcanoes (Kanaev, 1975). 

According to the 'seed' hypothesis (Horn et al, 1973) for the accretion of_tW 

ferromanganese deposits, the availability of t 'seeds' (that is the nuclei for the 

nodules) is an important factor for determining areas of high nodule concentrations. 

Three potential sources for the 'seeds' have been identified as basalt exposures along 

fracture zones, basalt outcrops on steep slopes of seamounts, or ejecta of explosive 

phase of submarine volcanoes (Horn et al, 1972b). Glasby (1973) suggested that "the 

distribution and morphology of the nodules are controlled by the availability of 

potential nucleating agents on which manganese oxide minerals can accrete. The 

nodules are, therefore, assumed to form in regions where the sediment surface is 

enriched in fragments of volcanic debris such as palagonite". 

Two of the most potential nucleating agents are t basalts and pumice/ which 

--aryleirtid invariably , occur in the nodule fields. Glasby (1973) observed that/ 
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basalts are most frequently ,associated with Fe-Mn oxides, suggesting their 

suitability as nuclei. Pumice as nuclei in nodules have been reported in the Pacific 

(Usui, 1982 as well as the Central Indian Basin (Iyer and Sudhakar, 1993). 

In this chapter, an attempt is made to understand the possible inter-relationship 

between the distribution of rock outcrops, sediment cover and nodule abundance 

around seamounts and adjoining plains. Petrographic studies were carried out in order 

to study the nature and distribution of the nodule nuclei. The area studied extends 

from 11°30' S to 13°00' S latitude and 76°00' E to 77°30' E longitude, and is 

dominated by three topographic highs rising from 5400 m to 4800 m and a seamount 

rising u o 4080 m (Fig.5.1). 

5.2 Observations 

5.21 Photography 

Seabed photographs at 240 locations were analysed for' distribution of rock 
/- 

outcrops, associated sediment cover and nodule abundance (Fig. 5.2). The sediment 

cover herein/refers to the upper soft sediment layer or the 'sediment-water interface 

boundary' (SWIB) layer (Cronan and Tooms, 1967), which causes differential burial 

of the nodules at different places depending upon its thickness and nodule size. ,Since 
f-41 tc, 
pig SWIB layer can have a thickness of 10 cm or more, and the nodule size ranges 

from less than 1 cm to around 10 cm, the nodules are either fully or partially buried 

under this sediment layer. 
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The area covered by rock outcrops varies from 20% to 90% in the photographs 

and show nil or very thin sediment cover, with a general absence of nodules. The 

photographs which show a thin sediment cover (partial penetration of camera trigger 

weight, <10 cm) have a large number of nodules and the abundance varies from 1 

kg/m2  to 15.5 kg/m 2. The surrounding areas, away from rock outcrops, show a thick 

sediment cover (>10 cm) with nodule abundance varying from 0 to 1.25 kg/m 2. This 

can be attributed to the sediment cover which buries the nodules at that location, as 

confirmed from the nodule samples recovered from grabs. 

5.22 Petrography 

Distribution of basalt and pumice collected from grab samples/ and observed 

from nodule nuclei was evaluated in the study area (Fig. 5.3). Two principal types 

of rocks - basalts and pumice (Fig. 5.4) were observed in the study area (Iyer and 

Sharma, 1990)4 Tke unaltered basalts have a light to dark grey interior. The altered 

basalts vary in their degree of weathering as indicated by the presence of palagonite 

and smectite. Such altered basalts form substrates for Fe-Mn crusts a oxides-

ranging in thickness from 0.01 to 100 mm. 

The basalts exhibit typical textures such as the flow texture formed by the 

orientation of plagioclase —In- 	near - parallel `'_ma 	r, subophitic and 

glomeroporphyritic textures. The alts ,contahypredominantly plagioclase with some 

olivine; w,hlle t e opaques are present as accessory minerals. Few rounded and empty 

vesicles are also present. She fresh basalts have unaltered glassy tops with a thin 

veneer of ferromanganese coating in comparison to the weathered basalts which have 

thicker ferromanganese deposits. In addition to these, the weathered basalts have 
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diagnostic minerals such as limonite, haematite, smectite and iddingsite. The 
,) ), 2/ 

plagioclase is altered to smectite olivine to iddingsite, while the contact zoneXglass 
p, _ 

and the interior show dark feathery structures of limonitic aggregates. 

Tie pumice varies widely in shape, size and vesicularity. Some of the pumice 

N fragments have acted as nuclei and substrate for the manganese nodules. Thin 

sections show alternating bands of grey and light isotropic materials in which a few 

opaques are scattered. Quartz is the dominating mineral, e felspars and pyroxenes 

are few. Sudhakar et. 4(1992) studied more than 3000 pumice samples)  • the CIB, 

of which 84 % were coated with Fe-Mn oxides and the remaining w uncoated. 

They also observed that morphology of the pumice occuring as nucleus appears to 

have some control over the shape and surface texture of the nodules forming around 

them. Pumice fields were identified Woyetir in orth-South direction, probably ) 
) 	 ,7 

controlled by the 1 fracture zones in the study area (at 73°E, 75°45'E, 79°E). 

5.23 Bathymetry 

The seabed morphology in the study area is highly undulating, as revealed by 

the bathymetric dat.  (Fig. 5.1). Seamounts and abyssal hills, which have a relief of 

a few hundred metres, as well as abyssal plains having a relief of few tens of metres 

occur on the seafloor. Although the general depth varies from around 4800 m to more 

than 5400 m, the study area also has two abyssal hills of 600 m and 900 m (Fig. 5.5) 

and a seamount of approximately 1300 m height (Fig. 5.6). Based on the bathymetric 

contour map, the area can be divided broadly into three morphological domains, (a) 

crests and summits (between 4080 m and 5200 m); (b) slopes and flanks of hills and 

seamounts (between 5200 m and 5400 m) and (c) abyssal plains (over 5400 m depth). 
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53 Discussion 

531 Distribution of various features on the seafloor 

The rock exposures, sediment cover and nodule abundance vary significantly 

over different morphological domains as follows: 

1. There is no sediment cover over the summits of the seamounts and abyssal 

hills. The sediment cover gradually increases from thin (< 10 cm) on the 

flanks to thick (> 10 cm) on the deep abyssal plains. 

2. Massive rock exposures are observed at the summits of abyssal hills and 

seamounts (ranging from 4080 m to 5200 m), whereas only some indication 

of rock exposure is discernible on the flanks. No rock exposures are observed 

in the photographs taken from the abyssal plain areas due to the thick sediment 

cover. The lateral extent of the rock exposures on th6 slopes appear to be 
ti  

limited (<500 m) in many cases, because the freefall grabs dropped within 0.5 
°Go( 

km radius ivy  recovered only the nodules and even photographs cynot show 

any rock outcrops. 

3. Large quantities of nodules were found exposed along flanks and slopes of hills 

and seamounts, where a large number of nuclei are available from nearby 

sources. More than 45% of the photographs on the flanks show a nodule 

abundance greater than 5 kg/m 2; only about 184 photos show no nodules and 

the remaining ar show nodules between 1 and 5 kg/m 2. No nodules 

-Cr) 

occur with massive rock exposures near the summits and very few (nil end 

or upto 1.25 kg/m2  in one photo) on the abyssal plains where the nodules are 

widely scattered. The nodules lie exposed due to the thin sediment cover on 
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the slopes and flanks and are sparse or buried under thick sediment cover on 

abyssal plains (Anonymous, 1982). 

5.32 Sources of nucleating material 

The basalts are the products of the eruptions of off-axis seamount eruptions 

formed during different volcanic events (Mukhopadhyay et al, 1995). The earlier 

eruptions might have resulted in the basalts, which w_elyn/subsequently weathered as 

evidenced by the presence of diagnostic minerals like limonite, haematite, smectite, 

iddingsite/(Hekinian, 1971). The fresh basalts can be considered to be the products 

of later eruptions, as evidenced by the presence of unaltered minerals. die pumice 

lye also been found to act as nuclei for the nodules, and it is possible that the 

uncoated pumice* of Krakatoa origin (Iyer and Karisiddaiah, 1988), whereas the 

coated ones are of it itu silicic volcanism (Iyer and Sudhakar, 1993). 

5.33 Relation of nodules, sediment cover and rock 
exposures to seabed morphology 

(The occurrence of the various features varies in different morphological 

domains)(Table 5.1), and their distribution features in relation to the seabed 

morphology can be seen in the cross-section (Fig. 5.7) which cuts across all the types 

of morphological domains. The slopes have higher concentrations of nodules 

I compared to the summits/  where only/ rock exposures lire observed anthe plains/ 

where most of the nodules are buried under thick sediment cover. The undulating 

seabed can , be therefore, divided into three areas 	• rock or manganese 
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encrustations at the summits (confirmed by dredging), nodule fields along the flanks 

and slopes, and the transition zones between them. 

Table 	5.1: 
	

Relationship between topography and other seabed features 

Morphologic 	Water 	 Observations from seabed photos 	 Nature of 

domains 	depth 	 Sediment 	Rocks 	 Nodules i.-- 	Nucleus 
	LI) 	  

Hill tops and 	4080 m 	Nil 	 Massive 	No nodules 	Fresh basalt 
summits 	to 	 outcrops 	seen in any 	and pumice 

5200 m 	 exposed 	of the photos ) 	with thin 
- 	 veener of 

oxide 
coating 

Slopes and flanks 5200 m 	Thin 	 Partially 	Many nodules 	Partly 
of rises and 	to 	 (<10 cm) 	exposed 	seen in most 	weathered 
seamount 	5400 m 	 sometimes 	 hotos 	basalt 

( (0.15.5 kg/di) 	and pumice 

	

I . 	 with 
substantial 
oxide 
coating 	U 

._.-- (---- 
Abyssal plains 	More 	 Thick 	 Not 	 // Nil or very .t-U> Pumice 

than 	 (>10 cm) 	exposed, 	1 le nodules( 	and 
5400 m 	 totally 	(0-1.25 kg/56) 	highly 

buried 	I in all photos 	weathered 
...._ 	 basalts as 

core of 
nodules 

5.4 Conclusions 

The occurrence of nodules depends upon the proximity of the 'seeds' from the 

seamount and abyssal hills from which they are derived. The availability of the 

nucleus material and occurrence of a thin sediment cover have resulted in the greater 

nodule abundance along the slopes and flanks. The nodules exposed on the flanks of 

the seamounts can be recovered more easily compared to those from the abyssal plains 

where they are buried or from the summits where only encrustations are found. 
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Three types of rocks (fresh basalts, weathered basalts and pumice) as nuclei 

have been identified with varying degrees of weathering and ferromanganese accretion 

around them. The rocks found on the summits are fresh basalts with a very thin 

coating of oxide. The partly weathered basalts have substantial oxide deposition)and 

are found along slopes and flanks whereas those transported to the abyss by ocean 

currents form highly weathered nodule cores. Thus, the characteristics of these rocks 

indicate that they belong to different episodes of volcanic eruptions. 

Depending upon the distribution of rock exposures and sediment thickness, the 
t 	t 

nodule population varies from Fe-Mn encrustations to thick nodule fields and-patehy 

in different morphologic domains. This distribution of nodule 

populations and various parameters associated with them, can be very useful in the 

selection of mining areas as well as in the planning of the mining activity for 

manganese nodules. 



CHAPTER 6 

INFLUENCE OF SEABED 
TOPOGRAPHY ON THE 

DISTRIBUTION OF NODULES 
AND ASSOCIATED FEATURES 
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6.1 Introduction 

The distribution of manganese nodules is controlled by a variety of factors/ 

such as t sedimentation rated (Glasby, 1976)/ and availability of nucleating material 

(Horn et al, 1973), which in turn are controlled by the topographic variations of the 

iseafloor (Frazer et al, 1978). Studies in the Pacific Ocean show that the occurrence 

t ✓ - ' 
of nodules is higher in t areas of t e rugged topography as well as 	slopes and 

/. 	 i, 

flanks oft abyssal hills , 
	

the concentration of the various elements in the nodules 
k 

)'' 
also v es according to their association with the topographic features (Glasby, 1976). 

Similar studies in CIB/have shown higher abundances of nodules/ in areas of relief 

of few hundred meters (Kodagali, 1988)1 as well as slopes 

and abyssal hills (Sharma and Kodagali, 1993). 

This study aims at carrying out a detailed analysis of the influence of 

variations in seabed morphology on the distribution of manganese nodules and the 

features associated with them from photographic data in the study area. An attempt 

was made to interpret the type of substrates (like rock / Fe-Mn encrustation, sediment 

cover etc.) and the thickness of the sedimentary layer associated with nodules, in 

different topographic settings. The relative abundance (RA), i.e. the extent of 

agreement between nodule abundance from t)ephotographs and grabs at the same 

locationwas also estimated/ which gives an idea of the possible burial of nodules. 

The elemental variations of nodules from different topographic settings have also been 

evaluated to suggest their possible origin. 
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6.2 Classification of data in different topographic settings 

Water depths as seen in the echograms were digitized and an interpolated 

one-minute time interval depth data file was created. This7I te -was merged with 9,- 

one-minute interval position data file to obtain a master position-depth data file. 

Around 60 E-W and N-S trending echosounding profiles were analysed across the 

survey area (Fig. 6.1). In all 213 sampling locations with photograph/ data were 

plotted on these profiles. Each station was assigned a topographic setting/depending 
19},q- 	, 

upon its location on the topographictprofile (Fig. 6.2) 	 stations located on 
073 

}I‘positive relief features were classified i 	'crests', and those on negative relief 

ri 
as 'valleys', and the remaining, as 'slopes' and 'plains' depending on the ',inclination 

of the seafloor topography in these areas. 

The distribution of various nodule parameters at individual locations in 

different topographic domains was compiled (Table 6.1). The minimum depth 

recorded for the crest of the seamount is 4180 m; /t44 valleys 	e recorded/depths 

varying from 4850 to 5550 m and the intervening depths show the presence of9ke 

slopes (4425 to 5500 m) and flliplains (4708 to 5500 m). Te nodule concentrations 

are the highest along e slopes (average= 15.32 % coverage, 3.96 kg/sq m abundance 

in photo and 6.65 kg/sq m in grabs); followed by the crests of tl seamounts (average] 

= 12.34% coverage, 3.48 kg/sq m abundance in photo and 5.53 kg/sq m in the grabs); ,  

and the abyssal plains (1.36 %, 0.83 kg/sq m and 3.56 kg/sqm); and the least in the jS 

valleys (0.25 %, 0.20 kg/sq m and 2.03 kg/sq m). However, due to patchy nature of 

distribution of nodules, areas with no nodule occur in all the domains. The results 

from photographs and e grabs have a relatively better agreement along the slopes 
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(average RA = 60%) and e crests (ay. RA = 47%) as compared to the valleys (ay. 

RA = 44%) and the plains (ay. RA = 33%), which indicates that there are less 

number of nodules buried on the crests and slopes than in the( 

) 	/ 

Table 	6.1: 	Details of nodule parameters in different topographic settings 

alleyg and plains. 

