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Abstract

© Occurrences of large reserves of the manganese nodules in the abyssal basin of Central Indian Ocean are mﬁsagcd
as altemative source of strategic metals such as copper, nicke] and cobalt, in the future. India, a5 one of the ‘}’umecr
Investors' ,embarked on a national project of exploration for manganese nodules in 1981, and was registered, in 1987,
as the first country 1o claim an area in the intemational waters, under the UNLOS Extensive surveys were carried gul
from about 2,000 ships days, 54 cruises and sumpling at about 9,000 locations, as well as collection of 400,000 line
kilometers of bathymetric, 280,000 line kilometers of magnetic, and 300,000 sq. km. of multibeam data, by about 60
scientists and technicians belonging (o various disciplines, the findings of which have been published in more than 200
research pdpers, more than half of which are in international journals and symposia.

Resource evaluation on grade and ubundance of nodules using statisticnl methads for grab sxunplcs and
photography data, combined with bathymetric and structural mapping, were camried out for delineation of the potential
ared. Results show that distribution of nodules is patchy (1 to 20 kg/sqm. abundance and 1 to 75% coverage), sizes are
variable (<1 to 10 cm), and the burial is difterential (0 o 100%),which are influcuced by the seabed morphology and
disuibution of associated features, such as the sediments and rock exposures, on the seafloor.

Geochemical, petrological, mineralogical and geochronological studies on nodules and the associated sediments
have resulted in understanding the formation process of the deposits. Occutrence of megabenthic organisms (6
individuals /100sq.m.) and their activities in nodule areas (4-12 traces/sq.m.), as well as geotechnical properties of the
seafloor sediments have been evaludted. Studies on characterization of seabed from backscatter of multibearn data are
underway Time-series measurements on various oceanographic parameters in the claim area, have also been
undertaken for collection of baseline information to evaluate the effects of mining during test and commercial mining
opesations.

The requirements of specific data parameters have resulted in developmem of newer sumpling methods, such as,
corers with cameras and modified dredges, evolve techniques for data processing and calalogmng, as well as efforts at
fabnecating a multipurpose bottom lander equipment.

The variety of data parameters collected are uscful for designing the future mining system. Future program is simed
at dredging large quantities of nodules for testing of the metallurgical processing plant, detailed bathymetie mapping
of potential mine-sites, geotechnical investigations and bottom photography with deeptowed TV system.

Introduction

The long coastine of about 7,500 km,
large ET:Z of 2 million sq.km, as well as
proximity to the vast seas on 3 of ils sides,
justifies India's position as one of the
leading countries involved in exploration
erd exploitation of marine mineral
resources. Having tapped the offshore oil
and gas as well as mupped the occurrences
of placers on the continental shelf,he focus
was shified to deepsca minerals in 1981
and in 1982, India became a 'Ploncer
Investor' under the law of the sea, The state
of ‘art technology was employed for
exploration of manganese nodules and in

August 1987, India became the first country e /'/—\”'“ Z?mm o
W have been allotted an area of 150,000 sq. o e R T

km in the Central [ndian Basin (Fig.1) by the Fig 1 Deepsea minerals in the Indian Ocean
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UN, with exclusive nghts (v carry out funther surveys for
wenufication of polential mine-sites,
The need for exploring these deposits was recognized trom

the fuct that, India’s copper reserves are depleting very fust,

muckel reserves are not economically viable und there are no
wobalt depusits i e county. The area claned by
wdia(150,000 sq.km.) is estimated o contum 650 mullion
wanes of manganese nodules. The national project on
‘Sunveys fur polymctallic nodules’, spunsored by Deparunent
of Ocean Deselopuient (Govermuent of lndia), was taken up
audy by Uuee of the rescarch Insttutes under the Council
of Scicnufic and Indusurial Rescarch. The exploration and

resource evalution for identtication of potential arcas was

undertaken by the Natonal lnsuute of Oceanography (Goa),

wheteas the development of minuig system and mtallurgical
prowiang  we bang  done at Cental Mechuucul
Enginceruyg Rescarch lsutute (Durgapur) and  Regional
Reseasch Laboratory(Bhubaneshwar) respectively, with the
suppont of vanous laboratones, wuversities und companses
more than 15 nullion USS have been incwred over the penod
of 12 years for the project.

Tus paper descnbes the distribution of nodules and various
scabed [catures 1n the Cenual Indian Ocean, and their
influcnce on expluitation of these deposits.

