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IHNERA)J P3S0URCES OFI<'SIIOTIE 

INTRODUCTION 

- Important amongst man's recent achievements in science and 

explol'ation is his grb~':il1g knOi·rledge of enviroInnents offshore and of 

associated mineral resources! Although tin deposits Here first !:lined 

offshore in the early years of this century, systematic investigation 

of mineral reSOUl'ces had to amli t neVI methods and equipment ,·~hich have 

been developed in the last 20 years. 

Production fron the first offshore oil Hells in the late 

1940' s inclic (~_ted the nevr potential for shelf resources, llhich petroleum 

production in ;nore recent years has n01'! firmly established. fiIinerals 

other than petroleum have shOim [Juch less SlJectacular potential 

, 
than has petrolcwn, which is certa~nly likely to continue as the mo~t 

important resource of the con:tinental tl.argins; hO'.'iever, in the futuTe 
I 

metals are likely to be the dominant resmu'cc in th~ cleep ocean basins 

I 

\ beyond the continental nargins. 

\ 
l'Je';T provinces offshore are of obvious importance to Australia 

2 
1,;i th its long coast line, SOD C 4- million Ian of continental Elcu'gin and, 

in adeli tion, adjacent deep ocean oasins; ind0eel offshore clel')osi ts 

a1TeD_dy pl'ovide the bulk of our indigenous petroleWll supplies. 

The ;seabed can be ~aivided into hlO lJroad environr:le~lts on both 

morphological and geological grounds - the continental margin, including 

the continental shelf, slope and rise, and the deep ocean basins; each 

has its oun set of ,zeological chQracteristics i·;hich in turn give rise to 

potential for different mineral deposits. Gener'al r"orl'hology offshore 

is sho;;n diagrDl;lsatic3.11y in Figure 1 nnd types of mineral c1eposi ts in 

Figares.2 and 3. 
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CONTINENTAL M. A R GIN 

CONTINENTAL SHELF 

o - 200 METRES 

CONTINEIITAL SLOPE! CONTilIENTAL RISE ~ 
,200-2000 METRES~2000-4000 METRES) 

I I 
I I -- --- -------- -I-

I 
I 

CONTINENTAL CRUST (SIAU 

35 KILOMETRES 

OCEANIC 

6 

.• '\.I\\~ 
________ '~M~O~H~O~R~O~V~IC~IC~ __ ~D~IS~C~O~N~~ 

MAN T L 

ABYSSAL PLAIN 

AVERAGE ABOUT 4000 METRES 

S.L 

CRUST (SIMA) 

KILOMETRES 

FIGI GENERALIZED MORPHOLOGY AND STRUCTURE 

To occompony Record 1973/55 

NOTE'METALLIFEROUS MI'IING 

OPERATIONS MAY BE EXTENDED 

OFFSHORE. 

/ 

/' / \ ' 
-/\ /\ /'-

AUS 2/149 

.I / 

FIG 2 MINERAL RESOURCES OF THE CONTIN£NTA[ SHELF'-

I 

PETROLEUM DEPOSITS IN THE 
THICK SEDIMENTARY PILE OF 
THE OUlEll CONTINENTAL MARGIN 

-2000 Metres 

Mf.NGANESE NODULES 
Of ABYSSAL 

- CRYSTALLINE BASEMENT 

METALLIfEROUS DEPOSITS 
(oRINES AND SEDlh!fNTS) 
RESULTING FROM SUBMARINE 

OCEANIC CRUST 

FIG3 MINERAL RESOUHCES OF THE OCEANS 
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2. 

The contrast betwcen these hro ftmdC!ffientally different 

environments is inevitably reflected in the character of associated 

mineral deposits; as a ' prolongation of the continent, the continental 

margin m~y be ~xpected to exhibit the range of mineral dcposits well 

knmm on land, "Ihereas the feH types of r:1ineral deposits already 

recognized in the deep sea basins repreBent a different group of 

Hhich ,study bas only recently begun. 

This paper concentrates on minerals other than petroleum 

offshore as petrolcmn has been discussed elsel·ihere in this VOltlli18; 

it is no more than a progress report because knowledge of offshore 

environT:lCnt is very· incomplete and is continually broadeninZ. 
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1 
I I rUNERAL RESOURCES IN AUSTRALIAN ;:lil.TERS 

I. Hineral search and development offshore in Australia has 

1 
follmved the world pattern, Hi th early achievement in petroleum 

contrasting wi tho much sloo-ler and less encouraging progress in the 

I search for other minerals .• 

Initial enthusiasm for prospecting for detrital minerals 

I and phosphorite in the late 1960's induced considerable reconnaissance 

1 
of Australian shelves by both l~ustralian and overseas teams for mineral 

sands, tin, and phosphorite, to \ihj.ch some prospecting for offsho1'e 

1 bauxite ''TaS added later. Although most of this offshore reCOlll1.aissance 

found little encouragement and Nas discontinued, it provided useful 

1 da ta and delineated deposi ts of minerals sands off N. 3. 'vi. and tin 

1 
off N .E. Tasmania as resources \'/arranting further study. 

In general, the need for the development of deposits of 

1 construction materia.ls offshore "TUS not sufficient to encourage 

exploration in the 1960's, but investigation has more r ecently begun, 

1 particularly pff N.S.1;-l., 8.nd with time will develop as the availability 

1 
and cost of supplies on land encourage exploration offshore. 

In the dee p ocem1 basins around Australia lirrrited reconnaissance 

·1 has so far not sugc;ested [lny occurrence of metalliferous muds, but the 

distribution a.nd character of manganese nodules of the seabed in the 

1 Australia..'l reeion is of grm-Ting interest. 

1 
Prospecting in Australian ,-raters for these minerals mineral 

sands, tin, {Sold J phosphorite, bau::d te, and manganese nodules - deserves 

further coverage in the following sections of this paper, but uith the 

exception of manganese nodules there is little ne\.' information about 

1 the Australian region since a summary of prospecting offshore Has 

1 
published by the Bureau of l-1ineral Resources (Noakes, 1970); for thj.s 

reason manganese nodules have been Ci ven s pecialemphasis. belm·l. 
t"':. 
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4. 

Hevrever, it is desirable at this stage to sWi1!rrarize the 

positien as reg;{rd.s legislation offshere in Australia, as uncertainty 

in this field remail).s a hindrance to expleration for minerals ether 

than petroleum. The intred.uction of jeint ComT:!omTea.l th-State 

. legislatien te ' centrol the exploratien and dE:velopment of petroleum 

effshore in Aus tralian 1·!a ters in 196'1 - the PetTeleum (Submerged .Lands) 

Act - ,V"asvery necessary to support expanding ::-:e~roleuIn exploratien 

in 1961, and ended the. :reried ea:rlier in the 60' s \"1hen petroleum titles 

\l'Ore granted effshore by State Goverrunents by applying offshore their 

State r.T:i.ninG Acts, Hhich covered petreleum exploratien and development 

en land. 