/ a,/ 

Setting Depth Nodule Photo Grab Relative 
coverage abundance abundance abundance 

(n1) (%) (kg/m2) (kg/m2) (%) 

Crests of Max 5325 60.0 15.4 16.1 231.0 

seamounts Min 4180 00.0 00.0 00.0 00.0 

Mean 4978 123*a 3.5 5.5 47.0 

Slopes Max 5500 75.0 163 19.6 275.0 

Min 4425 00.0 00.0 00.0 00.0 

flanks ) Mean 5137 153'6 4.0 6.7 60.0 

Plains Max 5500 19.0 4.1 15.5 140.0 

Min 4708 00.0 0.0 00.0 00.0 

Mean 5240 1.4 0.8 3.6 33.0 

Valleys Max 5550 03.0*c 1.0 9.2 227.0 

MM 4850 00.0 0.0 0.0 00.0 

Mean 5249 003 0.2 2.0 44.0 

* Excluding locations with only Fe-Mn encrustations (?) and no nodules, as follows: (*a) 2 locations with 100 % and 
1 location with 60 % coverage, on the crests, (*b) 1 location with 60 % coverage on the slopes, (*c) 1 location with 
50 % coverage in the valleys. 

6.3 Frequency distribution of various features in 
different topographic settings 

The frequency distribution of t water depth, nodule coverage, e nodule 
/. 

abundance
/ 

 from tye photographs and 	grabs as well as t relative abundance were 
/ 

plotted for various classes in each of the topographic setting. The distribution of these 

parameters with respect to morphological units/ is described in the following 

paragraphs. y Jo, ri„2  
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6.31 Water depth 

*water depths in the area vary between 4100 m and 5550 m (Fig. 6.3). 

Majority of the locations on t crests (14/26) are located at depths less than 5000 m. 

A large number of locations on t slopes (34/60) have depths less than 5200 m, 

whereas most of the valleys (47%) and plains (46%) are located between 5200 and 

5400 m. There are some locations (15% each) in the valleys and plains which are as 

deep as 5500 m. 

6.32 Nodule coverage 

Many of the locations on the crests (35%) have nil coverage, followed by 

coverages upto 40% and very few have high nodule coverages on the seabed (Fig. 

6.3). The two locations with 100% coverage have entire photograph area covered with 

Fe-Mn encrustations (and no nodules)/ which are observed as hard darksolergeci 

substrates. On the other hand, e slopes have some locations (22%) with no nodule 

coverage, and the coverage of nodules varies from less than 10% to as high as 

70-80%. Most of the locations in the valleys appear to be devoid of exposed nodules, 

as more than 75% locations have no nodule coverage and about 22% of the locations 

have less than 10% nodule cover. The only location with 50% coverage is a Fe-Mn 

pavement on the seabed. Whereas in the abyssal plains, there are more number of 

locations (67%) with atleast some nodules (<10% coverage) exposed on the seafloor. 

6.33 Nodule abundance (in photographs) 

The abundances estimated from photographs are generally very low in all the 

settings (Fig. 6.4). Most of the locations on the crests (46%) and in the valleys (78%) 
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and many locations along the slopes (23%) and the plains (31%) have no nodules at 

all, whereas frequency of nodule abundance upto 2 kg/sqm. is lower for the crests 

(11%) and the valleys (22%) and higher for the slopes (32%) and the plains (66%). 

Nodule abundances above 4 kg/sqm. are recorded in some of th locations which are 

situated on the crests (upto 16 kg/sqm) or the slopes (upto 18 kg/sqm) only. 

634 Nodule abundance (in grabs) 

There is a more uniform distribution of nodule abundance recovered from the 

grabs along the crests (upto 14 kg/sqm) as well as the slopes (upto 20 kg/sqm). The 

valleys have a higher number of locations with no nodule, than the plains (Fig. 6.4). 

Similarly'
) 

the plains have a higher number of locations for most of the abundance 

ranges than that of the valleys. 

6.35 Relative abundance 

Along the crests, in many cases (35%) there is a very good agreement (RA > 

90%), as also no agreement at all (38% cases with RA = 0%) and for the remaining 

(27%), it varies from 30 to 70%, majority of them between 50 - 60% of RA (which 

means a 50-50 agreement). Along the slopes, there is a variable agreement (0 to 

100%), depending upon the position on the slope and other influencing factors like 

-6)wGI 
e]tie of nodules due to sediment cover and their concentration in the area. 

In the valleys, majority of the locations (44%) have no agreement at all, 

because the grabs have recovered some nodules whereas they are not seen in the 

photographs (Fig. 6.5). However, large number of cases (38%)r show very good 
N.  

agreement (RA > 80%) also, which is because at many of the locations in the valleys, 
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there are no nodules recorded either in grabs or in the photographs. There are a few 

locations (18%) where RA varies from 10 to 60%. The abyssal plains also have a 

high number of cases (27%) with no agreement at all, but at the remaining locations 

the relative abundance is highly variable (< 10 to > 100%) depending upon local 

environmental conditions and nodule populations. Those locations where photographs 

have recorded more nodules than the grabs, have RA values above 100%. This is 

because of high nodule density, and the grabs have failed to recover all the nodules. 

6.4 Distribution of substrates in different topographic settings 

Nodules generally occur on substrates such as rock outcrops and sediment on 

the seabed in varying proportions. Distribution of these substrates also appears to be 

controlled by the topographic variations on the seafloor (Table 6.2). Frequency of 

occurrence of rock exposures (with or without sediments) is higher on the crests or 

the slopes of the seamounts and flanks of the valleys, than in the plains. However, 

occurrence of rock alone as a substrate is very rare, and generally it is associated with 

a thin layer of sediments. The thickness of the sediment cover increases towards the 

abyssal plains and the valleys, with no or very few rock exposures in these regions. 

Thinner sedimentary layers are generally restricted to) crests and jhe slopes, and 

the thicker ones)/ e egative relief features. There is tendency for t e sediment 

to get transported downslope from 3}{e positive relief such as the abyssal hills and 

seamounts, exposing the rock outcrops (with less sediment cover) in these regions, and 

sê finents get accumulated in the basinal areas of the va 	 flat plains. 
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Table 	6.2: Frequency of occurrence of substrates in different topographic settings 
(figures in parenthesis indicate frequency percentage) 	

C2- 
Setting Rock+very thin/ Thin Intermediate/ Thick 

thin sediment sediment thick sediment sediment 

(n) (<4 cm) (4-10 cm) (>10 cm) 

Crests of 5 5 3 13 
seamounts 
and hills 

(19.2) (19.2) (11.5) (50) 

(26) 

Slopes 3 4 21 32 
and 
flanks 

(5) (6.7) (35) (53.3) 

(60) 

Plains 1 7 75 
(83) (1.2) (8.4) (90.4) 

Valleys 1 2 41 
(44) (2.2) (4.5) (93.2) 

*e sediment cover plays an important role in the e"posilire of nodules. The 

mixed layer or the sediment-water interface boundary (SWIB) layer obscures the 

nodules from the camera view (Cronan and Tooms, 1967). The nodules get partially 

or fully buried, resulting in lower abundance estimates from the photographs than the 
€0 ,-D 

grabs. If the SWIB layer is thin, there is 	 -pof agreement because more 

number of nodules are exposed; whereas ThzettraiW a thick SWIB layer, i1 eir=-61-§-16W— 

 agreement (see chapter 4). Hence, many locations on the crests have a better 

agreement (i.e. higher RA), whereas the slopes and plains have a variable RA, and 

the valleys have very low RA values. 

However, the presence of thick sedimentary layers is also observed In many 

of the photographs taken on t e crests and slopes. Similarly, at a few locations in the 

valleys and plains, rock exposures and thin sediment layer are observed, indicating 
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that besides the major topographic features, the local topography also influences the 
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presence of certain substrates. Hence, t sediments may accumulate in the microrelief 

on the crests of seamounts and similarly rock exposures can be found along gently 

sloping abyssal plains or sides of the valleys. These local topographic variations and 

the existing substrates also influence the occurrence and concentration of e nodules 

at these locations. 

(\1° )  (1)4 
6.5 Elemental variations indifferent topographic settings 

4Q,A)AA-- 

Ele ntal variations in nodules were evaluated for strategic metals (Cu, Ni, 

Co) as well as Mn:Fe ratioii 
r

Vcompared to nodule abundances in different 

topographic settings (Table 6.3). The chemical data vyd . obtained for bulk nodules 
,opp  

from PMN data bank. 
/■ 

Table 

Settings 
(n) 

6.3: Chemical data for nodules in different topographic settings 

Co 	Cu 	Ni 	Cu+Ni+Co 	Mn/Fe Nodule 
abundance 

Crests Max 0.25 1.23 1.53 2.86 5.79 16.1 
(19) Min 0.10 0.59 0.39 1.21 1.23 0.0 

Mean 0.18 0.91 0.83 1.92 2.42 5.5 

Slopes Max 0.34 1.63 1.72 3.32 6.18 19.6 
(48) Min 0.09 0.44 0.27 1.00 1.08 0.0 

Mean 0.17 1.03 0.93 2.12 2.89 6.7 

Plains Max 0.23 1.65 2.53 3.74 9.94 15.5 

(48) Min 0.00 0.63 0.41 1.24 1.43 0.0 
Mean 0.12 1.21 1.24 2.57 3.87 3.6 

Valleys Max 0.27 1.83 1.69 3.43 6.34 9.2 
(21) Min 0.08 0.60 0.49 1.35 1.67 0.0 

Mean 0.13 1.23 1.25 2.61 4.02 2.0 
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Although cobalt content in nodules does not show much variation in nodules 

(max= 0.23-0.34%, mean= 0.12-0.18%) in different settings, the nodules from crests 

and slopes have relatively higher cobalt content than thosein e valleys and plains. 

Cobalt also has an inverse correlation with copper and nickel, which show a general 

increase from crests and slopes towards valleys and plains. There is a steady increase 

in Cu (from 0.91 -1.23%) and Ni (from 0.83-1.25%) with increase in depth, from 

crests of the seamounts towards the deep abyssal valleys. In a similar study in the 

CIB, a general increase in Ni and Cu content, and a decrease in Co content was 

observed in nodules evaluated from hill tops to slopes, valleys and plains (Kodagali 

and Sudhakar, 1993). 

The aggregate of Cu+Ni+Co/ also shows a corresponding increase (mean= 

1.92-2.61%) from the elevated parts to the deeper areas of the seabed. Similarly, 

Mn/Fe ratios have an increasing trend (2.42-4.02) from the crests towards the valleys, 

suggesting that the Mn content in nodules increases (as compared to Fe) from 

relatively elevated areas towards the deeper ones. Halbach et. al. (1981)/ also 
14,4-ct-) 460 ; 

observed low Mn/Fe ratio (1.5) for slopes of seamounts, which increased (up :o 4) in 

basinal areas. 

Cobalt is known to have a positive correlation with Fe (Cronan, 1972), both 

elevated topographic 
9,0 

settings such as the crests and slopes of e seamounts( compared to the nodules 

located in t e valleys and e plains. Volcanic edifices, seamounts and ridges are the V ofcAiz, 

major sources of cobalt (Frazer and Fisk, 1981). imilarl Cu and Ni in nodules/ 

show an increase towards e valleys and plains) w ere \generally e nodules have 

(1,6 
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0-/ higher Mn content also. These nodules are invariably associated with the sediment 

1'11/ 
on the seafloor, ith many of the n 	es being buried. In these seafloor settings, the 

Mn, Ni and Cu are derived from the sediment pore water, which contains higher 

concentrations of these dissolved metals caused by early diagenetic remobilisation 

(Jauhari, 1989). 

The Mn/Fe ratios give an ideaperut the origin of nodules as well as their 

mineralogy (Halbach et al, 1981). High Mn/Fe ratios correspond to todorokite, 

whereas e nodules with low Mn/Fe ratio/contain birnessite (Kunze dorf, 1986). A 

genetic classification of nodules on the basis of Mn/Fe ratios and total metal content 

(Cu+Ni+Co) has been proposed by Bonatti et. all, (1972)According to this 

classification, e nodules from crests and slopes represent hydrogenous type of 
j\., 

1 deposits which originate due to direct precipitation of colloidal compounds from the 
/- 

bottom water (Halbach et al, 1981). T e nodules have very little interaction with the 

sediment on the crests and slopes, where the outcrops of volcanic rocks limit 

diagenetic supply of Mn and enhance the supply of Fe-rich solutions due to erosion -i)?/91°A'- 

 and volcanism. 

y/ e nodules in the plains and valleys seem to have a diagenetic origin, with 

U-i high Mn/Fe rati4 (3.87-4.02)/which is the result of remobilisation of metals and 

precipitation in the peneliquid layer of Mn, Ni and Cu. Plains and valleys ‘‘,.461 .9)ilur 

a- 
/have thicker ATL (acoustically transparent layer) and nodules with higher Mn/Fe 

ratios, Cu, Ni content (Mukhopadhyay and Nagendranash, 1985). 
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Cp}r-eration jefimean nodule abundance2vi6 total metal content shews-thaty 

-tak 
negativ.. correlatipp bet en the (Table 6.3) because the nodule 

abundances on the crests and slopes are significantly high (5.5, 6.7 kg/sq.m) with low 

metal contents (1.92, 2.12%); whereas the abundances in the plains and valleys are 

lower (3.6, 2.0 kg/sq.m) with higher metal contents (2.57, 2.61%). Considering these 
t52-k_ 

values, the selection offipotential sites for mining the nodules/ will have to .ke 

kang all the 1 parametersi into considerationl i.e. abundance, grade 

(metal content) and topography. 

6.6 Relation of seafloor features with seabed morphology 

Distribution of nodule coverage and abundance show a preferential occurrence 

in certain morphological settings. The average as well as maximum nodule 

populations recorded on the crests and the slopes are much higher than those recorded 

in the valleys and the plains (Table 6.1). T crests and t slopes have relatively 

higher nodule coverages (average = 12% and 15%), as well as nodule abundances in 

the photographs (average = 3.48 and 3.96 kg./sqm.) and the grabs (ay. = 5.53 and 6.65 

kg/ sq.m?)  hereasi the nodule concentrations are much less in t valleys (ay. = 

0.25 % coverage, 0.20 and 2.03 kg/sqm. abundance) and )he plains (ay. = 1.36 % 

coverage, 0.83 and 3.56 kg/sqm. abundance). T e slopes appear to have higher 

concentrations of nodules than the crests/ due to low sediment accumulation and 

availability of nucleating material from the crests (see chapter 5). Also, t e plains 

have a higher nodule population than t valleys, as most of the locations in the 

valleys have thick accumulation of sediments and no nodules are recovered or 

photographed. However, locations with no nodules are also common in all the 
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domains/ which confirms the patchy distribution of these deposits in all the 

morphological settings of the seabed. 

The presence (or absence) of rocks and sediments also depends on the 

morphological variations of the seabed. Most of the rock exposures and t e locations 

with thin sediment are found either on the crests or the slopes, and the occurrence of 
r. 	

1.1`4-)1A-,44410e; 12.)114-41A_ 

thick and very thick sediment cover is)xigrfiiglfei in pit valleys and t plains 

(Table 6.2). A good agreement between photograph, data and grab data is 

observed along the slopes (average RA = 60%), and it decreases on the crests (average 

RA = 47%), probably due to some sediment patches on them; a it further reduces 

e valleys (average RA = 44%) and t plains (33%), as tlinodules are more 

likely to be buried in these areas under thick sediment cover. 