Distribution charucteristics of nudules

The collection of duls on distsibution of nodules was
cumied out w a phased patten, w oider to achuve the tme
targets and opimuse the eflorts, such as: '

Regonal surveys - 1981 to 1984

Cluse gnd surveys ~ 1984 o 1987

Delailed bathymewunc - 1989 10 1991

Envuonmcntal duta - 1991 w 1994

Bulk sampling and geotecluucal dats collecion - 1994
onwards.

Muore han 50 cruses of 7 gescarch vessels have been
usdartsban W wlleet Y loige quantuim of diuta ((QQuaun und
Nair, 1989), as follows .

No. of stutions vovered : 2,000

Frectull grabs opeated @ 7,200

Photogtabs opetated : 1,700

Corers operated © 44

Grabs operated : 248

(uanuty of nodules collected : 55 tons
Chienucal analysis on nodules : 10,000
Echosounding : 400,000 hne km

Magnetic surveys : 280,000 line km
Maltibeam data collection : 300,000 sq km.

The dats thus collected ware snalysed in the Insutute for
resource evalution and the potential ureas above the cut off
abundunce (5 kg/sq m) and cut off grude (Cu+Ni=2.0%) and
suiable opugraphy were identificd for the cluim, bused on
goustalisical unalysis (Sudhakar, 1993). High abandance
and paramargmal grade nodules were jucated between 12
and 16 degrees south latitudes, the highest beang 28 kg/sym
Sudhakar, 1989). These occur at a great distance from the
Major sowies of temgenous sedimentation and at depths
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Fig.2 Bathymeuy of the Central Indisn Basin
(depths are X 100)
below the CCD.

Nanow beam echosounding dula ulong numerous trucks
were digitized to map the bathymetric contours of the survey
arca (Fig.2) (Kodagali et. al, 1992).

Correlation of nodule abundunce with scamounts, abyssal
hills and valleys with intwrvening plains,shows thut average
nodule populutions are higher - rugged, wieven und
undulating topography (}\odagah 1988, Mukhopadhyay aud
Nagendranath, 1988: Shanna and Kodagali, 1993).The
flanks of hills and seamounts have the highest concentration
of nodules(15.3% coverage, 4-6.7kp/sqni.  ubundance),
followed by crests(12.3% coverage, 3.5-5.5 kyg/sqm
sbundance) and the least n valleys (0.3% coverage, 0.2-2.0
kg/sqmiabundance) and the plains (14% coveruge, 0.8-3.6
Kg/sq.m. abundance).

Multibearn studies have shown the presence ol large
munbet ol tectonic featwes, such as scunounls, Duclwe
zones and lncaments on the scatlour. Detatled morphology
of the 79 degree Last fractuse zone, 1ts southiem exteisiu
und the varisble downthrow of 150m to 450m wus
recognised (Kamesh Ruju et al, 1993). Nuticrous seamounts
with flut tops, pointed cones und cralers have been reporied
from the arc, suggesting voleanic orign (Kamesh Ruju et
ul,l‘)‘)]) as well us indicators o lndian plate movenent
(Mukhhopadhysy and Khudge, 1990). East-west  uendung
hneaments of altemaung 100-150m lughs and lows arc
identificd, indicating evolution history of the seatloor.

Evaluation of scabed photographs has revealed sigificant

relanonship of nodule distribution with respect 0 the
assoctated parameters (Fig.3).
Methods for interpretation and cataloguing of varivus scabed
parameters were evolved. These include the scale fsclor fur
measwement  of  dimensions,  cuverage  lor  surlace
concenlrations, a digitization software for urea measurcnieil
und abundance estimalion, relative abundance for accusicy of
data and the burial ratio for extent of burial of noduls
(Shurmi und Kodagali, 1990).
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Fig.3 Scabed photographs shomng nodules, sediments and
rocks ( Fe-Mn encrustations ) on the seafloor.

The results show that although the occurrence of nodules
recorded from photographs agrees with that from grabs, the

sbundances calculuted from photographs are underestimates,

because of the varable burial of nadules under the "'Sediment
Water Interface Boundary' layer, resulting in 'fractionation
effect’ and hence lower estimates (Sharma, [989a). The
relative abundance i1s high(>50%)in the arecas of thin
sedument and it gradually becomes Jess inthe areas of thicker
sediment, because of increase in buried nodules; whereas in
the arcas of rock exposures the agreement with grab data is

very high (90-100%)(Sharma and Kodagali, 1993). lence,

nodule estimates must be computed based upon the seabed
condiions at diffaent locations, for which 8 number of

empincal formulae have been worked out (Table 1) (Shanny,

1989b).