'rhere vias not the same urgent need to. clarify lcgisla tion in 

the case of m:i_nerals otheT than petroleurn at that time, and the practice 

ef States' granting exploratien U.tles effshore, based on mining acts 

) : 
referring to. land tenuTo, centinued. 

HOI·revel', proposals by the Cern.J!lomleal th in the late 60 I S to. 

a ssert CemmenHeal th jurisdi ction offshore :('01' 1!1inerals ether than 

petroleum and to. pass 2. Co,;;!.lOmrcal th act to. provide c_ min:i.nc cede fer 

these mineral::: led to ceiltroversy. In the event and by gentleman's 

a gre ement seme Stutes have centimwo to grant titles effshore for r"ineral:::.: 

ether than petroleum, uith the concur rence of the Com.mom·/eal th in each 

cas~ de that exploration ceuld proceed on the basis that if or Nhen 

new legislation was pass ed , such titles would be transitioned along 

lines established for the t r ansiiioning of State titles granted fer 

petroJ.eLJD exploration befere the eDactirrent ef jein.t Cemmemrcal th-State 

legislation for petroleum effshore in 1961 . 

The legislative situation for minera ls other than petrolewn 

offshore continues to be unsatisfactol'Y and a grol-ling hindrance to 

. exploration j.n early 1973 , although the ne\;, E'edel'al Government elected 

in late 1012 is expected to assert Commonwealthjuri~diction offshore ahd 

.tQIiroviq.elegj:slC': tion to' cover ra1.rier al:sothcr than ~etroi cum . . ' 

, ; 
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5. 
-' -- ., 

Nineral tenure in deep ocean basins, and in . fact beyond the 

200-metre isobath, is currently confused, and seems likely to remain 

so until inteJ;'national aL,'Teeruents through the .United Nations resolve 

the limits of national jurisdiction offshore and, beyond these, the 

administration of the proposed international regime to cover the 

remainder of the oc ean's. 
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6. 

. " . .. . 

DETRI'l'AL HEAVY fUNERALS, 

Emery & Noakes (1968). have su~gested a practical division 

of valuable detrital minerals into heavy heavy minerals (gold, tin; 

platinum, chromite), light heavy minel'als (rutile, zircon, ilmenite, 

magnetite, monazite etc:.), Cl...'1d gems (diar.1onds, sapphires etc.); this 

division recognizes that economic deposits of the heavy heavy minerals, 

"Ii th specific gravities above 6.8, occur principally in stream beds and 

less than 15 km from source, "Thereas niinerals of the light heavy group, 

ylith specific gr2.vities betueen /~.2 and 5.3, normally travel long 

dis tances, ano, economic deposits principally depend on the high-energy 

concentration of '-Taves building beach deposits. 

From the8e considerations, El!1ery &; Noakes suggested a number 

of guidelines for the occurrences of econo,nic c1eposi ts of detrital 

minerals on the continental shelf. In the first place, the most reliable 
i 
\ 

guide to potential for heavy mineral deposits on the shelf is the 
I 

occurrence of economic deposits either in stream c~larmels or in beaches 
'\ 
\ 

on land to establish provenance for minerals off shcire. 

In the s econd place, since econolflic deposits of heavy heavy 

rainerals occur close to source, knorm s ources of mincI'als on land, even 

extend.ing to the shoreline, are not likely to Give rise to economic 

deposits along the scm-lard continuation of strean beds for more than 

8 km in the case of tin or for more than 15 l~ in the case of gold. 

Economic de:;)osi ts of these minerals farther removed frOB kno',m sources 

would requiro areas of bedrock on the shelf which were sufficiently 

exposed during recent low stands of sea level to provide mineral con-

centrations. 

" I 
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7. 
. " .. " . . ~ . 

In the third place fossil strand-'Iines, formed seauard from 

land areas shedding light heavy minerals and providing economic 

concentrations along the present shoreline, are likely to include 

concentrations of beach-sand minerals; but these fossil beaches have 

been submerged beneath an encroaching sea which probably Inade some 

changes to original min~ral concentrations. Likely processes and 

changes under these conditions are still obscure, but at least some 

reuorking and changes in distribution of mineral concentration \'lOuld 

be expected, ~Tith perhaps remnants of original beach concentrations 

existing beneath cover of rel'lOrked or younger sa.nds. 

If, as Beems likely, the entire sand body would need to be 

''fOrked offshore, i'lhc}'e selecti.ve mininG as practised on land \1ould at 

least be difficult, the grades offshore are likely to be significantly 

10\'1er than those 'found along the present beaches, l'equiring very careful 

investigation and l)erhaps neH techniques to e:cploi t. 
\ 
\ 

Eineral Sallds I 
Australia 1")rovio.e8 an outstD.nding envirorunent in ,·,hich to 

\ 
\ 

study mineral sand deposits offshore; such a study~should start 

sCaI!urds of the rich rutile and zircon deposits of the central east 

coast. 

InvestiGa tion of possihle offshol'e deposits l-Tas beglill by 

the Australian-owned Planet Uetals Limited in 1965 off t~o central 

coast in areas between Newcastle and Brisbane. A nu.mber of companies 

follm-Iod PIEmet' s lead and obtained prospectinG' permits offshore along 

the coast of N.S.W. and southern Queensland, but most if not all were 

subsequently surrendered. 

In investigating occurrences of mineral sands o:Yfshore over 

the years, Planet and associated companies have developed nel-l equ:Lpment 

.and techniques for use in souc as:pccts of ofi'shor.e prospecting, particularly 

in the use of laser beams for positioning; research and development have 
.. : .... ::, " 

'been follm/ed by SOEle detc:d.ic;Jd investige).tionsOf mineral dc)osi-ts. 
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8. 

Br01-Tn & T·IacCulloch (1970) have provided some interesting 

ihformation on !:liner.?,l occurrences fO"LL"'1d to date. Heavy mineral 

concentx'atescan occur in a blanket or layer of sand 1.5-5 m bel 01-1 

the sea bed, overlying barren material, Qrmore con~only in seams in 

fossil ' beaches beneath 3-5 ill of generally barren sediments. Planet 

has identified and concentrated on a near-shore fossil strand-line in 

about 30-36 m of uater; thel'e is evidence of a second strand-line in 

70-80 m of uater, and beyond. this tHO '!~ore . strand-lines are postulated 
" 

in depths of less' than 140 m. Al tllOugh much detailed ass essment is 

still to be done, some indication of overall grade ofa ~ossil strand-

line along some 30 kID of coast from 70-100 Ian north of Hevicastle has 

been given by Brovm 8; HacCulloch and in the AnnuaJ. Re port of Planet 

l1eta 18 for 1970. Total heavy mineral content of the sediments 
.; 

(presumably to a thickness of 10-13 m) averaGes 0.8%, iTith the rutile 

pl~s zircon cont ent amoUJ.lting to about a quarter 0:(' the heavies. 
\ 

Planet's Annual Re port for 1970 refers to 375 mill~on ton8 of 1.1ineral 
\ 

sand along this s trand-line N:i. th an os timated grade\, of 0.20-0.22;& 
\ 
I 

rutile plus zircon, ~nd to an indication of a further 500 million tons. 