The elemental variations (Table 6.3) show a negative correlation between Co 

and Cu, Ni, which show an increase from the crests to tilt. valleys. The Mn/Fe ratios 

and total metal content suggest that the nodules on the crests and slope are of 

hydrogenous origin, whereas those on the plains and valleys are of diagenetic origin. 

6.7 Conclusions 

Bathymetry is the main controlling factor for the distribution of manganese 

nodules, as they are generally more abundant on the crests and slopes, than in the 

valleys and plains. The factors which influence the concentrations of nodules, such 

as t e rock outcrops and sediment cover, are also controlled by bathymetry for their 

localisation and extent. The following zones (Fig. 6.6) of distribution of nodules, 
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rocks and sediments with respect to topography, can be inferred from the data 

evaluated in this chapter: 

1. rock outcrops at the crests and higher slopes of tale  seamounts with no 

sediment cover and no nodules associated with them, 

2. transition between rock outcrops and nodule areas on lower slopes )  

3. nodule fields with thin sediment cover on gentler slopes, 

4. partial burial of nodules due to increase in thickness of sediment cover in the 

abyssal plains, 

5. almost complete burial of nodules under thick sediment cover in the valleys. 

/e nodules occurring on the crests and slopes are of hydrogenous origin due 

to higher input from the weathering of exposed rocks enriching the bottom waters; 

whereas the nodules from plains and vall __are  of diagenetic origin, due to more 

interaction with sediment on the seafloor. The-negative correlation of metal content .. 
tlAjj-CreAJ. P 

with nodule abundance, suggests the complxity 	selecting potential mine-sites for 

I 

4..u" 

e-c,  exploitation of nodules. 



Fig. 	6.6: 	Seabed photographs showing/occurrence of crusts, nodules and ' 
sediment in different topographic settings 
(a) Seabed photo showing rock outcrop/Fe-Mn encrustation 

with few sediment patches; Depth: 5000 m; Setting: 
Adjacent to summit of a hill; Substrate: Basalt 

(b) Seabed photo showing transition zone between rock 
outcrops/Fe-Mn encrustation and nodule fields, witl thin , 
sediment cover; Depth: 5216 m; Setting: Upper slo e of 
the hill; Substrate: basalt, silice5us sediment 

/t 
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Fig. 	6.6: 	Seabed photographs showing occurrence of crusts, nodules and , 
sediment in different topographic settings (Contd.) 
(c) Seabed photo showing nodule field with thin sediment 

cover; Depth: 5450 m; Setting: Lower slope of the 
seamount; Substrate: Siliceous sediment 

(d) Seabed photo showing partly buried nodules under ithick 
sediment; Depth: 5550 m; Setting: Plain; 
Substrate: Siliceous sediment 
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Fig. 	6.6: 	Seabed photographs showing occurrence of crusts, nodules and 
sediment in different topographic settings (Contd.) 
(e) 	Seabed photo showing buried nodules under thick 

sediment; Depth: 5550 m; Setting: Valley; 
Substrate: Siliceous sediment 



CHAPTER 7 

DEMARCATION OF POTENTIAL 
AREAS FROM DEEPTOW 
PHOTOGRAPHIC DATA 
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7.1 Introduction 

India was registered as a Pioneer Investor for the preparatory investments made 

in polymetallic nodules and a Pioneer area of 150,000 sq. km  was alloted in the 

Central Indian Basin in August, 1987 by the PrepCom (UNCLOS III). This pioneer 

area was subjected to detailed investigations since then, both to identify areas for 

progressive relinquishment (as a part of the obligation) and to demarcate candidate 

mine-sites for commercial activities. 

As a part of the assessment of the nodule deposit in the Indian Pioneer area, 

deep-towed photographic and acoustic system (Fig. 7.1) was deployed onboard the 

Russian Research Vessel A.A. Sidorenko. In all 23 operations, varying in distance 

from 0.3 km to 140 km were carried out (Fig. 7.2) during four expeditions . The 

objectives of the surveys were: 

1. to evaluate spatial distribution of nodules and other features in the Indian 

Pioneer area. 

2. to assess quantitatively the potentiality of different blocks with respect to one 

another in the Indian Pioneer area. 

7.2 Data acquisition 

Still photographs (Fig. 7.3) were recorded on B/W films on the two cameras/ 

at pre-fixed interval of 30 seconds. An area of 1-18 sq. m was covered in each 
r 

photographic frame depending on the altitude of the system from the seafloor. All the 

photographs were annotated with camera number, photo number, time and altitude of 
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Fig. 7.3: Photographs with nodules and Fe-Mn encrustations along a 
deeptow profile 
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the picture taken. During the deeptow operations the video frames were recorded 

onboard at e ry 30 seconds interval. The area covered by the video images on the 

seafloor is about 1-2 sq. m. These videographs were observed on real-time by an 

observer during each operation. Navigation data of the ship recorded JAK every 

minute from the GPS and stored as one minute navigation files. The position of the 

tow-body is calculated from the cable length and water depths for each photo location, 

which is stored separately in a photo navigation file. For the safety and easy 

maneuverability of the tow-body the ship's echosounder (operated at 12 kHz) record 

as well as the sub-bottom profiling and side scan sonar information continuously 

monitored during the operation. All these records are annotated with date, time and 

fix number at regular intervals. 

The total data collected (Table 7.1) summarised below (Sharma et al, 1995a): 

Number of Cruises 	 4 

Number of Operations 	 23 

Total distance covered 	 1129 kms 

Number of photographs obtained 	 52295 

Length of video data 	 451 hrs 

Sub-bottom profiling & side scan sonar data 	 1129 kms 

r 
) 

The data 	evaluated by specially developed software for analysis, 

computation and integration (Sharma et al, 1995b; Sankar et al, 1995). 



Table 

Sr. 
No. 

7.1: 

Cruise/ 
Location 
No. 

Details of deeptow operations 

Operation 
No. 

Start Location 
Latitude 	Longitude 
(South) 	(East) 

End Location 
Latitude 	Longitude 
(South) 	(East) 

Depth 

(m) 

Distance 
covered 
(km) 

No. of 
Photos 

Video 
data 

MK 

SBP,SSS 
data 

(km) 

Ship SBP 
data 

(km) 

1. AAS-V/1 - 	1 11 43.54 75 59.06 11 46.28 76 02.57 5344 1.8 91 00 52 1.8 7.0 

2. AAS-V/1 - 	2 11 43.44 75 58.37 11 59.38 76 15.43 5312 33.1 1589 14 00 33.1 38.0 

3. AAS-V2 1 11 59.10 74 45.60 12 01.17 75 49.87 5250 0.5 34 00 19 0.5 5.0 

4. 4&AS-V/3 1 12 12.12 75 47.53 12 39.04 76 14.30 5241 58.0 2689 23 00 58.0 63.0 

5. AAS-V/4 1 12 37.04 75 30.73 12 41.81 75 38.71 5290 0.3 22 00 12 0.3 5.0 

6. AAS-V/4 2 12 31.77 75 31.33 12 36.73 75 34.77 5230 1.5 40 00 37 1.5 5.0 

7. AAS-V/4 3 12 32.95 75 31.68 12 38.88 75 37.11 5226 4.0 251 02 05 4.0 9.0 

8. AAS-V/4 4 12 38.47 75 36.02 13 09.80 76 13.04 5284 77.6 3700 31 36 78.0 83.0 

9. AAS-V/5 1 13 09.48 74 47.08 13 26.33 74 52.10 5202 21.1 1159 09 20 21.1 26.0 

10. AAS-V1/6 1 10 25.27 74 24.95 10 42.77 75 02.31 5160 60.0 2724 23 00 85.0 85.0 

11. AAS-VI/7 1 10 43.86 74 27.45 10 59.26 75 00.24 5133 53.0 2508 20 00 53.0 53.0 

12. AAS-VI,S 1 11 28.61 74 57.98 11 38.10 75 17.75 5225 23.5 1156 09 00 23.0 23.0 

13. AAS-VI/8 2 11 35.62 75 13.23 11 52.83 75 38.86 5233 40.0 2000 16 00 40.0 40.0 

14. AAS-V1/9 1 12 48.73 74 37.70 13 39.45 75 43.98 5074 140.0 6259 53 00 143.0 143.0 
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Table 

Sr. 
No. 

7.1: 	Details of deeptow operations (Contd.) 

Cruise/ 	 Operation 	 Start Location 
Location 	No. 	 Latitude 	Longitude 
No. 	 (South) 	(East) 

End Location 
Latitude 	Longitude 
(South) 	(East) 

Depth 

(m) 

Distance 
covered 

(km) 

No. of 
Photos 

Video 
data 

WA) 

SBP,SSS 
data 

(km) 

Ship SBP 
data 

(km) 

15. AAS-V1/10 	- 1 13 36.01 74 25.04 13 43.00 74 37.54 stn 15.0 851 16 00 15.0 15.0 

16. AAS-VI/10 	- 2 13 36.32 74 24.90 14 17.16 75 36.92 5141 138.0 6367 56 00 139.0 139.0 

17. AAS-VII/6 	- 2 10 42.62 75 02.04 11 00.33 75 40.26 5278 76.9 3895 32 34 76.9 76.9 

18. AAS-VII/11 - 1 11 30.61 74 29.69 11 18.66 74 42.74 5098 32.4 1526 12 49 32.4 32.4 

19. AAS-VII/7 	- 2 10 57.70 74 56.73 11 02.51 75 40.09 5157 79.5 3994 34 46 79.5 79.5 

20. AAS-VII/1 	- 3 11 57.70 76 14.98 12 12.78 76 30.31 5380 39.3 1860 16 00 39.3 39.3 

21. AAS-VIII/12 - 1 12 10.15 74 40.75 12 45.30 75 10.03 5103 66.8 3146 26 47 66.8 66.8 

22. AAS-V1111/12 - 2 12 39.24 75 04.45 13 3843 75 54.66 5142 124.2 5444 46 35 124.2 124.2 

23. AAS-VIII/12 - 3 13 04.46 76 05.90 13 23.91 76 31.78 5122 42.0 2000 16 30 42.0 42.0 

TOTAL 23 1128.7 52295 451 00 1128.7 1128.7 

82 
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7.3 Total area covered by photographs, nodules 
and associated features 

During the 4 cruises, 23 deeptow operations we
4-0

carried out, in 19 of which 
1A
re 

 n, 
data w collected successfully (Table 7.1) whereas/ unsuccessful operations (Nos. 

1-1, 2-1, 4-1 and 4-2) had to be abandoned due to operational problems. Among the 

19 successful operations, photographic and acoustic data were collected along profiles 

ranging from 0.3 to 140 km in length. The total area covered by the 52108 photos 

analysed is 5,47,305.5 sq. m (which comes to an average area of 10.5 sq. m for each 

photograph). 

In comparison to the total area covered by all the photographs (547305.5 sq. 

m), about 5% (i.e., 27641.8 sq. m) of the area is covered by nodules exposed on the 

seafloor, whereas 90% (496822 sq. m) of the area is covered by sediment, and only 

0.23% (1249.5 sq. m) area is covered by rocks and Fe-mn encrustations. The data in 

remaining 5% (21592.5 sq. m) area could not be analysed due to poor quality of 

photographs. 

The data show that e nodules occur in varying concentrations (0.04 - 

12.57% of the area covered by photos) on the seafloor along different profiles. In two 

of the profiles (nos. 4-3 and 7-2), the tracks are devoid of nodules and crusts, and 

these profiles show only sediment cover (100%) in the photos and videographs. The 

crusts cover an area ranging from 0.01% to 0.67% in different profiles and are 

localised, as no crusts are seen along profiles. Sediments are the most dominating 

feature which occur in all the profiles covering an area ranging from 82% to 99.65%. 
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7.4 Blockwise data evaluation 

The survey area was divided in blocks of 15 x 15 miles (i.e., quarter degree 

grid) in order to facilitate demarkation of potential areas (Fig. 7.4). Deeptow profiles 

cut across 56 blocks comprising of 49,497 photographs, with an average number of 

photos analysed per block being 884. The minimum, maximum and mean nodule 

abundance and various other computations, such as the number of photos analysed, 

6-k-,  
number of photos showing nodules and crusts, area covered by them, as well as the 

& an-t iv-ew w 
frequency distribution of nodules for each block ....;..;...:_-."•:.,...,... ables 7.2 and 7.3 . 

The blockwise data analysis shows that the distribution of nodules, crusts and 

sediment is distinctly different to the north and south of 12 °S latitude and hence the 
Tom``' 

survey area is divided into zones, namely zone A: between 10° and 12°S latitudes, 

and zone B: between 12° and 14°15'S latitudes. Of the t 	56 blocks, 18. ) ael6 fall 

in zone A, (comprising of 17,842 photos, i.e., 36% of the total) and the remainin 

.11) fael6 	in zone B (comprising of 31,653 photos, i.e., 64% of the total). 

7.41 Frequency of occurrence of nodules and crusts in different blocks 

A -\>.  
In zone A,i blocks do not show any ocs .u.r-risric 	nodules e 2veodules whereas /f. ,  

occurrence of nodules in photographs from remaining 12 blocks of this zone varies 
Ov,1-4  

between <1%).‘93%. The cumulative occurrence of photos with nodules in this zone 
r- 

is 11.46%. The occurrence of crusts in photos is observed only in 4 blocks, in 

negligible numbers (0.11-1.32 % of the photos). In zone B, 6 out of 38 blocks have 

no photos with nodules, whereas the occurrence of photos with nodules in the' 

remaining 32 blocks varies between 6 and 96%, with many of them (10 out of 32) 
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being 40 - 60%, followed by 5 each (out of the 32 blocks) having 60- 80%, 80 - 

100% and 20-40%, and the remaining (7) having < 20 % photos with nodules; the 

cumulative occurrence of photos with nodules in this zone b g 40%. The 

occurrence of photos with crusts in most of blocks is either nil (in 13 out of 38 
r . 

blocks) or negligible (<1% in 14 out of 38 blocks), with a few blocks (8 out of 38) 

having some photos (1 - 3%) with crusts and only 3 blocks having 3 - 6% photos with 

crusts. 

7.42 Area covered by nodules, crusts and sediments in different blocks 

In zone A, the area covered by nodules in different blocks is very small (0 - 

4kj-  
1.32%)/ with respect tototal area covered by all photos in the blockPpdThe 

cumulative area covered by nodules in this zone is 0.26% of the total area (Table 7.2). 

Similarly, the area covered by crusts in this zone is also negligible (<0.08%) in 

different blocks, the cumulative being 0.013%. However, the sediment covers a very 

large area in all the blocks (91.8 - 100%), the cumulative for this zone being 97.51%, 

which may be responsible for less exposure of nodules on surface and hence very less 

area being covered by nodules on the seabed. 