Table 1. Formulae for computing nodule abundance

in different seabed settings
Brard an SWIB 1hkhacs

Ques Dt swis Trigger wt. Correlation | Relation ts be maed
(o) thichacw pevciration coefTecient
] 9 03 cm N [24) Y= 1I2X+204
? n 6| Vayks [F}) Y6 00X +4.62
] u 65 cul Incsmeduie 073 Y6 91X 97
4 3 912 ¢a Hugh [2.4) YeTuXel9s
3 21 12-13am|  Complese 053 Y=8 $3X+) 14
AlL m - - 078 Y=734X+) 31
Based wn a0duie buriad
Qun Dats Swin RA Correiston | Relation to be wsed
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Environment of sccurrence of manganese noduics

This basin has a varicty of sub-environments preserved 1n '3
diflerent sediment types (Nath et al, 1992),which are -
(1) terngenous sediments from northernmost part of the basin
with illite, Kaolinite and chiorite;
(2) siliceous sediments from the north central part, with no
nodules due to the effect of terrigenous sedimentation (Nath
et. al,1989),
(3) siliccous sediments from the south central part with
abundant nodule concentration (Sudhakar, 1989), and an
average sedimentation rate of 2nun/ka (Banukar et.al, 1991);
(4) calcareous sediments from shallower areas, and
(5) pelagic red cluys from the southem part of the basm. e,
kaolinite and chlorite contents in the sediuments decrease
from the north to the south, due to the proximuty to
contnental sowce (Rao and Nuth, 1988). Montmonitonue
content is the highest in pelagic cluys, bemyg denved iom
weathering of ndge basalts (Reo and Nath, 1988) These
sediments are considered to be of lale quurlcnary 1o holocene
age (Gupta,1991). .

Studies on surface textures as well as intemal structures
have revealed e environment and history of nodule growth
(Pattan, 1988; Banerjee and Mukhopadhyay, 1991). Surface
textures of nodules vary with sedimentary environment, the
smooth ones dominating in the temgenous clays (in the
nouth) as well as pelagic / red clays (in the south) and rough
ones in the siliceous sediments (central pant). Nodules
consist mainly of d-Mno2, lodorokile, smorphous tron -
oxyhydroxides, rock forming munerals like quartz and
feldspars, clay minerals (mainly smectites) and authigenic
silicates (zeohtes) (Ruo, 1987, Nath and Sudhakar, 1992).

Relationship between morphology and  composison of
manganese nodules, their classification and interelementul
vanalions have also been studied in detail (Jauhan, 1987,
Valsangkar and Khadge, 1989, Jauhan, 1990).Noduie
composition varies with the type of substrates. Ba,Cd, Cu,
Ga, Mn, Mo, Ni, Rb, 81,71 ure enniched in nodules fiovan
siliccous scdiments, unlike those from pelagic clays, which
have higher Al Ca, Co, Cr, Fe, Mg, Nb, P, Pb, Sr, Th, V,
Y,Zr and REL contents. Mn/l'e ratios and Ni+Cu in these
nodules, are significantly high (3.77, 2.41%) in the former

_area, than in the latter (2.24, 1.61%). The highest grade

MNi+Cu+Co)recorded is 3.82% dry weght (Nath and
Sudhakar, 1992).

Analyses of rocks show the presence of fresh as well as
altered basalts and encrusted as well as non-encrusted
pumice as nuclet for nodules and as substrules for the
encrustations. Thin sections of fresh rocks show dominance
of plagioclase, followed by ohwine, pyroxenes and opagues,
whereas the altered rocks have sencite, iddingsite and
palagonile. The onigin of these rocks is suggested ta be from
submanne volcanism. The crosion of the rock outcrops
exposed over the crests and slopes, gives mse to rock
fragments which act as nucler, sesulting in lange population
of nodules along the slopes and flunks of the abyssal hills
and seamounts (Iyer and Sharma, 1990). Spilites (Nu-nch
basalls) were ohserved near the 79 degree East fracture zone,



alongwith ahicied basalts indicating incipient spilitisation of
basults  ws  u acsult of Jocal  hydiothennal - solubion
(Kunsiddaiah and lyer, 1992).