As rutile and zircon are reported to occur in approximately equal 

quantities, the overa ll Grade of ·these sediments, in terms of rutile, 

vlOuJ.d be about 0.1;'~. The avera~e gra de mined on land is considerably 

higher than 0.170 a nd in fact on the east coast \'las running be h~een 

o. 3-0. 4~-; in early 1973; cut-off grade s have fallen in l)laces to at 

least 0.157~, but sigTlificant economies of s:;ale \"Till be needed before 

sand avera.zing O. t 's with an equivalent amount of zircon and currently 

grading about 17-18 cents per yard could be profitably minod offshore. 

Grades of deposits, necessarily mined in bulk 6ff~lore, are expected 

to be 101'ler than those a-vaiJable onshore, particularly if compared 

to thos80n virgin beaches in the past. 'l'he princ:ipal challenge ' 

offshore may ,,:e11 be to mine and tre;'lt m.or'2 cheaply .thanon land •. 
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9. 

HO'o'T.ever, futUre needs for rutile and ilmenite (includin~; the high-

chrome ilmenite of the N. S. U. coas·t, · discarded in the past) ernphasi ze 

the importance of pr~3~nt studies offshore. Li ttle is Imoim of 

fossil strand-lines in deeper 1-Tater, but they too are T:lorthy of 

investigation to collect data bearing on shelf processes and on the 

distribution of heavy minerals as "rell as to seek additional mineral 

deposi ts ':ihich future technology may be able to exploit. 

Results off the central coast are likely to influence 

prospecting other areas offshore from known coastal deposits. Offshore 

investigations extending northward towards Gladstone, on the central 

Queensland coast, would enter a dominantly ilmenite ptovince in 

'.-rhich much of the. mineral is relatively 10'\'1 in chrome, but prospects 

seem to have lJroved disc01.Jraging. In Bass Strait, rutile and zircon 

uere identified by Ocean lhning A.G. off Naracoopa, King Island, ,,,here 

these minerals are currently mined on land. 

The main ilmenite province along the BUi~bUI'y coast in Hestern 

i 
l'.1wb~alia. \-There ilmenite is accompanied by by-prO\duct zircon, mr:mazi tu, 

I 

and rutile, is Ln01'll1 to include some offshore conc~nh'ation8. although 

Ii ttle 1'Jork h"'.8 yet been done. 11111eni te has a much l01'rer unit value 

than rutile or ~~ircon, 1mt this is cOlirpensated for by much hieher 

concentrations of heavies in the liestern J\ustralian del'osi 1;8 than on 

the east coast; 30["e concentration of ilmenite and associated heavy 

minerals would be expected in submerged strand-lines off a rich ilmenite 

coast, but occul.'rence, grade, and con(li tions have yet to be established. 

Occurrences of :r'elatively Im·r-grade concentrates onshore like 

those reported north of Perth and at Point Blaze (Hard, 1957) and 

on Melville Island in the Northern Territory (McKay, 1956) provide no 

present encourae;ment for offshore prospecting, on the premise that 

only under veri unusual conditions would fossil strand-lines provide 

hicher grades ii1 bulk than1ol0uldbe available by selective mining onshore. 
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10. 

The same can probably be said for beach sand depos'i tscontaining .' 

illileni te, rutile, and some chroEH~ near Strahan, rrasmania, and for 

deposits of ilmenite along the southern 'coast of Western Australia. 

On the other hand, although guidelines suggested for offshore 

prospecting seeEl logical on present lmOl'iledge, our understanding of 

the processes involved in heavy mineral concentration 6ffshoreis 

imperfect, and leaves r0011 for research and neu ideas uhich could pay 

di vidends j.n terms of unsuspec ted , deposi ts. 

Tin and Gold 

Follo1'ring the guideli.nes of hn prospecting offshore suggested 

earlier in this article, the shelf off northeastern Tasmania, including 

that adjacent to the Furneaux Islands, and that off the north Queensland 

const obviously shou some possibilities. In both areas erosion of tin-

bearing granites ,has given rise to econouic dc})osi ts of alluvial tin 

along tile valleys of coastal streaL"ls. Northeastern Tasmania would seem 

tf18 more prospective area, ui th tin gr:.:'.ni tos and alluvial deposits close 

to the coast and current tin dredginG 2.10ng the valley of the Ringo.rooma 

River close to the sea. 

Tasrnanio.l1 prospects '(!ere early I'ecogni:,3 ed by OcoD.n Hining A. G. , 

expericnced off;3hore prospectors, 1'7ho bcc 2.me the o:r:-erativc company of a 

consortium \'Thich includc(l E.Z. Industries, Anglo-American COTI)Oration, 

and Bethlehem Steel. 

Preliminary recOlmaissance offshore started eHl'ly in 1966 

and included shallow seismic profiling and reconnaissance drilling; 

this indicated prospects for offshore tin off the centro.l east const of 

Tnsmania (Oyster Bay) in Ringarooma Bay near the northeastern corner 

of the island facing Bass Strait, and eLwt of King Island, I'There SOIllG 

tin, rutile, cmd zircon Here found. Tiore detaiJ.ed invesUg2.tion 

indicated that the best pro;::;pects 'i'Tere i!1 HingarooTjl8. Bay; \'ihcl'e a, 

prograL1 incIuding 15[3 drill holes in \';il tel' depths r:.ll1ging fTom 10-40 m 

i;T~is c,06pietedhy e~rly 1967 ( Lan;ple'tti ~Davi(~s, &Y01..ing,196S). 
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11. 

Company reI)Orts lodged uith the Hines Department, Hobart, 

~'lere released on open file ,'lhen the company surrendered its prospecting 

licence in 1969. A SUl!U!lary of resul tsin Ring-aroama Day (Young, 1969) 

indicates that tin concentrations uere' patchy but generally follOi'jed 

the continuation of the RingarOOI:!la River offshore; holes 1 to 1.5 kIn 

apart gave some prelimi'nary indication of reserves and ' sugGosted some 

30 million cubic yards grading about 4 oz. of tin metal per cubic yard 

plus SODe zircon and high-chrome ilI'!1eni te, to a maximUJn ,mJcer depth of 

40 m; the sediments containinG the tin 1'lel"O ro.rely more thO,n 1:3 m thick. 