In zone B, the area covered by nodules in different blocks is relatively higher, 

with nodules covering an area between 20 and 45% in 5 blocks (out of 38), between 

10 and 20% in 6 blocks, and less than 10 % in 21 blocks; the cumulative area covered 

by nodules in this zone being 7.36%. The area covered by crusts in different blocks 

in this zone is also negligible (0% in 13 blocks, <1% in 19 blocks, and 1-2 % in the 

remaining 6 blocks); the cumulative area covered by crusts in this zone b9i-tig 0.33%, 

which is slightly higher than that of zone A. The area covered by sediments in 



Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks 

     

BI- Latitude (°S) Longitude ( °E) 	No. of 	No. of 	No. of 
ock 	 Photos 	Photos 	Photos 
No. Mini- Maxi- Mini- Maxi- 	 with 	with 

mum mum mum mum 	 Nodules 	Crusts 

Area covered (in Sq. m) 	 MM. Max. Mean 
----- --------------------------------------- ------- ------- 	Abun- Abun- Abun- 
Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 

4--  Kg/Sq.  m --• 

Zone A: 10°  -  12°s 
10 	10.50 	10.25 	74.50 74.75 558 542 0 1 6516.02 68.37 0.00 6426.53 21.12 4.92 5.62 4.94 

(93.13%) (0.18%) (1.05%) (0%) (98.63%) (0.32%) 

14 10.75 1050 	75.00 75.25 588 61 0 5 5757.67 7.56 0.00 5679.85 70.26 4.92 5.10 4.97 
(10.37%) (0.85%) (0.13%) (0.%) (98.65%) (1.22%) 

15 10.75 10.50 •44.75 75.00 1357 43 18 91 4553.96 8.52 3.82 4345.23 196.40 4.92 5.10 5.01 
(3.17%) (1.32%) (6.7%) (0.19%) (0.08%) (95.42%) (4.31%) 

16 10.75 10.50 	74.50 74.75 874 469 1 6 12350.09 64.19 4.92 12082.08 198.91 4.92 4.92 4.92 
(53.66%) (0.11%) (0.68%) (0.52%) (0.04%) (97.83%) (1.61%) 

18 11.00 10.75 	75.25 75.50 1536 39 3 5 16112.71 3.99 3.71 16080.84 24.18 4.92 5.10 4.94 
(2.54%) (0.19%) (0.32%) (0.03%) (0.02%) (99.80%) (0.15%) 

19 11.00 10.75 	75.00 75.25 972 214 0 0 10513.05 30.51 0.00 10482.55 0.00 4.92 5.10 4.99 
(22%) (0.29%) (0%) (99.71%) (0%) 

20 11.00 10.75 	74.75 75.00 1516 4 0 26 16798.20 0.44 0.00 16187.14 610.62 4.92 4.92 4.92 
(0.26%) (1.7%) (0.003%) (0%) (96.36%) (3.64%) 

21 11.00 10.75 	74.50 74.75 1374 93 0 11 14295.74 9.55 0.00 14109.34 176.85 4.92 4.92 4.92 
(6.77%) (0.8%) (0.07%) (0%) (98.70%) (1.23%) 

28 11.25 11.00 	75.25 7550 1243 0 0 25 13131.22 0.00 0.00 12752.00 379.22 0.00 0.00 0.00 
(2.0%) (0%) (0%) (97.11%) (2.89%) 
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Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks (Contd.) 

      

         

BI- Latitude (°S) Longitude (°E) 	No. of 	No. of 	No. of 	No. of 	 Area covered (in Sq. m) 	 Min. Max. Mean 
ock  	 Photos 	Photos 	Photos 	No Data 	 Abun- Abun- Abun- 
No. Mini- Maxi- Mini- Maxi- 	 with 	with 	Photos 	Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 

mum mum mum mum 	 Nodules 	Crusts 	 4--- Kg/Sq.  m ' 

Zone A: 10° - 12°s 
29 	11.25 	11.00 	75.00 	75.25 1252 0 0 3 13198.75 0.00 0.00 13113.49 85.26 0.00 0.00 0.00 

(0.24%) (0%) (0%) (99.35%) (0.65%) 

41 11.50 	11.25 	74.50 	74.75 1421 143 0 10 14201.70 65.50 0.00 13998.23 137.96 4.92 11.71 5.60 
(10%) (0.7%) (0.46%) (0%) (98.57%) (0.97%) 

48 11.75 	1130 	75.25 	7530 1006 144 0 30 10966.71 14.35 0.00 10396.53 555.83 4.92 4.92 4.92 
(14.3%) (3%) (0.14%) (0%) (94.80%) (5.06%) 

49 11.75 	1130 	75.00 	75.25 1116 66 0 29 13447.94 11.58 0.00 12877.90 558.46 4.92 5.62 5.07 
(5.9%) (2.6%) (0.09%) (0%) (95.76%) (4.15%) 

51 11.75 	1130 	74.50 	74.75 56 0 0 0 664.53 0.00 0.00 664.53 0.00 0.00 0.00 0.00 

(0%) (0%) (100%) (0%) 

56 12.00 	11.75 	76.25 	76.50 348 0 0 0 3746.01 0.00 0.00 3746.01 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 

57 12.00 	11.75 	76.00 	76.25 1589 227 5 77 14611.06 192.43 11.57 13412.54 994.52 4.92 15.19 6.11 
(14.3%) (0.31%) (4.8%) (1.32%) (0.08%) (91.80%) (6.80%) 

59 12.00 	11.75 	75.50 	75.75 711 0 0 0 6798.01 0.00 0.00 6798.01 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 

60 12.00 	11.75 	75.25 	7530 323 0 0 2 3236.49 0.00 0.00 3236.49 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 

TOTAL 17842 2045 27 321 180899.86 476.99 24.02 176389.29 4009.6 
(11.46%) (0.15%) (1.8%) (0.26%) (0.013%) (97.51%) (2.21%) 
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Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks (Contd.) 

   

          

BI- Latitude (°S) Longitude (°E) 	No. of 	No. of 	No. of 	No. of 	 Area covered (in Sq. m) 	 Min. Max. Mean 
ock  	 Photos 	Photos 	Photos 	No Data 	 Abun- Abun- Abun- 
No. Mini- Maxi- Mini- Maxi- 	 with 	with 	Photos 	Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 

mum mum mum mum 	 Nodules 	Crusts 	 '1-  Kg/Sq. m ' 

Zone B:  12° - 14.15's 
62 12.25 12.00 76.25 76.50 1476 415 19 15 15972.27 913.20 80.16 14098.33 880.57 4.92 13.45 8.46 

(28%) (1.3%) (1%) (5.72%) (0.50%) (88.27%) (551%) 

64 12.25 12.00 75.75 76.00 158 0 0 0 1257.23 0.00 0.00 1257.23 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 

69 12.50 12.25 76.00 7625 904 537 8 30 8625.90 791.39 16.40 6518.57 1299.53 4.92 13.45 7.91 
(59.4%) (0.9%) (3.3%) (9.17%) (0.19%) (75.57%) (15.07%) 

70 12.50 12.25 75.75 76.00 1011 89 3 0 7644.48 18.27 2.15 7624.07 0.00 4.92 8.23 5.24 
(8.8%) (0.3%) (0.24%) (0.03%) (99.73%) (0%) 

74 12.50 12.25 74.75 75.00 1595 431 15 60 21149.38 823.16 62.60 16357.46 3906.16 4.92 13.45 7.08 
(27%) (0.94%) (3.7%) (3.89%) (0.30%) (77.34%) (18.47%) 

76 12.75 12.50 76.00 76.25 605 575 13 3 4943.65 1176.10 83.22 3619.36 64.97 4.92 13.45 9.24 
(95%) (2.1%) (2.1%) (23.79%) (1.68%) (73.21%) (1.31%) 

78 12.75 12.50 75.50 75.75 707 260 19 20 5379.34 708.99 63.24 4361.32 245.79 4.92 15.19 11.21 
(36.7%) (2.7%) (2.8%) (13.18%) (1.18%) (81.07%) (4.57%) 

80 12.75 12.50 75.00 75.25 1262 109 0 9 13124.39 26.03 0.00 12841.91 256.45 4.92 6.49 5.18 
(8.6%) (0.7%) (0.20%) (0%) (97.85%) (1.95%) 

81 12.75 1250 74.75 75.00 304 0 0 0 3213.16 0.00 0.00 3213.16 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 
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Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks (Contd.) 

   

    

Bl- Latitude (°S) Longitude (°E) 	No. of 	No. of 	No. of 	No. of 	 Area covered (in Sq. m) 	 Min. Max. Mean 
Photos 	Photos 	Photos 	No Data 	 Abun- Abun- Abun- 

No. Mini- Maxi- Mini- Maxi- 	 with 	with 	Photos 	Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 
mum mum mum mum 	 Nodules 	Crusts 	 4-- Kg/Sq. m  --i. 

Zone B: 12° - 14°15's 
85 13.00 12.75 75.75 76.00 1429 343 1 5 11215.08 145.67 0.70 10956.50 112.21 4.92 9.97 5.73 

(24%) (0.06%) (0.3%) (1.30%) (0.06%) (97.69%) (1.00%) 

86 13.00 12.75 75.50 75.75 362 313 22 14 3168.49 754.88 5059 2011.72 351.30 4.92 13.45 10.10 
(86.5%) (6%) (3.86%) (23.83%) (1.60%) (63.48%) (11.09%) 

87 13.00 12.75 75.25 7550 890 53 0 43 12732.35 1352 0.00 9924.27 2794.56 4.92 6.49 5.13 
(6%) (4.8%) (0.11%) (0%) (77.95%) (21.95%) 

88 13.00 12.75 75.00 75.25 658 41 2 27 9509.40 54.17 35.73 8089.84 1329.67 4.92 11.71 6.78 
(6.2%) (0.3%) (4.1%) (0.57%) (0.38%) (85.07%) (13.98%) 

89 13.00 12.75 74.75 75.00 721 0 0 0 9144.18 0.00 0.00 9144.18 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 

90 13.00 12.75 74.50 74.75 391 0 0 0 4563.70 0.00 0.00 4563.70 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 

91 13.25 13.00 76.25 76.50 505 81 0 2 4974.00 32.44 0.00 4922.13 19.43 4.92 8.23 5.60 
(16%) (0.4%) (0.65%) (0%) (98.96%) (0.39%) 

92 13.25 13.00 76.00 76.25 414 253 0 4 4374.48 351.70 0 3759.46 263.32 4.92 11.71 7.23 
(61%) (1%) (8.04%) (0%) (85.94%) (6.02%) 

93 13.25 13.00 75.75 76.00 230 0 0 0 1735.93 0.00 0.00 1735.93 0.00 0.00 0.00 0.00 
(0%) (0%) (100%) (0%) 
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Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks (Contd.) 

       

            

            

BI- Latitude (°S) Longitude (°E) 	No. of 	No. of 	No. of 	No. of 	 Area covered (in Sq. m) 	 Min. Max. Mean 

Photos 	Photos 	Photos 	No Data 	 Abun- Abun- Abun- 

No. Mini- Maxi- Mini- Maxi- 	 with 	with 	Photos 	Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 

mum mum mum mum 	 Nodules 	Crusts 	 4---- Kg/Sq. m  --. 

Zone B: 12°  - 14°15'S 
94 13.25 13.00 75.50 75.75 601 338 5 13 7348.33 283.52 9.54 6692.31 362.96 4.92 8.23 5.96 

(56.2%) (0.8%) (2.1%) (3.86%) (0.13%) (91.07%) (4.94%) 

95 13.25 13.00 75.25 75.50 930 380 9 26 12570.28 431.08 26.54 10691.40 1421.27 4.92 11.71 6.14 
(41%) (1%) (2.8%) (3.43%) (0.21%) (85.05%) (11.31%) 

96 13.25 13.00 75.00 75.25 1026 849 8 9 11696.85 3002.66 46.12 8352.05 296.02 4.92 18.67 10.26 
(82.7%) (0.7%) (0.8%) (25.67%) (0.40%) (71.40%) (2.53%) 

97 13.25 13.00 74.75 75.00 1129 207 7 19 12066.05 359.86 32.40 11447.87 225.92 4.92 18.67 8.38 
(18.3%) (0.6%) (1.7%) (2.98%) (0.27%) (94.88%) (1.87%) 

99 13.50 13.25 76.25 76.50 1080 0 0 0 9709.86 0.00 0.00 9709.86 0.00 0.00 0.00 0.00 
(oek) (0%) (100go (096) 

101 13.50 13.25 75.75 76.00 459 368 0 5 5424.26 157.80 0.00 5194.22 72.24 4.92 8.23 5.39 
(80%) (1%) (2.91%) (0%) (95.76%) (1.33%) 

102 13.50 13.25 75.50 75.75 1183 768 6 32 15040.75 2304.60 17.12 11361.47 1357.56 4.92 15.19 9.18 
(65%) (0.5%) (2.7%) (15.32%) (0.12%) (75.54%) (9.03%) 

103 13.50 13.25 75.25 75.50 1179 503 17 8 13773.50 1671.29 69.34 11890.94 141.94 4.92 16.93 9.89 
(42.6%) (1.4%) (0.7%) (12.14%) (0.50%) (86.33%) (1.03%) 

104 13.50 13.25 75.00 75.25 527 199 2 6 6465.56 477.25 7.78 5804.12 176.40 4.92 15.19 7.44 
(37.7%) (0.4%) (1.1%) (7.38%) (0.12%) (89.77%) (2.73%) 
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Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks (Contd.) 

   

     

Bt- Latitude (°S) Longitude (°E) 	No. of 	No. of 	No. of 	No. of 	 Area covered (in Sq. m) 	 Min. Max. Mean 
ock  	 Photos 	Photos 	Photos 	No Data 	 Abun- Abun- Abun- 
No. Mini- Maxi- Mini- Maxi- 	 with 	with 	Photos 	Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 

mum mum mum mum 	 Nodules 	Crusts 	 , Kg/Sq. m  ..-►  

Zone B: 12°  - 14°15'S 
105 1350 13.25 74.75 75.00 888 166 0 17 6262.33 24.06 0.00 6168.04 70.24 4.92 6.49 5.13 

(18.7%) (1.9%) (0.39%) (0%) (98.49%) (1.12%) 

108 13.75 13.50 75.75 76.00 706 387 16 71 11621.76 422.35 42.80 8441.92 2714.69 4.92 11.71 6.11 
(54.8%) (2.2%) (10%) (3.63%) (0.37%) (72.64%) (23.36%) 

109 13.75 13.50 7550 75.75 1092 772 8 5 10398.73 1510.55 17.13 8871.05 0.00 4.92 13.45 8.24 
(70.7%) (0.7%) (0.45%) (14.53%) (0.17%) (85.31%) (0.00%) 

110 13.75 13.50 75.25 75.50 442 424 11 1 4894.15 2243.16 56.93 2571.49 2257 5.10 16.93 13.05 
(96%) (2.5%) (0.2%) (45.84%) (1.16%) (52.54%) (0.46%) 

113 13.75 13.50 7450 74.75 1604 857 11 30 20007.18 735.31 32.61 18540.24 699.02 4.92 9.97 6.00 
(53.4%) (0.7%) (1.8%) (3.68%) (0.16%) (92.67%) (3.49%) 

114 13.75 13.50 74.25 74.50 450 313 0 14 5134.33 320.89 0.00 4655.48 157.96 4.92 8.23 6.33 
(69.5%) (3.1%) (6.25%) (0%) (90.67%) (3.08%) 

120 14.00 13.75 75.00 75.25 432 202 5 15 5184.55 207.07 9.79 4514.20 453.49 5.10 9.97 6.42 
(46.7%) (1.1%) (3.5%) (3.99%) (0.19%) (87.07%) (8.75%) 
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Table 	7.2: 	Area covered by nodules, crusts and sediments in different blocks (Contd.) 

