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For some metals like Li, Co, Te, REE which are needed for meeting the target of net-zero  by 
2050, currently the demand is much more than the supply resulting in driving up prices. For 
this reason, the mining industry is actively looking towards new frontiers in mining such as 
deeosea minig and space mining.
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In this three-dimensional graphic, researchers illustrate the "criticality" of all 62 metals based on their scores in three areas: supply risk, environmental 
implications, and vulnerability to supply restrictions. Metals  with the higher levels of risk appear in the upper back right corner of the box.            Graede, 2015                                                                                  
. 



Unfortunately land-based 
mineral deposits are producing 
lower grades at higher 
production costs, and new 
discoveries are becoming harder 
to locate.

So, mining of marine minerals would gain momentum in future in order to meet the growing demands of the 
metals such as REE, Cu, Ni, Al, Mn, Zn, Li and Co, coupled with rising demand for these metals to produce high-
tech applications such as smartphones and green technologies such as wind turbines, solar panels and electric 
storage batteries. . 

The Earth’s Surface is 71% Water Covered 
(Dry land: 29%; Pacific Ocean area is greater than the entire Earth's land area)



Who Owns Deep-Ocean Mineral Deposits?
United Nations Convention on the Law of the Sea (UNCLOS; 1982). To adequately represent the 

interests of developing nations in portioning out mining rights (Common Heratage of Mankind)



Ocean Basins Are mostly covered by 

• Abyssal Plains 

• Mid-Oceanic Ridges

Both these areas are covered by  
Potential Deposits of 

o Manganese Nodules 

o Cobalt-rich Crusts

o Hydrothermal Sulfides

o Marine Mud

o Phosphorites

o Gas hydrates, crude oil, etc.



Fields of manganese
(polymetallic) nodules on the abyssal plains 
contain significant quantities of Mn, Fe, Cu, Co & Ni 

Seafloor massive (polymetallic) sulfides 
around hydrothermal vents

Cobalt-rich crusts (CRCs) on the 
flanks of seamounts
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Marine mud 

Phosphorites are often deposited 
within estuarine environments

http://images.google.co.in/imgres?imgurl=http://www.oceanicmetals.com/nodules-1.jpg&imgrefurl=http://www.oceanicmetals.com/&usg=__jzTbIc6lF64EuAADkpWI3XiATD4=&h=206&w=294&sz=139&hl=en&start=7&um=1&itbs=1&tbnid=lMheBknCoEkiRM:&tbnh=81&tbnw=115&prev=/images?q=polymetallic+nodules&hl=en&sa=N&um=1


Gas 
hydrates

Sediment defined : unconsolidated organic and inorganic particles that accumulate on the ocean floor originate from numerous 
sources - weathering and erosion of the continents, volcanic eruptions, biological activity, chemical processes within the 
oceanic crust and seawater, impacts of extra-terrestrial objects, etc.                                                Balaram, 2019



❖ Polymetallic nodules were first discovered during the 1872-6 expedition of HMS Challenger, accumulate only in areas of low sedimentation rate . 
❖ Manganese nodules are usually golf-ball to baseball size and grow very slowly like ferromanganese crusts (growth rates ~ 1–3 mm/million years). 
❖ They acquire their metals from sea water and also from the pore-waters of the sediment on which they sit.



Polymetallic nodules coat fields of the ocean floor

Polymetallic nodules are mainly composed of phyllomanganates such as vernadite, birnessite, buserite, and todorokite. They are enriched in Cu, Ni, Co, Zn, Mo, REE, and other metals



▪ Form on the sediment-covered abyssal plains (4,500 – 6,000 m water depths). Accretion rates can vary from about 1-10 mm/Ma. Form by 
precipitation from cold ambient bottom water and from sediment pore fluids. They are small balls, dark-brown colored and lightly 
flattened, 5 to 10 centimeters in diameter, which lay on the seabed at 4.000 to 6.000 meters deep and contain  various metals including Ni, 
Cu, Co and Mn. 

▪ The grade and abundance of nodules determine the amount of metals contained in a given area in the general range 1.1-1.6% Ni, o.9-1.2%
Cu, 0.2-0.3% Co and 25-30% Mn with ranges between 5.0-15 kg per square meter

Nath, Balaram, Sudhakar and Pluger (1992) Marine Chem., 38:185-208.
Nath,  Roelandts,  Pluger, and Balaram  (1994) Marine Geology, 120, 385-400 

Growth rates are more in Pacific Ocean (up to 29 mm/Ma) due to extensive tectonic plate movement and submarine volcanic activity



Polymetallic 

nodules 

support life in 

the deep sea 

ecosystem by 

providing a 

critical 

habitat for an 

array of 

unique and 

largely 

understudied 
species

Stratmann et al 2021, Scientific Reports



Balaram, et al (1995) Analyst,120,1401-1406



Balaram, Anjaiah & Reddy(1995) Analyst ,120,1401-1406.