'rhe report mentions, hOi'rever, ~hat clos,er drilling migh t upgrade reserves 

by delineating additional rich patches and that tin-bearing sediments 

are clearly likely to continue nortJn:arc1s, althol.l.gh into deeper 1vater. 

ITeither quantity nor grade 8,3 presently inc1icn-ced. offers 

much encom:ag8ment offshore in the active seas of Bass Strait. In(leed, 

a grade of 4 oz. tin metal per cv.bic yard onshore, Horth about 28 cents 

per yard, sold as concentrates in early 1973 prices, would presently 

be regarded as low gra de for an economic deposit. 

'l'he shelf around the F'urneaux Islands also attracted some 

attention in 1967, as both Flinders and Cape 13nrren Isla.nds include 

tin-be"lring grani tes iEld have )rovided sn:all alluvial depo;Ji ts in the 

past. Broken Hill Proprietary Limited and Utah Development Limited 

cOl!lbined in this area to car'ry out seismic l)rofiling and reconnaissance 

('b~illinG' but found no prospects to He.rrant continueel inv8stigc:..tions. 

Prospectors in these areas were aware of the possible occurrence 

offshore of the productive r cl88p leads r l:nmm or.shore - tin-bearing 

stream gravoIs covered by valley fill of yO'J...YJ.ger sediments. HOI'lever, 

"leads" onshore lie as much as 33 TIl beloH 11resent sea level and lmder 

as much overburden, and such conditions off;;)horo 110Uld not favour 

. econo!'nic mining. The marine geology of this area, ,'li th ,notes on tin . .. , . , , 

prospects, has recently been covered by Slater (~969). 
. , .' 
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Prospects off north Que~nslanel do not appear as attractive 

as .those off.Tasmania, although no intensive investigation 3e8ms to 

haye been done. : The main tin province of the Herberton area, inland. 

from Cairns, is situated on a plateau and has contributed little tin 

to the sea~ HOHever, beh-leen Cairns and Cape York a number of coastal 

streams, like the An..Ylan River, contain some tin and could perhaps 

generate tin deposits offshore. Some offshore prospecting permits 

Here held in this area in 1966-67 and subsequently s u:c:cendered, but 

no prospecting results Here released. 

EIseHhere in Australia, known tin fields seem too distant 

from the coast to provide offshore prospects. The small tin field 

of the Finniss River, shedding in part in Bynoe Harbonr south of 

Darwin, is an exception, but offshore prospects seem unattractive; 

tin and tan tali t e shed from pegmatit e and greisen dykes a})1;e8.r to 

have moved very little fror:; s ource in this su.bdued terrain, and depos its 

presently knO'.nl provide no sugces tion of off shore contiI'.ua tion. 

The only alluvial golel prospect Im olJn to have been investigated 

offshore in AustraJ.ia I'T3.S off BerLlacui on ti1e s outh coast of Hcvr South 

Hales , ,·,chere recorcb of mining l ast cantu.ry reyor t ecl rich golli. vO-lues 

in beach s ands . Planet Gold Ltd carried out a r econnais::Ja!lce offshore 

in thi s area in 1967, bu t no re sults were r elea s ed. 
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I' 13. 

1 CONSTRUCTI0;:.1 EATER IALS 

I The only construction material nOH mined offshore in 

I Australia is de2.d coral from Hore ton Bay, Queensland, "Thich has 

been uf..:ed for cCI!Ient L~anufacture at De.:r.ra for many years .• Virtually 

I unlimited, and untapred resources of very pure limestone are present 

off the tropical coasts and in the Great Australian Bight. As yet 

there has been lit tIe incentive to eA~olore these resources, although 

I one company is investi~ating the p rospects of a marine source of 

limestone close to Dar~in. De~d coral ' in the Great Barrier Reef 

area promises future supplies of lilJestono along the central C;ueensland 

I 
coast, althouch supplies on lancl are adequate for illany years to come. 

Any future mining 2.cUvity, particularly in the Great Barrier H.eef 

I area, 'dill certainly be ca):ried out 'uncler strict controls ir,lposed. 

in t he interests of conservation . 

I rTo significant mining of sand 01' gravel for concrete 

1 
aggTet'~ate has taL:en place o~~fshol'e, althouch, in line >lith trends 

overseas , incr easing interest is being ShOUll in possible marine 

I f.)Ol.lrCeS of this r:Jaterial, particu.larly of coarse agcre{s'a te . 

In the U.L, Hlnrine dredging ha,; increc:.scd ro.pidly since 

I it emer ged as .:l significant f orce i n t he industry in 1961. By 

,I 
1971 over 50 spocialized vessels , ~ost in tho 1000 to 2000 ton 

class, were engaged in dredging , ancl toge ther supplied over 10 percent 

I of the construction industry's total requir'ements (Dunham, 1970; 

Hill, 1971a, b). Coarse aggreGate for ;i18 the bulk of the material 

I mined and superficial deposits of as l ittle as 1 l!l thiclmess are 

,I considered economic. host deposits ave close to shore and close 

to ~arkcts, although, ;,rith the increase in dOl:1and, mining is moving 

1 into deeper water. 1lel'! ships being built for theindnst'ry .. are, 

larger, in the 3000 to 8000 ton clasG, anrl .. 1re des igned to Hork in 

"I ':"· , .. 

.' ~ . . 

\'Ta ter depths do\'1l1 to about 60 [;1 • . 
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There seems little doubt that l!larine aggregD. te Viill be 

extracted on a large scale near the major markets in Australia 

in the future. In 1972, applications for exploration licences for 

marine aggregate covered nearly all the Nev! South "!ales inner 

continental shelf from Port Stephens, north of Ne,.".cas·tle, to 

Tathra on the far south coast. At the time of I'Iriting (Narch, 1973) 

granting of licences is still delayed pending decisions on the 

conditions "lhich vTil1 be imposed on the licencees, and no exploration 

Hork by mining companies has been undertaken. 

Available information on the inner shelf sediments off 

New South Wales (e.g., Shirley, 1964; Davies & Marshall, 1972) 

is not particularly encouraeing from the point of viell of the 

occurrence of large deposits of gravel suitable for coarse agGregate. 

The prolific onshore sources of high-cluali ty g:!.'avels found in nortlnrest 

Europe (glacial drift in the North Sea and Irish Sea, and chalk Hith 

flints in the English Channel) cannot be matched in New South Vales. 

The recent 'recOlmaissance work by BER h;,l8 proved the existence of 

adequate thicknesses of 1.Lllconsolidatecl. sediment over bedrock in 

many areas, but gr2,vels are lllCOlTl.!"'D.On 2,nd usually of l.U1sui ta1)le 

composition. H01'leVer, no detailed \iOrk has yet been UJ1del'talcen 

and it is likely th2,t sui tahle d81Josi ts along submerged stream channels 

or fossil beaches could be outlined by closely spaced sampling and 

drilling. 

(~, 
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15. 