      

            

BI- Latitude (IS) Longitude (°E) 	No. of 	No. of 	No. of 	No. of 	 Area covered (in Sq. m) 	 Min. Max. Mean 

ock  	Photos 	Photos 	Photos 	No Data 	 Abun- Abun- Abun- 
No. Mini- Maxi- Mini- Maxi- 	 with 	with 	Photos 	Photos 	Nodules 	Crusts 	Sediments 	No Data 	dance dance dance 

mum mum mum mum 	 Nodules 	Crusts 	 +__. Kg/Sq.  m 

Zone B: 12° - 14°15'S 
121 14.00 13.75 74.75 75.00 1480 880 11 65 15424.99 1788.08 49.40 12246.89 1340.62 4.92 13.45 8.64 

(59.5%) (0.7%) (4.4%) (11.59%) (0.32%) (79.40%) (8.69%) 

122 14.00 13.75 74.50 74.75 462 390 16 24 5581.44 1914.06 94.29 2926.71 646.38 4.92 13.45 12.25 
(84.4%) (3.5%) (5.2%) (34.29%) (1.69%) (52.44%) (11.58%) 

127 14.25 14.00 75.25 7530 1366 751 29 45 14933.10 1127.95 78.96 12605.96 1120.23 4.92 11.71 7.26 
(55%) (2.1%) (3.3%) (7.55%) (0.53%) (84.42%) (7.50%) 

128 14.25 14.00 75.00 75.25 995 483 35 34 1150130 806.27 147.87 9442.23 1105.13 4.92 11.71 7.29 
(48.5%) (3.5%) (3.4%) (7.01%) (1.29%) (82.10%) (9.61%) 

TOTAL 31653 12737 298 671 347766.91 25597.32 1133.40 297127.59 23908.60 
(40.24%) (0.94%) (2.12%) (7.36%) (0.33%) (85.44%) (6.87%) 
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93 

different blocks ranges from 52 to 100%, with most of them (16 out of 38) having 90 

Ar/j1-  
-100% area covered by sediments, 11 blocks having 80 - 90%, and remaining (11 

blocks) having 50 - 80 % area covered by sediments; the cumulative for this zone 

g 85.44 % which is lower than zone A. 
ti 

7.43 Frequency distribution of nodule abundance in different blocks 

In zone A, some of the blocks (4 out of 18) have less than 5 kg/sq. m, 

whereas 6 blocks have u 	10 kg/sq. m, besides 6 blocks having no nodules at all 
II II 	 o-- 

(Table 7.3). In the remaining 2 blocks (Nos. 41 and 57), few photos (9 and 12 % 

respectively) show nodule abundances between 10 and 20 kg/sq. m. The minimum, 

maximum and mean abundance values are less than 5 kg/sq. m, in 4  blocks,  whereas 

8 blocks have maximum abundance more than 5 kg/sq. m, with 2 blocks (Nos. 41 

and 57) having high maximum abundances (11.71 and 15.19 kg/sq. m respectively). 

Considering the mean abundance values for the blocks in this zone, 4 b_locks (Nos. 

15, 41, 49, 57) appear to be of some potential as the mean abundances are between 

5.1 and 6.11 kg/sq. m as compared to! rest of the blocks. 
rs. 

In zone B, out of 32 blocks,..44-44aezies have abundances u o 10 kg/sq. m i  and 
h- 

14 blocks have upto 15 kg/sq. m abundance, where as77„blocks have upto 20 kg/sq. 

m abundance. Most of the blocks (25 out of 32) have more than 70 % photosI which 

have recorded >5 kg/sq. m abundance, and a few (3 blocks) with many photos (>75 

%) which have > 10 kg/sq. m abundance. Hence, this zone has ,  higher potential 
ti 

resource than)lf zone A. The minimum abundance in all blocks is 4.92 kg/sq. m, 

whereas the maximum varies from 6.49 to 18.67 kg/sq. m, with those in 21 blocks 

being between 10 and 20 kg/sq. m. The mean abundance in all the 32 nodule bearing 



Table 	73: 	Blockwise frequency distribution for nodule abundance 

        

          

BI- 	Latitude (°S) Longitude (°E) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 
ock 	----------------------- 	Photos 	 Abundance Abundance Abundance 
No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	5-10 	10-15 	15-20 	>20 	 Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m 

mum mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone A: 10* -  12s 
10 10.50 	10.25 	74.50 	74.75 542 492 50 0 0 	0 4.92 5.62 4.94 

(90.78%) (9.22%) (0%) (0%) 	(0%) 

14 10.75 	10.50 	75.00 	75.25 61 45 16 0 0 	0 4.92 5.10 4.97 
(73.77%) (26.23%) (0%) (0%) 	(0%) 

15 10.75 	10.50 	74.75 	75.00 43 21 22 0 0 	0 4.92 5.10 5.01 
(48.84%) (51.16%) (0%) (0%) 	(0%) 

16 10.75 	10.50 	7450 	74.75 469 469 0 0 0 	0 4.92 4.92 4.92 
(100%) (0%) (0%) (0%) 	(0%) 

18 11.00 	10.75 	75.25 	7550 39 34 5 0 0 	0 4.92 5.10 4.94 
(87.18%) (12.82%) (0%) (0%) 	(0%) 

19 11.00 	10.75 	75.00 	75.25 214 126 88 0 0 	0 4.92 5.10 4.99 
(58.88%) (41.12%) (0%) (0%) 	(0%) 

20 11.00 	10.75 	74.75 	75.00 4 4 0 0 0 	0 4.92 4.92 4.92 
(100%) (0%) (0%) (0%) 	(0%) 

21 11.00 	10.75 	7450 	74.75 93 93 0 0 0 	0 4.92 4.92 4.92 
(100%) (0%) (0%) (0%) 	(0%) 

28 11.25 	11.00 	75.25 	75.50 0 4 No Frequency Distribution  
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Table 	7.3: 	Blockwise frequency distribution for nodule abundance (Contd.) 

     

       

       

BI- 	Latitude ( °S) Longitude (SE) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 

ock 	 Photos 	 Abundance Abundance Abundance 

No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	 5-10 	10-15 	15-20 	>20 	 Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m 

MUM mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone A: 10°  -  12.s 
29 11.25 	11.00 	75.00 	75.25 0 No Frequency Distribution 	 

41 11.50 	11.25 	7450 	74.75 143 99 35 9 0 	0 4.92 11.71 5.60 
(69.23%) (24.48%) (6.29%) (0%) 	(0%) 

48 11.75 	11.50 	75.25 	75.50 144 144 0 0 0 	0 4.92 4.92 4.92 

(100%) (0%) (0%) (0%) 	(0%) 

49 11.75 	11.50 	75.00 	75.25 66 43 23 0 0 	0 4.92 5.62 5.07 

(65.15%) (34.85%) (0%) (0%) 	(0%) 

51 11.75 	11.50 	74.50 	74.75 0 .. • No Frequency Distribution 

56 12.00 	11.75 	76.25 	76.50 0 4 • No Frequency Distribution 

57 12.00 	11.75 	76.00 	76.25 227 66 149 6 6 	0 4.92 15.19 6.11 
(29.08%) (65.64%) (2.64%) (2.64%) 	(0%) 

59 12.00 	11.75 	75.50 	75.75 0 4 Distribution • No Frequency 

60 12.00 	11.75 	7525 	7550 0 4 • No Frequency Distribution 

TOTAL 2045 1636 388 15 6 
(80%) (18.97%) (0.73%) (0.29%) 	(0%) 
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Table 	7.3: 	Blockwise frequency distribution for nodule abundance (Contd.) 

   

     

Bl- 	Latitude (°S) Longitude (°E) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 

ock 	 Photos 	----------------- ----- ----- -------- -------------------- ------------ 	Abundance 	Abundance 	Abundance 

No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	5-10 	10-15 	15-20 	>20 	Kg/Sq. m 	Kg/Sq. m 	1Cg/Sq. m 

mum mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone B: 12 - 14.15's 
62 12.25 	12.00 	76.25 	7650 415 59 239 117 0 0 4.92 13.45 8.46 

(14.22%) (57.59%) (28.19%) (0%) (0%) 

64 12.25 	12.00 	75.75 	76.00 0 4 No Frequency Distribution  

69 1250 	12.25 	76.00 	76.25 537 55 468 14 0 0 4.92 13.45 7.91 
(10.24%) (87.15%) (2.67%) (OM (0%) 

70 1250 	12.25 	75.75 	76.00 89 60 29 0 0 0 4.92 8.23 524 
(67.42%) (32.58%) (0%) (0%) (0%) 

74 1230 	12.25 	74.75 	75.00 431 139 221 71 0 0 4.92 13.45 7.08 
(32.25%) (51.28%) (16.47%) (0%) (0%) 

76 12.75 	12.50 	76.00 	76.25 575 25 453 97 0 0 4.92 13.45 9.24 
(4.35%) (78.78%) (16.87%) (0%) (0%) 

78 12.75 	12.50 	7530 	75.75 260 22 43 194 1 0 4.92 15.19 11.21 
(8.46%) (16.54%) (74.62%) (0.39%) (0%) 

80 12.75 	12.50 	75.00 	75.25 109 46 63 0 0 0 4.92 6.49 5.18 
(42.20%) (57.80%) (0%) (0%) (0%) 

81 12.75 	12.50 	74.75 	75.00 0 4 No Frequency Distribution 
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Table 	7.3: 	Blockwise frequency distribution for nodule abundance (Contd.) 

  

       

       

BI- 	Latitude (°S) Longitude ( °E) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 

ock 	 Photos 	 Abundance Abundance Abundance 

No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	 5-10 	10-15 	15-20 	>20 	 Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m 

mum mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone B: 12° - 14°15'S 
85 13.00 	12.75 	75.75 	76.00 343 147 196 0 0 	0 4.92 9.97 5.72 

(42.86%) (57.14%) (0%) (0%) 	(0%) 

86 13.00 	12.75 	7530 	75.75 313 14 122 177 0 	0 4.92 13.45 10.10 

(4.47%) (38.98%) (56.55%) (0%) 	(0%) 

87 13.00 	12.75 	75.25 	7530 53 28 25 0 0 	0 4.92 6.49 5.13 

(52.83%) (47.17%) (0%) (0%) 	(0%) 

88 13.00 	12.75 	75.00 	75.25 41 5 31 5 0 	0 4.92 11.71 6.78 

(12.20%) (75.60%) (12.20%) (0%) 	(0%) 

89 13.00 	12.75 	74.75 	75.00 0 No Frequency Distribution 

90 13.00 	12.75 	74.50 	74.75 0 4 . No Frequency Distribution 

91 13.25 	13.00 	76.25 	76.50 81 23 58 0 0 	0 4.92 8.23 5.60 

(28.40%) (71.60%) (0%) (0%) 	(0%) 

92 13.25 	13.00 	76.00 	76.25 253 44 187 22 0 	0 4.92 11.71 7.23 

(17.39%) (73.91%) (8.70%) (0%) 	(0%) 

93 13.25 	13.00 	75.75 	76.00 0 4 No Frequency Distribution 
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Table 	73: 	Blockwise frequency distribution for nodule abundance (Contd.) 

     

          

BI- 	Latitude (°S) Longitude (°E) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 
ock 	 Photos 	 Abundance Abundance Abundance 
No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	 5-10 	10-15 	15-20 	>20 	 Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m 

mum mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone B: 12° - 14 °15'S 
94 13.25 	13.00 	7550 	75.75 338 11 327 0 0 0 4.92 823 5.96 

(3.25%) (96.75%) (0%) (0%) (0%) 

95 13.25 	13.00 	75.25 	75.50 380 30 349 1 0 0 4.92 11.71 6.14 
(7.90%) (91.84%) (0.26%) (0%) (0%) 

96 13.25 	13.00 	75.00 	75.25 849 24 413 379 33 0 4.92 18.67 10.26 
(2.83%) (48.65%) (44.64%) (3.89%) (0%) 

97 13.25 	13.00 	74.75 	75.00 207 13 167 20 7 0 4.92 18.67 8.38 
(6.28%) (80.68%) (9.66%) (3.38%) (0%) 

99 13.50 	13.25 	76.25 	76.50 0 4 No Frequency Distribution  

101 13.50 	13.25 	75.75 	76.00 368 148 220 0 0 0 4.92 823 539 
(40.22%) (59.78%) (0%) (0%) (0%) 

102 13.50 	13.25 	75.50 	75.75 768 61 435 260 12 0 4.92 15.19 9.18 
(7.94%) (56.64%) (33.85%) (1.56%) (0%) 

103 13.50 	13.25 	75.25 	7550 503 50 222 118 113 0 4.92 16.93 9.89 
(9.94%) (44.14%) (23.46%) (22.47%) (0%) 

104 1350 	13.25 	75.00 	75.25 199 10 166 17 6 0 4.92 15.19 7.44 
(5.03%) (83.42%) (8.54%) (3.02%) (0%) 
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Table 	7.3: 	Blockwise frequency distribution for nodule abundance (Contd.) 

      

             

BI- 	Latitude (°S) Longitude (°E) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 
ock 	 Photos 	 Abundance Abundance Abundance 
No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	5-10 	10-15 	15-20 	>20 	 Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m 

mum mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone B: 12° - 14 °15'S 
105 13.50 	13.25 	74.75 	75.00 166 72 94 0 0 0 4.92 6.49 5.13 

(43.37%) (56.63%) (0%) (0%) (0%) 

108 13.75 	1350 	75.75 	76.00 387 56 322 9 0 0 4.92 11.71 6.11 
(14.47%) (83.20%) (2.33%) (0%) (0%) 

109 13.75 	13.50 	75.50 	75.75 772 75 525 172 0 0 4.92 13.45 8.24 
(9.72%) (68.01%) (22.28%) (0%) (0%) 

110 13.75 	13.50 	75.25 	75.50 424 0 114 92 218 0 5.10 16.93 13.05 
(0%) (26.89%) (21.70%) (51.42%) (0%) 

113 13.75 	13.50 	74.50 	74.75 857 85 772 0 0 0 4.92 9.97 6.00 
(9.92%) (90.08%) (0%) (0%) (0%) 

114 13.75 	13.50 	74.25 	74.50 313 31 282 0 0 0 4.92 8.23 6.33 
(9.90%) (90.10%) (0%) (0%) (0%) 

120 14.00 	13.75 	75.00 	75.25 202 0 202 0 0 0 5.10 9.97 6.42 
(0%) (100%) (0%) (0%) (0%) 
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Table 	7.3: 	Blockwise frequency distribution for nodule abundance (Contd.) 

   

     

Bl- 	Latitude (°S) Longitude (°E) 	No. of 	 Number of Photos with Abundance 	 Minimum 	Maximum 	Mean 
ock 	 Photos 	 Abundance Abundance Abundance 
No. 	Mini- Maxi- Mini- Maxi- 	with 	<5 	5-10 	10-15 	15-20 	>20 	 Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m 

mum mum mum mum 	Nodules 	Kg/Sq.m 	Kg/Sq. m 	Kg/Sq. m 	Kg/Sq. m Kg/Sq. m 

Zone B: 12 °  - 14°15'S 
121 14.00 	13.75 	74.75 	75.00 880 74 520 286 0 0 4.92 13.45 8.64 

(8.41%) (59.09%) (32.50%) (0%) (0%) 

122 14.00 	13.75 	7430 	74.75 390 5 50 335 0 0 4.92 13.45 12.25 
(1.28%) (12.82%) (85.90%) (0%) (0%) 

127 14.25 	14.00 	75.25 	75.50 751 11 706 34 0 0 4.92 11.71 7.26 
(1.47%) (94.01%) (4.53%) (0%) (0%) 

128 14.25 	14.00 	75.00 	75.24 483 68 333 82 0 0 4.92 11.71 7.29 
(14.08%) (68.94%) (16.98%) (0%) (0%) 

TOTAL 12737 1491 8354 2502 390 0 
(11.71%) (65.59%) (19.64%) (3.06%) (0%) 

100 
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blocks is more than 5 kg/sq. m (which is the cut off for first generation mining), with 

5 blocks having more than 10 kg/sq. m mean abundance (Table 7.3). 