Pumice oceurs as small pieces of <1-180mm size and in
vanous shupes. These are highly vesciculur and composed of
Quartz walll siunor plagioclase and pyroxene. The occustence
of uncauted us well as coated puimice suggests nsiu eprsodic
volcaisim from the seamounts und fructure zones (lyer and
Sudlwkar,1993a). Alwred slabs  of zeolites  were  also
recovered from the fracture zones and topoygraplic highs,
mndicating o process of sansfomiation of volcume glass 1o
zeolites through palagonte (lyer and Sudhukar, 1993b).

The ole of rocks with respect 10 occuwrence of 'e-Mn
oxades can be summansed as:

(1) Dugmems of basalts and zeolies occur as nuclel and
substrates for nodules and crusts,

(2) vutcrups of basalls, oceuring usually on crests, flanks and
slopes of scamounts and abyssal hills, forn substrates for Fe-
Mn cucrustatons,

(3) momphology of pumice occurting as nuclet, determunes the
shape and surfuce texture of nodules.

Ocewrrenee of an ausurahite button (ktite) 1 the surfuce
seduncals not ondy the extends the uusualite sub-strewn field
w U Cenual Indian Basin, but also highlights the age
paradox problem of kutes (Prasad and Kao, 1990). Further,
the surficial occwrence of Australasiun microtektites suggest
bioturbation and removal of sediments by bottom currents
(Prasad, 1994a). The finding of microtekutes (of 0.77 Mu) m
the substate of the Fe-Mn crust, have also indicated
wpusually fast Fe-Mn growth rates (7.8-22.1 mnvMa)
(Prasad, 1994L).

Eavironmenial data collection

Observations of megabentue acuvity (Fig.4) show the
presence of several deepsea species of 7 different phyla, with
an average population density of 6-7 individuals per 100
s¢.m. on the seafloor. 2
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Fig-4 Scabed phutugraphs showing benthic organisin and
their lebensspuren in nuduls arcas.

A vancty of lebensspusen such us casts, lracks, bunows,
wwounds ele, observed i the area have u trequency of 4-12

traces/sq m. (Shanna and Rao, 1992) ‘These have a [faicy
goad ussoctation with nodules, as 00%e of orguisu and 43-
75% of dillerent Jebensspuren are observed i nodule aicas.
Bascline data on various environmental parameters of the
water column as well as the seafloor are being collected
under "Pre-mining Environmiental Assessiment Studies(PEAS,
1994). ‘These wnclude dala on surluce circulution patiems,
emperalure  profiles, sulinity, ph, oxygen, organic
phosphate, nitate, silicawe, zooplanktons ew. at dutferent
depths in the water column.

Application of data for exploitation of nodules

Interaction of the scabed features with mining system
and suggested design considerations
(1) Nodules

The local vanatons and patchy distabution of nodules may
aflect the elliciency ol the collector. The lugher concentraton
of nodules ulong the slopes muy cihance the recovery of
nodules, as compured 1o the Jow nodule concentrations i the
valleys and the plains. Hence, the mining system should be
cupable of detecting the zones of higher nodule
concentrutions, acoustically o photographically,  before
sweeping the scatloor, Since, nodule sizes vary from <1 10 10
cm and the size distibution is  nhomogenous  between
different locations, the muung systan will have o be
designed for an optunum nodule size for an eflicient recovery
as well as for liling them 10 the susface. Use of 4 erusher on
the nodule collector may help in maintaining the consistency
in sice of the nodules to be lifted to the surfuce, und of @
buller in stonng the nodules and pumping them i final
quantities for energy conservation.
(2) sediments

The mining head will have 1o encounter the assoclated
substrate alongwith the nodules on the seafloor. Pumping of
lurge quantitics of sediments alongwith the nodules, will nat
only increase the energy consumpton, but will also cause 8
major problem of disposal of debnis at the surfuce. Henee, the
sediment may have to be discharged in deeper waters below
the photic zone, to reduce the impact on marine hic in the
water column. Preferably, there should be s mechamusm W

wash out the associated sediment near the scabed w ensble

pumping of nodules only. The nodule collector should also
penetrate withus the sediments to collect at least a pan of the
buried nodules. The binding strength of nodules to the
sediment will form an important fuctor in the design of the
nodule collector. Use of water jets may help to dislodge the
nunganese nodules rom the scabed.
(3) Rocks