PHOSPHORI'l'E 

During the upsurge of interest in offsho:!"e l!1ineral prospecting 

behTeen 1965 and 1967, a number ' of companies searched for phosphorite 

under permits granted by State Governments. These permits covered 

extensive areas of continental shelf off the east coast of Australia 

an'd off 'fasmania, in the Great Australian Bight, and off the ,·;cst 

and northHestern coasts of Australia. Except on the Hest TasJ:13.nian 

shelf, no significant discoveries of phosphate uerenade, althouGh 

it must be admitted that in some cases Ii tUe or no usefv.l field "Torlr 

1-laS ca rried out. 'fhis lack of success off~~hore, combined lfi th the 

discovery on land of large del)Osi ts of phosphate rock in nortlMcstern 

Queensland in AUL':V.st 1966, served to disc0'1race the 3 earch for 

phosphorite on the shelf. 
i 

Theoretical considerations on tho formaihon of phosphorite 

by upuelling of nutrient-rich decp ocean 11<):1;0r pOilt to the continental 
\ 

margin of northwestern Australia as an area of ph06phat c potential. 

A reconnaissance of this rez ion \"1(;,8 therefore carried out by min 

in 1967-68 (Jone s , 1968 , 1970); sediments uHh relatively hiGh 

phospha te content Here noted near the edge of the s helf, but D8.ximuJU 

P205 values Here less than 4 percent and nothing remotely approaching 

cconof.1ic Grade rna tcrial H2.S recorded. 

'1'ho marinc r cc onnaissq,i1c e carried out by Ocean I'-!ining A. G. 

in TclsmmiCU1 "raters in 1966 J.oc2.ted phosphate nocl:'ll es on the southern 

d t n' . If d . t . • '1 . .t. r an Hes ern lasma..'1 :u::.n Sile '; ,eposl J.on p:cesUTaao y lS a ' rosul [,' 0:': 

up;rellinG, principally along the 1-Testern CO2-st. Repo:cts from the 

company, available at tile Tasl"JD.nian IUnes Deparh18nt in Hobart, indicate 

thc.'.t the most enconragin{; conce:itr"j. tions and grad.e s a re l'ilwly to be 

round Host of Ta~Dal1ia ar:dsouth i~nd 80uthucst of I<:inC Is1and. Eodules 

· ,...,. 
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·1 I 
for phosphorite occurrences, and although the grade of most samples 

i 
l:as less than 13 percent P205' thore Here at least four localities on 

the Nesternshelf ~lhere samples graded 13 to 26 -percent P 2°5. . HOl·rever;' 

I these indications of pos;::ibly hiGher gTade patches of phosphorite uere 

I 
not fm'ther investigated by the group. 

In eastern Australian uate:cs, phosphatic nodules \lere dredged 

I from the continental s101Je off northern NeH South Hales by Global Harine 

Inc. in 1966 and there have been several reports of phosphatic r.la terial 

I on the '1'a<38an 00£1 guyots. Selected. nodules from off Coffs I-Iarboux 

I 
assayed as hish as 21 -percent P20~ (von der Borch, 1970), but most of . - :; 

tho waterial Nas of very lou grade and the survey I,ras not continued 

I beyond the reconnaissance stage. 

These reports induced some co;npany activity, but there Has no 

I Hay in 1·:hich j\:L1.st2~'alian Governm.ents could support interest by providing 

·1 
80,,10 tYl)8 of }.OCal tenure o'"er portions of the deel) ocean beyond tho 

shelf. T1:e BUTeau of Eincra1 IteS01JTCeS rec onnoitred the arcCI. j.n 

I 1969, but drGdg i,-1[~ of both the tops emd sides cf sea ;:ounts i n the 

TaSillan ;:Jea produced no evidence of 1~h08phori te, S1.l{~i;estin{?; that 

I occurrence 1-1(;.S patchy . Further work by the Bureau of Dineral Resources 

I 
in 1970 has discovered })hosyh2.tic rock crOppi!1[~ out on the upper 

continental slope on the central east coast between 25 0 
and 31 0

3 

I at depths ranging from 197 to 293 m. i'Iost samplcs contain only about 

I 
r:; l)CrcAn'" P ° b'lt ./ - " 2 5' '-. 

(Karshall, 1971). 

individual nodul es aclsay as hich £13 26 percent 

I 
I 
I 
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17. 

rr.ANGANESE NODULES 

.Distribution 

Increasing interest in the Danganese nodules of the deep 

ocean floOl'S, chiefly because of the copper, nickel, and cobalt they 

contain, has resulted in recent years in the collection of much 

additional data on their distribut:i.on and composition, as Hell as 

in research by international consortia into methods of recovery and 

metal extraction. A recent bibliography of TIlelngaDese nodules covering 

the fields of geochemistry, mineraloLory, Dining, and legal a[JT'ects 

included almost 900 references (Glasby, 1972~, b). 

Despi te this interest, infornation on their cher:listry and 

distribution is still very sparse, pa rticularly in the Australian 

region. . Figure 4 swnmarizes the available delta on occurrences around 

Open 

circles indicate that manganese nodules are present (33 occurrences) 

and fl~ll circles s11m! tha t analYf~8s <J.re available (19 addi tional 

occurrences, see Table j). Cr02S8s indicate that photoGraphs show 

that no nodules a re present on the sea bed (92 localities). Out 

of the total of 143 deep-water stations, nodules llera renorted at 

52, or one third. The possibility also exists that nodules may be 

present under a very thin veneer of nediment Hhere a photograph sho\-1s 

a barren surface; thus I·lero (1965, p. 1 /: 5) reproduces a photocraph 

from a }10nsoon s til tion sho .. ·ting only fine sediment, even though a dreclce 

attached to the · same "lire as the camera recovered abundant nodules. 

It is difficult to dra~T general conclusions on distribution 

patterns ov1ing to the relatively 8mB.ll number of stations. In :particular 

there are no stations on the Lord Howe Rise in the northern TasJaan Jea 

1 D.'lta bl-:el1 from cOr:lpilatiom: by i'I2ro (1965), I]cT<:elvey(~ 1-Janc (1 969), 
E~ing et al. (1971), and Conolly & Payne (1972), with adQitj.onal. 
in:formo.tion from Eltani~ cruises (L.A. }'rakes, pers. comm.) and from 
the .French organi.:;;a tion Cl!EXO. 
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betl'leen 22
0 

and 37 0
3, close to the· 162

0 B meridian, "Thieh although 

above the carbonate compensation depth could still be a potential 

site of nodule ·accumulations. Data are also extremely sparse in 

the south Taso.an sea, and in the Indian Ocean soutln'Tcst of Cape 

1eem-lin and ':lest of North ;'lest Cape. In each of these areas there 

are several 50 squares vrithout a single station and others vli th only 

one or hTo. 