7.5 Delineation of potential areas 

7.51 Distribution of nodules and associated features 

Based on the area coverage and distribution of nodules, crusts and sediments 

in different blocks, potential areas (blocks) are demarcated in the two zones of the 

Pioneer Area. However, 6 bloc in achfirrfivezones A and B (accounting for 33% 

and 16% of blocks respectively)/ show no nodules. 

The occurrence of nodules in most of the blocks (10 out of 18) of zone A, is 

recorded in very few photos (0.26 - 22%) taken in these blocks, with 2 exceptions 

(block nos. 10 and 16 with 93 and 53 % respectively), the cumulative occurrence of 

nodules in this zone being 11.5%. The occurrence of nodules in the blocks of zone 

B is relatively higher with 20 blocks (out of the 32 nodule bearing blocks) showing 

nodule occurrence in as many as 40% to 96% of the photos taken in these blocks. 

The cumulative occurrence of nodules in this zone is 40%, which is considerably 

higher than zone A (Table 7.2). 

The area covered by nodules in the blocks of zone Al is very small (0 to 

1.32%), with a cumulative area of 0.26% of the total area covered by photos( )  

///many 	

the percent area covered by nodules in the blocks of zone B is higher, in 

many of the blocks between 10 and 46% of the seafloor area being covered with 

nodules. The cumulative area covered by nodules in this zone is 7.36%. 
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Occurrence of crusts in zone A is very negligible (<1% of photos have crusts, 

with accumulative of 0.15 %) and the area covered by them is also very small 

(cumulative being 0.013%), with only 4 out of 18 blocks having a few photos of 

crusts (Table 7.2). Occurrence of crusts in the blocks of zone B/ is also negligible (nil 

in 13 out of 38 blocks, <1% in 14 blocks, 1 - 3% in 8 blocks and 3 - 6% in 3 blocks) 

Pit-- 
and area covered by them in all the blocks is also very small (0 - 1.69% of the total 

, 

area of the photographs); cumulative being 0.33%. 

The sediment covers a very large area in zone A (91.8% - 100% in different 

blocks), the cumulative being 97.51%; whereas in zone B, the area covered by 

sediment varies from 52 to 100%, the cumulative being 85% (Table 7.2), which shows 

that area covered by sediments in zone A is much higher than in zone B. 

7.52 Frequency distribution of nodule abundances 

Frequency distribution of nodules for the blocks (Table 7.3), shows that most 

of the blocks in zone A, either have nil nodule abundance (6 out of 18 blocks), or <10 

kg/sq. m abundance (10 out of 18 blocks)i and only 2 blocks having few nodule 

abundances upto 15 and 20  kg/sq. m, whereas in zone B, only 11 (out of 32 nodule 

bearing blocks) have upto 10 kg/sq. m abundance and the remaining 21 blocks have 

as high as 15 and 20 kg/sq. m abundances. Hence, most of the blocks of zone B/ 

appear to be more promising than those of zone A. 

The minimum and maximum nodule abundances for the blocks in zone A are 

between 4.92 and 5.62 kg/sq. m except for 2 blocks (Nos. 41 and 57) which have 

higher maximum (11.7105.19 kg/sq. m) nodule abundances (Table 7.3). Considering 
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the mean abundance values, 4 blocks in zone A, have above cut-off nodule resource 

(mean abundances = 5.01 - 6.11 kg/sq. m). 

In zone B, the minimum abundance varies between 4.92 - 5.10 kg/sq. m, 

whereas the maximum abundances range from 6.49 - 18.67 kg/sq. m. The mean 

abundances in all the 32 nodule bearing are above cut-off, between 5 - 10 kg/sq. m 

(in 27 blocks), and 10 - 12.25 kg/sq. m in (5 blocks). 

Cumulative frequency of nodule abundances (Table 7.3) shows that 80% of the 

photos in zone A, have very low nodule abundances (<5 kg/sq. m) and some photos 

(19%) have nodule abundapces from 5 to > 10 kg/sq. m; whereas in zone B, only 12% 

photos have <5 kg/sq. m abundances, 65 % photos have 5-10 kg/sq. m and 23% 

photos have 10-20 kg/sq. m. In view of the above, zone B is clearly, more potential 

area abased on nodule abundance 6; 

The data plotted on maximum, minimum and mean abundance values (Figs. 
a; 

7.5, 7.6, 7.7) for all the surveyed blocks, suggests that l,out of the 56 blocks gurveyed7 

-36-blesks have a reasonable to high resource potential (mean nodule abundance = 5- 

20 kg/sq. m), of which 32 blocks are located between 12° and 14°15'S latitude. The 

remaining blocks either have sub-marginal (<5 kg/sq. m abundance) nodules or no 
/ meal 

nodule abundance as ob,served from the photographic data. 

7.6 Discussion 

Nodules occur in varying proportions (0 - 12.57% of area covered) on the 

seafloor in different profiles across the study area, which suggests the patchy 
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distribution of nodules. This heterogenous distribution of nodules observed in the 

other oceans as well, can cause some difficulties in resource evaluation on the basis 

of sampling data (Anonymous, 1982; Frazer et al, 1978). 

Higher nodule abundances, negligible crust occurrences and relatively lower 

sediment coverages indicate zone B (12°S - 14°15' S lat) to be a more favourable area 

as compared to zone A (10° - 12°S lat), for demarcation of potential sites for 

exploitation in the future. In zone A most of the photos either have nil or <5 kg/sq. 

m nodule abundances. Whereas, in zone B, majority of the photos have nodule 

abundances ranging from 5 to 20 kg/sq. m. The mean nodule abundances for most 

of the blocks (14 out of 18) in zone A is low (<5 kg/sq. m); whereas, out of 38 blocks 

in zone B, all the 32 nodule bearing blocks have moderate to high values of mean 

nodule abundances (5-12.25 kg/sq. m), indicating many blocks in zone B to be more 

potential than those in zone A. 

The percent area covered by nodules (cumulative in zone A = 0.26%; zone B 

= 7.36%), is inversely related to the area covered by sediments (cumulative in zone 

A = 97.51%; in zone B = 85.44%), indicating that the areas having higher sediment 

cover have lower nodule coverages due to burial of nodules under them, resulting in 

low nodule concentrations. 

In many of the locations where nodules were collected in grabs in our earlier 

surveys, the photographs taken in the present survey do not show nodules, which also 
0' 

shows that sediments could be responsible for burying 4ubstantial quantity of nodules 

under them (Fewkes et al, 1979; Sorem et al, 1979). This indicates that the estimates 

from the photographic data are generally lower than the actual nodule resources 
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available in the area (Anonymous, 1982; Bastein-Thiry, 1979), which may vary with 

the size of the nodules and thickness of the sediment-water interface layer (Felix, 

1980; Lenoble, 1980). 

The occurrence of crusts is very insignificant and localised (0.23% area 

covered) in the total area surveyec which shows that very few parts of the seafloor 

have exposed crusts/  Studies have shown that crusts are concentrated on the crests of 

seamounts and their steep slopes, where t e sediment accumulation is nil or veryjosi 

(Sharma and Kodagali, 1993). Detailed hydrosweep maps have shown that most of 

the seamounts are located in the areas to the south of 12°S latitude (Kodagali, 1993), 

which corresponds to zone B of this study where the occurrence of crusts is relatively 

higher. However generally, the crusts occur on higher elevations or highly undulating 

topography which are not favourable locations for mining of nodules, and can be 

avoided. 

I 
, 

Association) of nodules with large volume of sediments will affect the 
ti 

ecological balance in the mining area, due to suspension, transportation and 

resedimentation leading to changes in physico-chemical conditions on the seabed. 

0,t ) ' 
Estimates in this area have shown that for mining of 3 million metric tonnes of 

nodules (with mean nodule abundance = 5-10 kg/sq. m), between 210 and 590 x 10 7 

 cubic metre of sediment will be disturbed over an area of 300-600 sq. km  in a year 

(see chapter 8). However, this can be slightly reduced by selecting areas with high 

nodule abundances and low sediment coverages. Hence, idistribution of nodules and 
k -V9 

associated features using techniques such as deeptow system, 17e a high significance 

in selection of minesite, as well as design of the mining system. 
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7.7 Conclusions 

The evaluation of deeptow data has provided significant inputs regarding the 

distribution of nodules and their associated features, such as sediments and crusts in 

the survey area. The results will be useful in demarcating areas for future retention 

as well as 91e-,reas for further surveys to delineate potential mining areas. 

The occurrence of crusts and sediment as well as their relation with nodules 

help us to understand the probable interaction of the nodule collector with the seafloor, 

so as to predict the impact of nodule mining. The distribution characteristics of 

nodules, crusts and sediment from deeptow data can also be used as important inputs 

for design parameters of the proposed mining system. 



CHAPTER 8 

APPLICATION OF PHOTOGRAPHIC 
DATA FOR EXPLOITATION OF 

NODULE RESOURCES 
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8.1 Introduction 

In the previous chapters, the distribution of nodules and features associated 

with them have been evaluated. Under the UN law of the sea, India has been given 

exclusive rights for detailed exploration in 150,000 sq km area for development of 

mine-sites. In this chapter, e information on the distribution characteristics of 
4 a) 

been evaluated 

to predict the interaction of the collector system while collecting the nodules from the 

seafloor, and to estimate the area of the seafloor and the volume of the sediment 

expected to be disturbed due to nodule mining in the study area. Certain design 

parameters to minimise the deletrious effects of mining have also been discussed. 

8.2 Criteria for delineation of mine-site 

The term 'minesite' is defined as an ocean bottom area where under specific 

geological, technical and economic conditions, a single polymetallic nodule mining 

operation can be carried out for a period of time (Anonymous, 1987). There are 
qt" ,-, 

several factors f̂ef selection of a mine site such as: 

8.21 Nodule distribution, grade and abundance 

Distribution and abundance of nodules is measured either by spot sampling 

using various types of grabs or underwater photography systems and grade is 

calculated after ascertaining the metal contents by chemical analysis. The cut off 

abundance accepted is 5 kg/sq.m., which is the lowest concentration that can be 

nodule deposits and their asociation with various seabed features, 

feasibly mined. The cut off for average grade is suggested to be 1.8% of copper + 
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nickel (Anonymous, 1987). The annual recovery is expected to be 3 million metric 

tonnes. 

8.22 Seafloor conditions 

The seafloor topography and sediment characteristics need to be studied in 

detail for delineating unmineable areas. Rough topography and sediments with low 

shear strength may pose problems during mining. The proportion of unmineable areas 

due to unsuitable topography (Au), with respect to total area (At) can be calculated 

as Au/At, which is generally accepted to be less than 20%. 

8.23 Mineable area and its size 

The factors described above can be used to estimate the total mineable area 

(M) as follows: 

M = At - (Au + Ag + Aa) 	 (1) 

where Ag = area below cut off grade 

Aa = area below cut off abundance. 

The size of a mine site (As) can be calculated as: 

(Ar) (D) 
As 

(C) (E) (M) 

where Ar = annual nodule recovery rate (dry metric tonnes/year). 

D = duration of mining operation (years). 

C = average nodule abundance in mineable area (dmt/Sq.km). 

E = overall mining efficiency (percent) 

M = proportion of mineable area. 



109 

8.24 Technological factors 

With any of the mining system, the overall efficiency (E) is expected to be 

more than 50% and can be calculated as: 

E = ed x es. 

where ed = dredge efficiency, which is the ratio of polymetallic nodules effectively 

gathered by dredge head, versus the nodules on the seabed before 

dredging and 

es = sweep efficieny, which is the percentage of bottom area dredged. 

8.3 Delineation of the seafloor environment for nodule mining 

The major problem for t mining engineers is characterisation of the seabe i  

/
actually to be mine for prediction of insitu  environmental conditions. Since the 

rock exposures and the nodules, these can be plotted on a ternary diagram (Sharma, 

1993) which is divided into zones to represent different types of seabed settings (Fig 

8.1). When the coverage of rocks, sediments and nodules are plotted for each 

location, each of the data points will fall in a particular zone, such as, (a) rock 

dominant, (b) sediment dominant, (c) nodule dominant, or (d) transition between the 

above. The coverage of these features in these zones will be as follows: 

A: High rock exposure (66 - 100 %), less nodules (0 - 33 %), less sediment cover (0 

- 33 %) - normally found at the summits of hills and seamounts. 

B: High nodule coverage (66 - 100 %), less sediment cover (0 - 33 %), less rock 

exposure (0 - 33 %) - generally associated with slopes and flanks. 

ifactors which will influence the behaviour of the nodule collector are the sediment, 



ROCKS 

SEDIMENTS 	 NODULES 

Fig. 8.1 Ternary diagram for delineation of seafLoor environment. 
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C: High sediment cover (66 - 100 %), less nodules (0 - 33 %), less rocks (0 - 33 %) 

- found on the abyssal plains. 

D: Low to intermediate coverage of rocks, sediments and nodules (0 - 66 % each) - 

transition between various end members. 

The data obtained from the ternary diagram can be used to : (a) understand the 

status of various features on the seafloor at a particular location, (b) characterise the 

seabed for mining purposes (as favourable, unfavourable or risky), (c) predict the 

performace of the mining system, (d) select tJ areas for mining operation. 

8.4 Distribution of organisms and their 
lebensspuren in nodule areas 

8.41 Abyssal organisms 

Organisms belonging to 7 di erent phyla were observed (Fig. 8.2, Table 8.1), 

of which 75 % belong to phylum Coelenterata (Sea anemone, hexacorallid & 

pennatulids), 11 % to Echinodermata (Brisingids & holothurians), 7.4 % to Annelida 

(Polychaes), 3 % to Porifera (Sponges), 2.2% to Mollusca (Squids & Octopod) and 

0.74 % each to Arthropoda (Crab) and Chordata (Fish) (Sharma and Rao, 1992). A 

few organisms (4 bathypelagic fish, 2 brittle stars, 2 seastars and some pennatulids) 

were also recovered during the several hundred grab operations. The characteristic 

, spiral fecal casts observed in 2.8% of the photographs (Table 8.2)j imply the presence 

of acorn worms at these depths. Similarly, a large number of polychaete body casts 

/imply large populations of these organisms as well in the CIB. Nutrient 
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Fig. 	8.2: 	Megabenthic organisms and their traces (lebensspuren) in the 
study area 
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replenishment to the organisms in this area is attributed to the circulation of the 

Antarctic bottom waters (Neymann et al, 1973). 