Rock outcrops, which extend upon a sevetal tens of icters
on the seabed, and st times oceur in the nodule ficlds alonyg
the slopes as well as the sbyssal plans may act as
obstruction o the nodule collector. The collector should be
capable of being aither 'driven’ uround or "owi’ over tiese
outcrops with the help of sotors und tuusicrs. Such Teutwses

" huve  be mapped using high resoluton technigues, so us ©

avoid these urcas wlule nung.
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(4) Morphology

The seafloor comprises of abyssal hills (>200m relief)
scamonts(>1,000m) as well as abyssal plans and valleys
(Kodagali et al.,1992). The collector will have to be designed
lo negouale certain gradients, but steeper areas and those
with more frequent undulations may pose some problem in
sinouth” operation of the mining  system.  Morphometric
analysis in a pant of CIB, has shown that a majority (92%) of
the area has 0-3° slope, the remaining arcas having haigher
slopes |(upon 15° ) (Kodagali, 1989). lence, the system
should be 8 self propelled system which can negotiate
changes in seabed characteristic in terms of different reliefs,
substrates and nodule concentrations.
(5) Benthic activity ®

Close association of benthic organisms with nodules,
suggests the need to reduce the possible damage to the
ecosystem and ensure conservation of some of these little
known species. Separation of sediments near the seabed will
reduce the chances of horizontal migration of plume to large
distances and disturb only few meters of water column near
the seafloor. Strip mining would also help in leaving
unmined arcas for rehabitation by benthic organisms from
the adjacent areas.

Estimation of potentioal impact of nodule mining
The impact in terms of area of seabed to be disturbed and

the volume of sediment to be removed due to mining
operations 18 estimated (Sharna, 1994) as follows:
)
(1) Misung at the sate of 3 plhon metnie lonnes of nodules
per year, for sn average nodule sbundance of 8 kg/sq.m.,
ol ares of scubed to be disturbed per year will be 6 X
l()xsq.m.(=6005q‘km),
(2) According to the equation for all the dats points (Table 1,
secuon ‘a’), for an average nodule abundance of 8 kg/sq.m.
and average nodule diameter of 4 cm, the average nodule
coverage in the mineable area would be 16%. This implies
that the remaining area of the seabed (84%) is covered with
scdiment. ’

If we consider that the depth of penctration of the

nodule collector is 10 cm, the tolal volume of sediment (Vs) .

removed along with the 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 ]085q m.
Dp=depth of penetration of collector head, ie. 10 cm (or
0.1m)

Cs=sediment cover, i.e. 84%.

Hence, Vs=504 % 107 cubic metres per year.

b)

Similarly, for an average nodule abundance of 13 kg/sqm.,
for mining 3 million metric tonnes;

(1) the area of seabed disturbed=3 X 108sq.m,, (ie. 300
sq.km.) : ’
(2) average nodule coverage should be 32%, and the
remaining area (i.e. 68%) is covered with sediment.

Hence, Vs=204 X 107 cubic melres,
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The actual area of disturbance and the volume of sediment
removed will be less for lugher nodule abundances, as
smaller area will be covered for a given yeild.

Resenrch output and achicvements

Aller the recognition as a Ploneer lnvestor, India ficld the
claim in record time, which was the result of extensive
surveys, and the analysis of data which generated a vanety of
information regarding the resource, not only for minng but
also for scientific research. The results have been published
in more than 100 scientilic papers, of which 50%% are in
intenational journals, as well as presented at vanous
symposia.

The expertise gained and facilitics developed scientists and
engincers of various research students of universities as well
as forcign rescarchers involved in similar activities.
Explorations for marine resources in the EEZs of different
countries in the Indian Ocean were carried out as an aid to
them.

The need for indigenisation and collection of vancty of dala
has resulted in scientific innovations and newer technologies
being developed for offshore exploration. Modification of
sampling equipments-grabs, corers, dredges, design of
underwater photography systems and decpwater moonng and
sediment traps have been carried out from time to tume,
depending upen the requirement of the surveys. A 'boltom
lander' for insitu measurement of near boltom parameters,
such as pressure, temperature ete., sampling of sediment and
pore walers and scabed photography is being developed tor
stmultancous collection of vurious dula.

Future rescarch plans

In order to further understand the ocwrence and distnbution
of the resources on the seafloor, 1t is proposed to carry out
research on

(1) scabed characteristics using backscatter data  of
multibeam sounding, '

(2) data from deeptowed TV, photography, subbottom
profiling, CTD,

(3) deepsea mooring with sediment traps and tme lapse
photography.
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