'i'he greatest concentration of nodule occurrences occurs south 

This is part of the extensive area 

of mane,-anese pavement far to the south of Tasmania ,'Thich has been 

outlined by l':ltanin deep-sea cores (Conolly & Fayne, 1972). Nodule 

occurrences :predominate over barren areas 8.1so in the region of 500S, 

o 
120 E; in the "lestern BiGht southeast of the Naturaliste Plateau 

around 40
0
8; and in the HeE:tern Coral Sea. However, in none of 

these latter areas, i,:ith the possible exception on the \·:estern Bight, 
·i 

are there enough sto. tions for conclusions to be drA1m ldth any 
\ 
I 

confidence on the presence of contL1uOuS or ser:Jicontinuance mang:;,ne,;e 

pavements. 

Corr,posi bon 

I:Ianganese nodules vary considerilbly in composi t.ion, and 

al though r egional pil tterns in composj. tional changes have oeen outlined., 

a fv.lly sa tisfac tory explanation of the causes of these variations 

has not yet been put forward. In very general terms, Atlantic and 

Indian Ocean nodules are rather 10vl in nickel and copper, and cobalt 

tends to increase at their expense in r~hallO\·~er ,·Ta ter (arolmd 3000 m). 

The Indian Ocean nodule8 shotl a regional incrc~se in nickel and copper 

aDd deCrease in cobalt eastwards, but no regtonaltrends ere disccrniblG 

in the AtJ.antic. 
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N~mgane3e nodules are more ~'lidespread in the Pacific and, have 

f;rovid.ed most of the available data. ~'he compilations of Eero (1965) 

and NcKelvey 8; Fang (1969) sho,,[ that the central and e astern Pacific 

nodules have the highest nickel and coppe:r values, and again the ratio 
, 

of cobalt to nickel plus copper increases ',!i th decreasing Tdater depth. 

The average conposition of surface nod.ules in various areas of the 

Pacific quoted by Cronan (1972) is given in Table 1 and the relation 

betueen ";:ltGr depth and nickel, copper, cobalt, and lead content from 

the SaJ;1e author is given in Table 2. 

Horn, Horn 8: Delach (1972) have noted changes in the average 

metal content between nodules from areas of the seabed underlain by 

red clay and by siliceous OO 7. es in the north Pacific; nodules assod.ated 

with siliceous oozes contain more nickel and copper than those from 
, 

areas of red clay, as shoT-Tl1 by the fol101-ring averages : 

Nod.ules from Red. Cle.y 

Nicicel 
~:~j 

Cobalt 
-~.--c ;;,., 

0.28 

K':1l'2ili}~.3 e 
~i., 

17.43 

.E~rcentage C()ba ;Lt in co;!'.b~!1e_g.. 
Nickel! COpT)el', and Cobalt 

1 8/~ 

Nodules fr om Siliceous Oozes 

nickel 
1.16 

.Q.opl)Cr 
1.02 

CoJ)3. l t 
0.25 

Percellt?r:e 
10;;u 

Fifteen analyses from the Aus tralian l'egion in the area 

covered by Figure 4 are given in Table 3; all are in middle to high 

latitudes nouth of 350S . The average vaIL1.os of nickel, copper, ' and 

cobalt are significantly less than those of the central and eastern 

Pacific, and c..re about eqUivalent to those of the northern Pacific 

(Table 1). They do, however, show cOl~iderable variation, and it is 

interesting to note tha t the Ch3.l1en{!,cr sam})le from l'ief,t of rl'asmania 

analysed by Goldberg (1954) has the highest copper value (1.81 percent) 

vTe have seen r.ecorded from any manganese nodule. A sample from nodules 
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20. 

at Latitude' 560 42'S, Longitude 140°01 'E has.been investigated in detail 

by Ostwald & Frazer (1973). 

There are fa:r too fe\"T analyses to al101'T conclusions regarding 

regional variations in composition to be dra\'Tn uith any confidence. 

Nevertheless, there is perhaps a tendency for the ''lestern samples to 

be richer in nickel and copper, but not in cobalt, than the eastern 

ones. Thus the ten samples uest of 1350 E average about four times 

the nickel content and six times the copper content of the nine samnles 

to the east of that meridian (see ~able 3); 

Although '-lorld saT.pling is very uneven some variations in 

metal content appear noteuorthy. For example, the percentage of 

cobalt in the combined nickel, copper, and cobalt content is sho~m 

in the tables for nodules in each geograpl;,lcal division; the percent£!,;-e 

of cobalt is of current econoL:lic iJilportance, as \'Jill be noted later. 

On this basis nodules e2.st of longitude 1 j50j~ in the Australian r2gjon 

1 
sho\/ some affinity to those of the south and "iJ83t \1'acific in higher 

I 
I'clative cobalt content, ,iherea8 nodules .,est of ioncicucle 135°E in 

I 

the Australian region sho~ the considerably lo~er ~elative cobalt 
; 

content of nodu.les in the N.E., S.E.; central, and H. Pacific. 

V:'triai:ions l1ill of course be found wi thin all regions and. it Hill be 

noted that much the .same division on relative cobalt content alreac.y 

noted between geographic regions applies to nodules associated with 

red clays and those a ssociated with siliceous 003e8 within the N. Pacific 

region. 

Very significant platinum content has ·been informally reported 
j 

from. 301.'18 nodules in the central Pacific rOGion, but confirme.tion is 

lacking. · One salJ1plo from the Australian region, from latitude 56
042 1 3, 

10n{sHude 140
0
01' E, \Tas specifically tested for platirnn"il ir{ the 

laboratories of the Zinc Corporation Ltd, Broken Hill, by kind cooperation 

of the COl!lpany, Hith indications of platinum conte11t of J.ess tllan 
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0.08 p.p.m. - less than 30 cents per ton at current prices. Additional 

checl;:s on platinum content are "T8.rranted to clarify the si tua tion, 

but in viel'l of the difficulty in , obtainine accurate platin1L'll analyses 

reported. high p1 2. tinvJJ concentre.tions ne ed rigorous confirmation. 

J 
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I 
Economic Prosnects 

I Exploitation of deep sea manganese nodules presents very 

·1 considerable problems both in the ::.'ecoveryof the material fro!!! abys~;al·· 
. . " . 

depths and in the extraction of metals from the ore. In 1970, a pilot 

I operation by a subsidiary of the American company 'renneco Inc. success-

fully achieved continuous dredging of nodules from the relatively 

I s11a11o"l'1 'vaters (700-900 m) of the Blake Plateau off the coast of 

I 
Florida. 

. , 
The system used emplbyed compressed air to lift the n9dules 

to the ship through oS. si;ring of 9-5/8 inch drill riser casing attached 

I to the dredgehead by a flexible hose. Although this sytem Has 

designed to operate at the much grea-cer depths (4000-6000 m) of the 

I hiGh-grade open ocean deposits, it is not knO\m tlhether it has in fact 

I 
proved successful in deep water. A company mined by Ho"mrd Hughes of 

U.S.A. is also reportedly designing ancl consJcructing a new system 

I for Elining and treating nodules, but uncleI' considerable secrecy. 