Table 	8.1: 	 Types of benthic organisms observed in seabed photographs 

Animal 
	

Phylum 	Class 	 Order 	 Observed 
in no. of 
photographs 
(% of total) 

Sea anemone Coelenterata Zoantharia Actinaria 1 (0.75) 
Hexacorallid Coelenterata Cnidaria 1 (0.75) 
Pennatulids Coelenterata Cnidaria Pennatulacea 99 (743) 
Sponges Porifera Hexactinellida -- 4 (3) 
Polychaetes Annelida Polychaeta -- 10 (7.5) 
Crab Arthropoda Crustacea Decapoda 1 (0.75) 
°eloped Mollusca Cephalopoda Octopoda 1 (0.75) 
Brisingids (?) Echinodermata Asteroidea Euclasterida 12 (9) 
Holothurians Echinodermata Holothuroidea Elasipoda 3 (2) 
Fish Chordata Pisces -- 1 (0.75) 

8.42 Lebensspuren 

Widespread evidenc4 of biogenic activity in the form of lebensspuren (Fig. 

8.2) such as the body casts and fecal casts, feeding tracks, locomotion trails, fecal 

pellets, burrows, as well as mounds, cones and pellets formed during burrowing were 

observed in the area (Table 8.2). ylie lebensspuren or 'traces' of megabenthic activity 

on seafloor (Young et al, 1985) observed in the seabed photographs were measured 

in terms of number of traces (frequency) per square metre in each location and 

average values were estimated for every one degree (latitude, longitude) block for the 

entire CIB (Fig. 8.3). More than 90 % of the study area has intense biological 

activity, with an average of 8-12 biogenic traces / sq.m. in 61 % of the area, and 4-8 

traces / sq.m. in 31% of the area. The highest number of lebensspuren observed at 

any location is 33 traces/sq.m. 
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Fig. 8.3 Distribution of biogenic traces in the study area 



Acorn Worms 29 (2.80 %) 
Not known 	 79 (7.62 %) 

Oweniid polychaetes 338 (32.59 %) 
Maldanid polychaetes 516 (49.76 %) 

Not known 244 (23.53 %) 

Not known 327 (31.53 %) 

Holothurians, 
polychaetes, others 43 (4.15 %) 

ii) Spirals 
iii) Long sinuous 

	

2) 	Body Casts 
i) Crescentic 
ii) Straight 

	

3) 	Fecal Pellets 

	

4) 	Burrow openings 

	

5) 	Tracks 
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Table 8.2: 	Types of lebensspuren observed in seabed photographs 

Types of Lebensspuren 	 Animal Responsible 
	 Observed in no. 

of photographs 
(% of total) 

1) 	Fecal Casts 
i) Coils 	 Holothurians 

Neat 	 163 (15.72 %) 
Haphazard 	 297 (28.60 %) 

8.43 Relation of megabenthic activity with different substrates 

a. 	Sediment:  

Sediment is the most preferred substrate, since 88 % of the organisms and 

86-100 % of the lebensspuren are associated with it (Table 8.3)/ as the sediment 

provides nutrition as well as shelter to the organisms. This is also reflected by the 

high regional average of lebensspuren (8-12 traces/sq.m.) in the study area and the 

presence of t sediment in almost all the observed photographs. 

The various types of organisms and the lebensspuren found in the area/ have 

a uniform distribution; their density, however, is directly propotional to the area 

covered by the sediment at each location. Widespread activity can be seen in21 . 

 areas with more sediment as compared to e areas with nodules and rock exposures. 
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Glasby (1973) 	also observed that the occurrence of lebensspuren is particularly 

marked in teas of thick sediment cover and not on volcanic outcrops. 

Table 	8.3: Percent occurrence of lylegabenthic activity on different substrates 

Substrate 

Rock 
Megabenthic Sediment Nodules exposures 
activity (%) (%) (%) 

Organisms 88 66 3.0 
Casts and tubes 86 43 2.4 
Fecal pellets 99 47 1.7 
Burrow openings 100 49 0.0 
Tracks and trails 95 75 0.0 

b. Rock exposures: 

Massive exposures of basalts and Fe-Mn encrustations are observed in 3% of 

the photographs, their coverage ranging from 5% to 100%. Only two brisingids were 
p4,/, 

found in e rocky areas, 	e fecal coils and body casts a observed in 2.35 % and 

pellets in 1.7% of the photographs (Table 8.3) on t sediment patches on the surface 

of these rocks. Most of the rocky areas have ucto 8 traces/sq.m., dominating class 
,LA 

being 4-8 traces/sq.m., w e a few random photographs also have as many as 16 

traces/sq.m. No burrows or tracks are reassociated associated with the rock exposures, 

due to hard substrate. 

c. Nodules:  

Nodule deposits appear to be fairly hospitable to the abyssal life, as many/ 

/We benthic organisms (66 %) and a variety of lebensspuren (43 to 75 %) are seen 

associated with them (Table 8.3). There is a marginal decrease in the average number 

of traces in the nodule areas (4-8 traces/sq.m.) as compared to the average benthic 

nodules act as barriers to activity of 8-12 traces/sq.m on a regional scale. 
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foraging animals and less food may be found beneath them (Sanderson, 1985). 

However, the occurrence of 4-8 and 8-12 traces/ sq.m as the most frequently occurring 

classes in all the nodule coverage ranges (Fig. 8.4), shows that the variation in nodule 

population does not drastically affect the intensity of the surface biological activity. 

Foe11 et. al./ (1989) also observe that the variation in nodule abundance has no effect 
t, 

on megafaunal density or diversity. But) the number of burrows decreases with an 

increase in e nodule abundance, either due to limited availability of sediment area 

for burrowing or due to the presence of buried nodules in these areas. 

8.44 Role of benthic organisms in seabed processes 

The close association oft benthic activity with t e sediments ande nodules 

can have mutual effects. Whereas/the basic properties of the sediments (such as grain 

size, porosity, shear strength, tensile strength, etc.) may influence the physical features 

of the lebensspuren, the bioturbation caused by activities of e organisms would cause 

variations in the geotechnical properties of the sediments. 

Similarly, bioturbation not only affects the sediment properties, but can also 

play an important role in keeping the nodules at the sediment-water interface as a 

result of a mean Stoke's transport of the sediment to the area beneath the nodule, 

nudging it to the surface (Sanderson, 1985). Similarly, biological pumping may also 

be responsible for keeping the nodules on the surface (McCave, 1988). The close and 

fairly intense association of the abyssal megabenthos with the nodules' also suggestA 

the possible role of these organisms in altering the physico-chemical environment 
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of the seafloor, influencing their growth, composition, structure and localisation 

(Andrews and Meylan, 1972; Ehlrich, 1972; Paul, 1976; Dudley, 1979). 

8.5 Interaction of the mining system 
with various seabed features 

8.51 Nodules 

Nodule abundances in the study area vary from <5 to 20 Kg/sq.m/ with a 

variable coverage of 1 to 90% on the seabed, and many locations showing nil' 

occurrence of nodules. Moreover the nodule distribution is patchy and not uniform 

even in the nodule fields. Hence, the collector mechanism must have a large sweep 

area, so as to collect as many nodules as possible during each run. Moreover, the 

nodules have variable sizes, the more dominating (87%) being 2-6 cm, the remaining 

sizes not contributing significantly to the total yield. Hence, the pumping and filtering 

mechanism can be designed for this size class for optimum efficiency of the system. 

8.52 Sediment 

At most of the locations (>70 %) /tiodule coverages are low (<20 %)which are 

associated with high sediment cover (90-100%). Comparison of photo data with grab 

data has revealed the occurrence of buried nodules (upto 20 cm) which the grabs 

collect, but photos do not show due to the presence of the sedimt:rit-water interface 

layer. Hence, the nodule collector will have to scoop up the nodules from within the 

upper sediment layer, to have higher yield, as the resource estimation takes some of 

the buried nodules also into consideration. 
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8.53 Rocks 

( The occurrence of rock outcrops need to be marked in detail before 
E. 

commencing the mining operations as these will act as obstacles, which may have to 

be avoided, unless the mechanism to scrape up the Fe-Mn oxide layers from their 

surface, is also available in the nodule collector However, most of these occur on 

tops of seamounts or are exposed on steep slopes where sediment and nodules do not 

accumulate, hence such areas can pe ê leas leas \ identified from bathymetr, maps and 

photography data. 

8.54 Topography 

We, large quantities of nodules ared 	concentrated on gentle slopes/ 

as well as rugged topography (Kodagali, 1988; Sharma and Kodagali, 1993), the 

nodule collector should be capable of negotiating slopes of 0-3°, and sometimes u o 

10° (Kodagali, 1989). This will require a special device for movement on slopes, 

y ell AK low centre of gravity, and also capability of traversing microtopographic 
A 

undulations of a few meters to tens of meters relief 

8.55 Biological activity 

Most of the benthic organisms are associated not only with sediments (88%) 
Q 

but also with nodules (66%). A large number of their biogenic traces are also 

associated with sediments (85-100 %) as well as t e nodules (43-75%). Moreover in 

the nodule areas/the frequency of biogenic activity is quite high (4-12 traces/sq.m.). 

The mobile organisms are known to graze on the nodule surface (Paul, 1976) and the 
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sessile ones utilise them as a hard substratum for attachment (Heezen and Hollister, 

1971). -e, 

As a result of the large volume of equipment/ and infrastructure needed for 

mining (Amman, 1982), the mining activity may create a set of entirely new conditions 

in the presently undisturbed environment. The width of the proposed nodule collectors 

is envisaged to be 20-40 m. The sediment plume caused by the mining head will lead 

to a sharp increase in the density of bottom waters. According to a study, with every 
fry- 

tonne of nodule, 2.5 - 5.5 tonnes of sediment will be resuspended (Amos et a/, 1977). 

The adjacent areas will not only have higher sedimentation p.tes, but the 

suspended loads may remain for long periods, causing clogging of filter feading 
r.. 

apparatus of benthic organisms in the area. \In the DISCOL experiment !) it was f 

' • observed hat not only were e nodules buried by the resettling sediment and several 

organisms had coating of sediment even 6 months after the disturbance, but the mobile 

megafauna lacked in diversity and population and many of the sessile forms were 

almost non existent (Foell et a/, 1990). Sudden increase in the amount of suspended 

matter due to sediment plume and mining discharge/will increase the turbidity of 

these waters, and hence affect the pelagic organisms. 

The debris and sediments mixed with bottom water, which are lifted with 

nodules, will be discharged creating turbidity at the surface, hence decreasing the 

available sunlight for photosynthesis causing long term effects on the trophic prism 

(Pearson, 1975). At the same time introduction of bottom water, with its higher 

nutrient values, would result in artificial upwelling, increasing the surface productivity. 
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Use of machinery is bound to add to the environmental problems due to 

breakdown, failure, losses, corrosion, leakage, oilspill and chemicals, besides the direct 

impact as a result of mining activity causing sediment plume at seafloor, turbidity in 

the water column and changes in the physico-chemical conditions (Pearson, 1975). 

8.6 Estimation of potential impact of nodule mining 

21, 
/7:IL 

The impact in terms of area of seabed,to be disturbed and the estimated 
k.1) a 	A. 

volume of sediment yr be removed due to mining operations is as follows: 

a) For average nodule abundance of 5 kg/sq. m 
r--- 

(1) 
	

Mining at the rate of 3 million metric tonnes of nodules per year (Anonymous, 

1987), for an average nodule abundance of 5 kg/sq. m, total area of seabed to 

be disturbed per year will be 6 x 108  sq. m (= 600 sq. km). 

(ii) 	According to the equation (15) developed in chapter 3, for an average 

abundance of 5 kg / sq. m, the average nodule coverage in the mineable area 

should be 1.4 %. This means that the remaining area of the seabed (98.6 %) 

is covered with sediment. Thus, the total volume of sediment (Vs) removed 

along with e nodules from the mining area would be: 

Vs = Ad x Dp x Cs/100 

where Ad = area of seabed disturbed per year, i.e. 6 x 10 8sq. m 

Dp = depth of penetration of collector head, i.e. 0.1 m (or 10 cm) 

Cs = sediment cover, i.e. 98.6 %. 

Hence, Vs = 590 x 107  cubic metres per year. 
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b) For/average nodule abundance of 10 kg/sq. m 

for mining 3 million metric tonnes: 

the area of seabed disturbed = 3 x 10 8  sq. m, 

(i.e. 300 sq. km) 

average nodule coverage should be 30 %, hence, remaining area (i.e. 70 %) is 

covered with sediment. 

Hence, Vs = 210 x 107  cubic metres. 

The actual area of disturbance and the volume of sediment removed will be 

less for higher nodule abundances, as2smaller area will be mined for a given yeild. 

8.7 Methods for safel mining 

In view of the potential environmental effects that the nodule mining operation 

( 
can cause, the following measures c_in be considered to minimise largescale impacts 0 - 2/L---  

(Sharma and Rao, 1991) jd the marine ecosystem: 

8.71 Collector device 

1. There should be minimum interaction of the collector system with the seafloor 

environment, to keep it disturbance free. 

2. The separation of nodules from sediments should be as close as possible to the 

seabed, so that minimum water column is affected by the discharge. 

Strip-wise mining to be carried out, leaving alternate strips of undisturbed 

seafloor, to allow re-population by organisms from adjoining areas. 
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8.72 Surface discharge 

1. The surface water discharge can be sprayed over a large area so that it can get 

diluted without much delay. Sediment discharge should be minimum at the 

surface11to allow sufficient sunlight t enetrat for photosynthetic activity. 

2. Discharge of bottom waters and debris should be at different levels of water ( 

 column instead of only at the surface. There should be uniform distribution 

of the discharge in the entire water coulmn. 

3. The concentration of discharged material should be such that it will have 

positive effects such as artificial upwelling. 
	k

'
'1  

8.73 At-sea processing, ore transfer and transport 

1. Proper treatment of waste diygsal - fo be carried out befoje discharging. 

Biodegradable methods should be used for treatment ofclisclarge. 

2. Proper care to be taken during transfer of ore from mining vessel to ore carrier 

to avoid spilling. 

3. Oil spills from these ships also to be monitored. 

8.8 Favourable conditions for mining in CIB 

Inspite of such large scale disturbances on the seafloor, the overall impact of 

nodule mining activity in the Central Indian Basin is not expected to be significant 

due to the following reasons: 

(i) 
	

The total area which will be mined, as well as the area which may be 

affected around it (1,50,000 sq.m.) is significantly small (0.2 %) in relation to 
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the basin and more so when compared to the entire Indian Ocean (75( mi. q. 

km) 

(ii) The CIB is situated vjfy far away from aye major landmass (more than 2000 

Kms)' hence the potential impact is not expected to affect the coastal areas of 

any country. 
0•-/ 

(iii) By septating the sediments at the bottom the mortality will be restricted to 
- 

benthic areas, and the impact on food chain will be minimum. 

(iv) There appears to be no major fishing potential in the proposed mining area 

(Anonymous, 1980). 

8.9 Conclusions 

Evaluation of the distribution characteristics of nodules has lead to the 

understanding of the requirements of efficient nodule collectors. Mining of areas with 

higher concentration of nodules along the slopes and near the crests which are 

associated with less sediment, may result in enhanced recovery of nodules, as 

compared to the low nodule concentration areas yryfe valleys and p‘ plains where 

thick sediment cover occurs. The mining head will have to encounter substrates, such 

as hard rock exposures at the crests, with or without Fe-Mn encrustations, as well as 

soft sediment layers in the
, 
 valleys. Such sediments are also known to have low shear 

.1 	,{)," 	 I 

	

fr,.5 - 	
^/   

strength, causing sinking of the/collector head. It may also have to collect buried 

nodules from under the sediment cover, or scrape the oxide layers from rock outcrops. 

The nodule collector will have tq negotiat the uphill or downhill slopes in the nodule 

areas, as in most areas the slopes vary from 0-3° and along the flanks of the 

seamounts they generally vary between 5 °  and 10° . 

	

11 	/ 
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The mining of manganese nodules at the rate of 3 million metric tonnes/year 

will disturb approximately 210-590 x 107  cubic metres of sediment over an area of 

300-600,4Km, for nodules of 5-10 Kg/sq.m average abundance. This can lead to 

extensive mortality of benthic organisms due to the changes in the ecosystem as a 

result of lifting, separation, waste discharge and transportation. Changes due to plume 

formation, turbidity, and redistribution of sediment will also bring about variations in 

the physico-chemical status of the near bottom waters, affecting benthic organisms. 

Significant distribution of megabenthos, belonging to 7 dif ent phyla, and a 

variety of lebensspuren have been observed from the seabed photograph data in the 

study area. The high frequency of organisms and their lebensspuren (85-100 %) in 

sediment regions is directly proportional to the areal coverage of the sediment, 

which provides both nutrition and shelter to the organisms. There is also a fairly close 

association (43-75 %) of the megabenthic activity with a high frequency of 

lebensspuren (4-12 traces/ sq m) in all the nodule coverage ranges. The areas of rock 

exposures are the least hospitable (0-3 % asssociation) to t biological activity. 

Abyssal biogenic communities survive in a fragile ecosystem by maintaining a very 

delicate balance with their environment. The seabed supports the optimum possible 

life on every square metre and any sort of major change due to mining operations, 

could easily upset the marine ecosystem. 

Measures such as separation of nodules near the seabed, discharge of effluents 

(Ki 
at lower levels and uniform distribution of the discharged particles over a large area 

(10 
(or at different levels in the water column) can minimise severe deletrious effects of 

nodule mining on the marine environment. Strip mining is considered less hazardous 
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to the abyssal environment, as it leaves unmined and relatively undisturbed areas for 

the rehabilitation of the benthic organisms. Moreover, as the 'application' area in the 

CIB is located far away from any landmass, mining of nodules in this area is less 

likely to have drastic environmental impact on coastal areas or on the associated 

marine life. 

Si 	nodule mining is inevitable in order toeplenish the mineral recces 

for industrial development, steps should be taken to arrive at such design parameters 
IAA-)12  

that the mining operation will cause least possible damage to the marine environment. 

Baseline data on oceanographi parameters (geological, biological, chemical, physical  

and meteorologica ill have to be collected which can be used as a reference for 

assessing the effects of mining as well as in the design of the mining system. 



CHAPTER 9 

CONCLUSIONS 
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9.1 Introduction 

In this study, an attempt has been made to evaluate the distribution of 
r k, 	-y.  

manganese nodules using underwater photograph/ tOuiiiie, which is faster and 

economical than the conventional methods also offers a variety of i itu 

information on the environment of occurrence of t>e nodules. 

The objectives of this study were: 

1. to develop photography as a reliable technique for quantitative estimation of 

nodules, 

2. to study the distribution characteristics of nodules with respect to the associated 

environmental features from this technique, 
AA/J-- 

3. to apply seabed photography data for exploitation of nodules. 

In order to evaluate seabed features, a complete system for cataloguing and 

interpretation of photograph data (SPHINCS), as well as for digitisation of seabed 

photos (PHDIG) were developed, which include a number of formulae fo 

1. estimation of area photographed on the seabed, 

2. measurement of dimensions of seafloor features from seabed photographs, 

3. estimation of nodule coverage by manual as well as interactive digitisation 

software developed for this purpose, 

4. calculation of nodule abundance for individual coverages as well as for entire 

data set and 
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5. 	estimation of relative abundance (percentage of agreement between photo and 

grab data), which can also be used to calculate the b al ratio of exposed 

versus buried nodules at any location. 

9.2 Environmental factors influencinlistribution of nodules 

9.21 Effect of sediment-water interface boundary layer on 
exposure and abundance estimation of nodules 

Comparison of nodule occurrence b"veen photo data and grab data/shows 

X. )-- 
that thickness of SWIB layer controls the exposure (and burial) of nodules, especially 

r 	 a__-- 
of smaller sizes and lower abundances. The occurrence of thin veneer of sediment 

over exposed no ules rsistrsA'fractionation' effect, resulting in lower estimates of 

-' \-4-'1" 

nodules from photo data. Thinner the SWIB layer, higher the nodule abundance/as 
& 

well as relative abundance{, which indicates less burial of nodules, whereas areas of -  
_cd —c--d 

thick SWIB layer have low nodule abundances in photos as compared to grabs, 

indicating burial of many nodules. The results have shown that burial of nodules 
11P.r 

depends on thickness of the SWIB layer and shap and si of nodules. Hence, two 

sets of empirical formulae, between nodule parameters from photos and abundance 
Itri•J)  

from grabs, have been proposed for estimation of nodules, depending ul n different 

seafloor conditions. These formulae can be further improved with the availability of 

1V"-Q  
better techniques for estimation of sediment thickness as well as for burial of nodules. 

r\, 

9.22 Distribution of nodules and its relation to availability of nuclei 

A correlation between nodule concentrations and rock exposures from 

photography data/ suggests that the rock outcrops occurring on the crests and upper 
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slopes of the seamounts and abyssal hills) undergo submarine erosion, the rock 

fragments derived from them are transported downslope and accumulate on the lower 

slopes and on the base of the seamounts, which i9 turn act as nucleating material for 

acretion of Fe-Mn oxides,, fo 	g high concentration of nodules in these areas. 

Hence, proximity to the source of nuclei, i.e 	rock outcrops, is another influencing 
Irr J. 

environmental factor in distribution of nodules. 
t \ 

N^ 4.-o/ 

These outcrops are the locations for formation of Fe-Mn encrustations, and 
ti 

when subjected to submarine erosion act as sources of nucleating material for 

formation of manganese nodules, which confirms the 'seed' hypothesis (Horn et al, 

1973). Most of these rock outcrops are made of basalts which are the products of 

submarine eruptions during different volcanic events,_re.sulting,h1 these seamounts and 
Ai, 	4,1  

abyssal hills. Many of these basalts are weathered, as o)efved from the presence of 

limonite, iddingsite and smectite, whereas t fresh basalts may be products of later 

eruptions. Some of the nuclei are also made of the pumice, which ,  are suggested to 

rt.t 4,),(  have originated due to ii itu silicic volcanism. 

9.23 Influence of seabed topography on distribution of nodules 
/\ 

A detailed study of the nodule concentrations in different topographic settings,/  
4 

show that the nodule concentrations are the highest along t slopes, followed by the 

crests of t e seamounts and abyssal hills, 	abyssal plains and the least inty 

valleys. The frequency of occurrence of rock exposures is higher on the crests and 

on the slopes than in the valleys and the plains. The sediment cover increases Ily -
eA,2 

thickness towards the abyssal plains and the valleys, with no or very few rock 

exposures in these regions. 	e sediments which are transported from the crests of 



the abyssal hills and seamounts, get accumulated in the basinal areas of the valleys 

and the flat plains. 

The results from e photographs and t grabs have a better agreement along 

the slopes (average RA = 60%) and the crests (ay. RA = 47%), as compared to the 

valleys (ay. RA = 44%) and the plains (ay. RA = 33%), which indicates that there are 

less number of nodules buried at the crests and slopes than in the valleys and plains. 

The nodules exposed on the crests and slopes are richer in Co and Fe than those in 

the valleys and plains, which have higher concentrations of Ni, Cu and Mn. 

9.24 Nature of substrate and rate of sedimentation 

The nature of the nodule substrate also seems to affect nodule population. The 

association of nodules with rock outcrops, provides higher hydrogenous inputs of Fe 

and Co due to their erosion and accumulation around the nodule nuclei. Whereas the ? 
• 

higher concentration of Ni, Cu, Mn in the nodules in the plains and valleys,,is 

-aefat-eel,ritti the diagenetic input from t siliceous and calcareo ooze in the area. 

Because of the loose porous nature and high interstitial water content of this sediment, 

Ni and Cu may be able to diffuse through the interstitial waters to remain enriched at 

the sediment surface where they could be incorporated into forming Fe-Mn oxides 

(Horn et al, 1972). These elements could be supplied to the nodules not only by the 

dissolution of calcareous organisms at or near the sediment surface, but also by 

dissolution of sil eous 	after burial (Glasby, 111976). 	Tie sedimentation 

rate in the CIB is <3 mm/1000 years, with the_primary  productivity  being of the order 

of 100 -150 mgC d y (Udintsev( 	 The biological production at the sea 

surface is mainly responsible for concentration of trace metals in the marine 

rganism 

Yv2 
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environment. The nodule occurrence is higher in the Central Indian Basin as it,isr" ,  

))//_, 	assn 	d witti are izst low sedimentation rates, 3m.ha,.6 also away from -irtiltrx-ef- --  
k 

)he continental detritus. 

9.25 Distribution of nodules, rocks and sediments 
in different topographic settings 

results show that there is nil or very less sediment cover on the crests of 

seamounts and abyssal hills, well as on their slopes, which gradually increases 

towards the abyssal plains and deep valleys. Massive rock outcrops occur on the 
1(Adt,r4 

crests and upper slopes, on which t k layer of Fe-Mn oxides accrete to form Fe-Mn 

Broken fragments of these rocks "Vcarried downslope by gradient and 

e act as nucleating agents for various sources of met ls i,fo;Erfing tykk 

d( 	.e-nodule fields along the lower slopes and flanks. T nodule abundance is fiatcpe• 

/1‘very low and distribution is patchy in the abyssal plains where t e rock fragments 

(which act as nuclei) as well as t nodules which roll downy get buried under ck_ 

thick sediment cover. Observations in other oceans also show the sparse population 

of nodules in the abyssal plains and valleys and higher concentrations along the slopes 

(Horn et a1,1933; Glasby, 156). 

Based on the observations from t)i‘seabed photographs and the echograms, 

following zones of distribution of nodules, rocks and sediment cover with respect to 

seabed topography can be identified: 

1. rock exposures (and Fe-Mn encrustations) at the crests and higher slopes with 

no sediment cover and few nodules associated with them; 

2. transition between rock outcrops and nodule areas; 

encrustations. 

currents 
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3. nodule fields with thin sediment cover on lower slopes; 

4. partial burial of nodules due to variable thickness of the sediment cover in t 

abyssal plains; 

5. complete burial (or absence) of nodules under thick sediment cover in tr‘ 

valleys. 

9.3 Application of data for manganese nodule mining 

The information on the distribution of nodule deposits and their association 

with various seabed features can be used not only for identification of mine-sites, but 
( 	 k C``` -e' 

also design considerations for the nodule collectork well O for estimation of the 
O• 

potential impact in the benthic environment due to nodule mining. 

931 Delineation of potential nodule areas 

Evaluation of over 50,000 photos from deeptow system and division of the 

survey area in to smaller blocks (15x15 miles) has lead to, identification of potential 

nodule areas. In all 36 (out of 56) blocks have been identified to have hig 	mean 

nodule abundances (>5 Kg/sq.m). 	of these only 4 blo /occur between 10° and 

12°S latitude, wh as the remaining o ur between 12 °  and 14°15'S latitudes which 

The results have also shown thaVwhereas a 
(3) 

large volume of sediment is associated with nodules, the occurrence of rock outcrops 

is negligible in the nodule fields. 

appears to be the most potential area. 
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932 bistribution characteristics and mining of nodules 

Mining of areas with higher concentration of nodules along the slopes and near 

the crests which are associated with less sediment, may result in enhanced recovery 

of nodules, as compared to the low nodule concentration areas in the valleys and the 

CL/ 
plains where thick sediment cover occurs. The mining head will have to encounter 

substrates/ such as hard rock exp res t the crests with or without Fe-Mn 

encrustations as well as soft sediment layers in the valleys. Such sedi ents are also 

known to have low shear strength, causing sinking of the collector head. It will also 

have to collect buried nodules from under the sediment cover, or scrape the oxide 

3'7  
downhill slopes in the nodule areas, as in most areas the slopes vary front /0-35 and 

along the flanks of the seamounts t 	getratly varcbe een 5° pd 10°. 

These requirements suggest that the nodule collector must be a dynamic 

(active) system with acoustic)aswelta-s' photographic sensors, so as to detect areas 

of potential nodule concentrations, as well as features which are hazardous (or 

unfavourable) for mining operations. From the photograph data, the seafloor can be 

divided into different 'environments' on the basis of distribution of nodules, crusts and 
I 

sediments, which can be used to detnalate favourable areas of mining o nodules. 

9.33 Potential impact on benthic environment 

7 
A fairly large number of organisms and a variety of their activities 

(43-75 %) are associated with nodules, with a density of 4-8 traces/sq.m (of 

lebensspuren) in all nodule coverage ranges. Hence, mining activity will not only 

layers from rock outcrops. The nodule collector will have to negotiate the uphill or 
o. 



)1K 

 

1 2- — 2-°  

 

  

0JA-0  
131 

result in' mortality of these benthic organisms, but the resedimentation of plume in 
/\-‘ 

adjacent areas yin re,sul9,u4ange  irr,physico-chemical conditions of the water 

icolumn as well as the seabed. Estimates from this study have shown that for,i 

mining 3 million metric tonnes of nodules/year, about 210-590 x 10 7cubic meters 

of sediment will be disturbed over an area of 300-600 sq.km. Hence, efforts must be 

made to minimise these effects on the ecosystem. 

9.34 Measures for conservation of marine ecosystem 

)2— 

The following measures can help minimise the deletlfious effects of nodule 
9-/ 

mining the marine environment: 

1. separation of nodules and dumping of sediments and clet_nis at the seabed, 

2. discharge of other effluents, such as bottom waters at lower levels from the 

surface, and uniform distribution over large area, 

3. strip mining so as to leave unmined areas for rehabilitation by organisms from 

adjacent areas, 	
! 

4. avoiding at-sea processing, oil spills and blowing of ore during transportation. 

9.4 Conclusion -tit. ,  COW 	-)//' 

As a result of this study, the technique of seabed photography has been 

developed to quantify the distribution and to evaluate the environment of occurrence 

of manganese nodules. The influence of various environmental features on/distribution 

of nodules was evaluated using the photograph data. This includes the influence of 

sediment -water interface boundary layer orposure aiLld,burill)-of nodules and the 

resulting underestimation of nodule resource, the role of rock outcrops as sources of 
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nucleating agents and their influence on distribution of nodules, as well as the control 
IS:LH 

of bathymetry over distribution of nodules, crusts (and rocks) and sediments. 

.r"" 

C°)  
Evaluation of seabed photographs has lead to dema ation of potential areas 

of nodule resources which can be exploited in future. Study of association of benthic 

organisms and substrates with nodules has r dj prediction of potential impact 

of nodule mining on the seafloor environment. The variety of information obtained 

provides useful inputsi which can be used to supplement the sample data as well as 

Tki 
echosounding data for exploitation of nodule deposits. 

rk 
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