Ano t her consortiw3 headed by Japanese interests is kno"m to 

I have experimented in the central Pacific i.,ith a continuous line bucket 

I 
system, but a{;ain although some press reports have claimed succef:Js, 

no technical evaLuation of the operation has been released. 

I Commercial extraction of me tals from the nodules also poses 

difficult I!roblems; concentr3.tion c2.nnot be effected by physical methods, 

I m"\cl tint; is uneconomic, anc~ the large nwnber of metals present interferes 

I 
with chemical separation techniques. A breakthrough in metallurgi~al 

treatment has been claimed by 'renneco Inc., 1-1110 have constructed a 

I pilot plant at Gloucester Point, Virginia (Taylor, 1971). The process 

involves the reduction of manganese dioxic.es in the crushed ore by 

I hydrogen chloride c.nd ~mter leachin{~ of soluble chlorides of the metals 

I 
relcr~f;~ed. The leach i-icl"ll.Or enters a licluid ion-e~:change process and 

final metal c:c~raction takes . place in electrolytic cells. 

·1·. . . ... . ; " ~' .. 



1 
1 
1 
·1 
1 
1 

·1 
1 
1 
1 
1 
1 
1 
.1 
1 
1 
1 

... 

I
···· 
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Ho doubt, in time, problems in the mining 'and treatment 

of nodules "iili be resolved; cur:{'ent uncertainty relates to the 

I' 
I 
I 
! 
1 

difficulties in establishing proce3ses and costs and to the marketing 

of son:e of the products, notably cobalt and maneanese. ' r'Ianganese, 

and indeed iron, recovered as fine-grained oxides \'Io~ld not together 

be Horth mOl'C than 34-6 per ton ex mine a.nd mayor may not be saleable, 

depending mainly on the location of mining and treatment operations. 
I 

The value of other metals occurring in nodules, such as lead, molybdenum, 

and vanadium, is 1011 and of the order of a fe\1 dollars, although the 

recovery of titanium 1Qarrants further consideration. Em·rever, the 

cobalt content of nodules can be much mo:re significant and hence is 

currently of economic impo:::·tance. 

By 1'laY. of example the approximate rGcoverable value of nodules 

from selected areas is sho ':!D in Table 4. In the case of the comparatively 

rich nodules associated vith siliceous ooze in the North Pacific, cobalt 

provides 20;S of t}Je value of combined nickel, copper, and cobalt; but 

in nodules ?ssociated with red clay it provides 31% of the value. 

In t he Australian region, cobalt \'iould provide 20> of the value of ' 

. 0 
nodules iiest of longitude 135 E but .,;O}S of the value of noclules east 

of that longitude, although in this COose total values arc obviously 

su"o-rnarc;ina l under . pres0nt conditions. 

The problem of selling cobalt is made clear by considering 

the likely production of the three metals from one enterprise mining 

nodules from the siliceous oo~e ore of tbe North Pacific. Assuming 

tha t viability ":ould recluire the mininG' and trea tmen t of SOll,e four 

million tons of nodules per year (in vicM of the capital cost involved 

it vIO'.lld need to 1)0 of this ordel'), proGuc tion on the be.sis of an 

overall 85~ recovery would amount to some 40,000 tons of nickel~ 

)5,060 ' tons of cOPiicr, and (3,500 tom: of cobalt. Production of this 



L 

for niokel, o. 5/'~ of the dema.nd for copper, but 40;{> of the demand for 

cobalt. 11m:keting of the coppor Bl?-ould pro,~ont no problmn and the 

production of nickel from one such enterpri~Je should be accommodatei, 

but the chanco of selline any sicnif.icant proportion of the cobalt \-Iould 

appear slight, particularly in vim·, of ·tho fact that current suppJ.ios of 

cobalt are already produced as by-produchl of non-.. ferrous mining operations. 

As coba1t ca.n substitute for nickel in some uses, it is possible that some 

cobalt could be marketed at the price of nickel, thus somev/hat reducing the 

appa.rent recoverable value of noelules, for example as sho'tm' in Table 4, but 

the likely addi tional demand for cobalt at. the lower price is ui'1cer.··tai.n,' 

}POI' ·th~~se reasons inter'est has apparently been concentrated on 

aroas in the cent.r';).1 and northern Pacific where nodules unusually rich in 

nickel and copper provide some prom:i.se of viabiJ.ity on these metaJ.s alono. 

Ji'rom the viewpoint of minera.1 conservation and. ",iso use. of \'lorJ.d resources, 

such projects appear ",astoful; indeed considerine- that there is no evidence 

of any i1nperld.ing ,,,orld. shortag'e of any of tl1ese Jl1etals ctncl nOlle to S'llg~g~88t l> ' 

that reco'rery froni ma.nganese noduJ.es is likely- to be significantly cheaper 

than from land resources t the large--r;cale exploitation of ma.ne-anese nocluJ.er; 
'. 

might Cl.11prop:datel;)' be clelay-ed until recovera1)J.e products C[:'l1 be lTiOre 

efficientl;y utilized. In the meaxd;ime there is obvioUfJ scope for further 

reDearch into distributio11 1 mineralogy, orig'in, mining aLd treatment. 

Information to d.ate in the Australian. region provides no prO,[lif3e 

of early v:i.a.bilit.y and no indication of the bigher grades of nodules kllO\'/r. 

in parts of the I'acific; but reconnaisr;ance of ocee.n basins around 

AUfltraJ.ia is stiJ.I at an eexly r::ta.ge. rl'be f.wuthern ocean \'lefJt of J.ongi tude 

13SoE obviousl;y \la1:'rant8 further investiGation 1 and ax'cas farther north, 

off the ",eDt coast of Australia and 0..1011['; t.he Lord. 1I0\!o Bise off the ea,st 

coast, where sea condit.i6ns are more ~uncnablc to mb1ing, need systematic 

the jmstraJ.i2J~ rogion; tb(;ta:~;k of' eHt;:d:d.i~·hitJC; tho extent and. g:Cc:r18 - ~. 
OJ. 

thcir3e J:GSOlll'Cef3 lvw only :jnst hog-un. 
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TABll~ 1 ~ AVI~nA.GE C0I1POSI'l'ION OF SUHFACE NODULES Ii'Ror1 DIFFERENT 

AREAS IN 'l'HE PACIFIC OCEAN 1 

. . / 

2 3 4 5 6 7 8 

Hn 15.85 33.98 22.33 19.81 15.71 16.61 16.87 13.96 
Fe 12.22 1.62 9.44 10.20 9.06 13.92 13.30 13.10 
Ni . 0.348 0.097 1.080 0.961 0.956 0.433 0.564 0.393 
Co . 0·.514 0.0075 0.192 0.164 0.213. 0.595 0.395 1 .127 
Cu 0.077 0.065 0.627 0.311 0.711 0.185 0.383 0.061 
Pb 0.085 0.006 0.028 0.030 0.049 0.073 0 .034 '0 .174 
Ba 0.306 0.171 0.381 0.145 0.155 0 . 230 · 0.152 0.274 
~'lo 0.040 0.072 0.047 0 .037 0.041 0.035 0.037 0 .042 
V 0.065 0 . 031 0.041 0.031 0.036 0.050 0.Ot~4 0.054 
Cr 0.0051 0 . 0019 0.0007 0.0005 0.0012 0.0007 0 .0007 0 .0011 
'l'i 0.4.89 0.060 0.425 . 0.467 0.561 1.007 0 .810 0.773 

.1.0.1. 24.78 21.96 24.75 27.21 22.12 28.73 25.50 30 . 87 

Depth (m) 1146 3003 4537 4324 5049 3539 5001 1757 
(£) (552 {42 {1 02 1112 (11 2 {192 . { 29) . ___ .l11l 

1 ) Culifornian Borderla nd Seamount Province 6) South Pacific 
2) Con~inental borderland off Baja California 7) He8t Pacific 
3) Northeast Pacific 8) Hid- Pacifi c Hountains 
4) Southeast Pacific 9) North Pacific 
5) Central Pacific 

After Cronan (1972) 

2 Percentage of cobalt in c ombined nickel, coppe~ and cobalt 

Ni 

cu 
Co 

Pb 

'Pallle 2 Variation 1vi th \H).ter depth of Hi ,Cn ,Co ,and Ph in surface 

nodules, Pacific 8.nd Indian Oceans 1 

0 - 1000 - 2000 - 3000 - 4000 - 5000 -
1000 III 2000 m 3000 TIl 4000 m 5000 In 6000 TIl 

0 . 318 0 . 413 0 . 323 0 . 303 0 . 65 1 0 . 624 

0.096 0 .058 0.053 0.199 0 . 36 1 0 .457 

1 . 823 0.1305 0.641 0 .306 0 .220 0.255 

. 0 . 382 0.122 0 .1 01 0 .033 0 .035 0 .032 

After Cronan . ( 1972) 0 Data fro!n a.nalyse~; of 99 nodules 

- . ;:., ":' 1- ... .. . . 

i 
I 
i 
; 

12.29 
12.00 
0 .422 
0.144 
0.294 
0.015 
0.196 
0 .018 
0.037 
0 .0044 
0.634 

22.52 

4990 
~17L 

-_.------
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Table 3. A...'1alysesof nal1Ganese nodules fro!'l the Australian region 

. . ----------_ ..• ---_._---------------------------_._--.--
Vessel 

8ltanin 
II 

II 

II 

VeT!la 

II 

Challenger 

Eltanin 
II 

16.30 

16.82 

19.93 

35.35 

37.83 

40.55 

42.70 

42.70 

45.19 

104.27 

106.50 

100.00 

108.22 

124.50 

1H.53 

134.17 

1:34.67 

145.06 

4576 

5518 

4390 

4769 

Pe Hi eu Co 

0.70 0.54 0.23 

0.71 1.00 0.19 

0.46 0.63 0.21 

14.0 14.8 0.26 0.12 0.18 

1 o. 3 1 8 • II o. 90 o. 45 o. 1 5 

5.2 9.1 0.41 

9 .. 9 21.0 1.15 

1.32 

19.0 7.0 0.12 

0.35 0.04 

1.81 0.09 

0.75 0.20 

0.14 0.07 -....---..... ----.-.----------~-------~ ..... --"".----~-~--...----... -.-----.-~-.----.. --..... --~--.. ----..~ 
II 

,II 

II 

" '" 

II 

48.15 

49.67 

49.70 

51.50 

51.98 

152.57 

1~2.55 

114.30 

119.63 

4536 
4262 

4271 

3524 

3905 

4.9 

13.0 

12.0 

1.6 0.03 

0.07 0.11 

0.03 

0.07 

6.4 0.12 0.14 0.08 

8.0 21.3 1.40 0.53 0.15 

20.0 10.7 0.08 0.07 0.11 
• _______ ....... ____ ",. ___ ...... ~_~. ___ .. _ ... _~ _____ ._ .... __ •. _~~ • ._u_ ......... __ ....... _... .. ____ --.._-_~ ..... __ ... _~~ _____ .a_ .. _~ __ .,...~.._.-•• _ 

. II 

" 
II 

If 

" 
II 

52.08 

53.02 

53.50 

54·.23 

150.00 

163.52 

149.97 

hest of 1~550~~) (10)')1-

(east of 135
0
g) (24)* 

3367 

3878 

2689 

4060 

20.0 8.5 0.19 0.18 0.05 

9.5 0.13 0.07 0.16 

17.0 10.5 0.09 0.06 0.16 

13.0 13.5 0.63 0.17 0.15 

11.2 15.9 0.74 0.63 0.16 

14.7 8.3 0.18 0.10 0.09 

____ .... _~._ ... ___ , ___ ~~".,..... ____ ._ ..... __ .._~ •• _ .. _____ ~._... __ ...... ____ ... _ •• ____ .... __ .. _-'"O ___ ...... ___ .. , __ ~ .... _ •• _ .. ,... __ ."' ___ ~ ___ .............. __ .. _. __ 

~- Percentage of cobalt in combined nickel, copper, and cobalt. 

,. -. 

: ... : .... 

,. 

i 

l 



- -- - - - - ,-' - - - -,' - '- - "­Tj'i.BLB 4 - AF.PHOXnUc'l'E EECOVEFWLE VALUE OF NODULI;;;; FROI<.} Sl~LEC'l'ED IcREAS 

" Hickel 

, Copper 

' . Cobalt 

.. TO'l'AL 

VE.lue of cobalt 
, in combined }ii, 
Cu and Co. 

Horth Pacific 
Associated with siliceous ooze 

24.7 

9.5 

8.5 

-42.7 

elf. 
i2 

20 

(in SA per -{onne) 

North Pacific 
ASf.ociated 1'7i th red cle.y 

16.2 

4.7 

9.5 

-30.4 

c~ c:. 

31 

Australian Region 
West of Long. 1350 E 

15.7 

5.9 

27.0 

c:' 
t2 

20 

- - - -
Australian Region 

East of Long. 135
0

B 

3.8 

0.9 

3.1 

1.8 

40 

Assu:ning 2-D overal l 85:;~ recovery and the follm1ir:g prices ner ton: nickel AS2500, cOPIJer AS11 00, 'cobalt A$4000. 

.-.... ~ .. ,-" .~ .. ' ... ' ~ . : ; 
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