Balaram (1999) Marine Georesour & Geotechnol, 17: 17-26.

Development of Polymetallic Nodule CRM 2388 from Indian Ocean
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❑ Although the nodules appear in various places around the 

deep ocean, the primary target of potential mining is the 

Pacific’s Clarion-Clipperton Zone (CCZ), a 4.5 million 

square kilometers stretch of seafloor between Hawaii and 

Mexico that extends 4,000–5,500 meters deep. 

❑ The two studied regions of APEI-6 have a variable 

morphology, typical of the CCZ, with hills, plains and 

occasional seamounts.

❑ By 2020, 16 international companies have contracts to 

explore the CCZ for nodules, and two companies have 

permits to do so in the Indian Ocean and the West Pacific 

Ocean.

❑ CCZ one of the most intensely studied regions of the 

deep ocean

Jones et al. 2021



A close-up showing a mid-
ocean ridge topography with 
magma rising from a 
chamber below, forming new 
ocean plate which spreads 
away from ridge -

A volcanic arc is a chain of volcanoes formed 
above a subducting plate, positioned in an arc 
shape. The Aleutian Arc, with both oceanic 
and continental parts.

▪ Seafloor massive sulfide ore deposits

form at hydrothermal vents when

seawater penetrates the ocean’s crust,

chemically modified through, heat,

interaction with crustal rocks, and,

sometimes by input of magmatic

fluids. A wide variety of minerals form

through hydrothermal activity, but

seafloor massive sulfides are formed

from reduced sulfur and may be

enriched in Cu, Zn, Fe, Au and Ag.

▪ Thus, the modern ocean floor is an

exceptional Natural Laboratory for

studying processes and environments

responsible for the formation of

ancient massive Zn, Cu, Fe, Ag, and

Au sulfide ores that are now being

mined on land.

▪ Hydrothermal vents were first

discovered in 1977 while exploring an

oceanic spreading ridge near the

Galapagos Islands. These vents

spaced along the spreading ridges

every 3 to 20 kilometers.

▪ As of 2009 there were approximately

500 known active submarine

hydrothermal vent fields, with about

half visually observed at the seafloor

and the other half suspected from

water column indicators and/or

seafloor deposits.



Earthquakes occur along fault lines, cracks in Earth's crust where tectonic plates meet. They occur where plates are subducting, spreading, slipping, or colliding. As the plates 
grind together, they get stuck and pressure builds up. Finally, the pressure between the plates is so great that they break loose. Plate tectonics also plays a major role in creating 
ore deposits. There is a relationship between magmatic and metamorphic activities and the formation of ore deposits. These type of activities commonly occur along plate boundaries

Taiwan, 2011

One of the top 10 Scientific Discoveries

Alfred Wegener

The heat from radioactive processes within 

the planet's interior along with the pressure 

causes the plates to move, sometimes toward 

and sometimes away from each other.



▪ Polymetallic massive sulphide deposits are found at water depths 
up to 3,700 m in a variety of tectonic settings at the modern 
seafloor including mid-ocean ridges, back-arc rifts, and seamounts

▪ Polymetallic seafloor sulphide deposits can reach a considerable 
size (up to 100 million tonnes) and often carry high concentrations 
of Cu (chalcopyrite), Zn (sphalerite), and Pb (galena) in addition to 
Au and Ag.

▪ The minerals are dissolved in fluids at temperatures as high as 
3800C flowing at 1-5 m/sec, pressure of 350 bar

▪ Black smokers - chimneys formed from deposits of iron sulfide 
(bathyal zone - between 200 and 2,000 m below the surface)
White Smokers- Fore arc  / Back arc environment (white smokers are 
chimneys formed from deposits of Ba, Ca, and Si, which are white). 

Location of hydrothermal systems and 
polymetallic massive sulphide deposits at 
modern seafloor



Hydrothermal sulfides

▪The back-arc and marginal basins in south-west

Pacific Ocean are well known for sea floor

hydrothermal activity and associated massive

sulfide deposits.

▪A study was undertaken to understand the

mineralogical and geochemical characteristics of

three types of samples (pedestal slab, peripheral

chimney and Fe-Mn precipitate) collected from

northern part of Lau basin, SW Pacific.

▪The pedestal slab displays significant enrichment

of chalcopyrite, pyrite, and barite with minor

presence of sphalerite, wurtzite and manganosite

showing high concentration of Cu (av.11.73%) and

Fe (av.9.74%) followed by Zn (av.3.56%) and Mn

(av.0.01%).

▪The chemical composition of the chimney sample

has major contribution from Zn (23-34%), followed

by Fe (1.2-4.3%, Cu (1.0-1.5%) and Mn (0.03-0.06%),

with higher concentrations of Au (1.6 – 5.7 µg/g

and Ag 12.2 – 35.4 µg/g)

Paropakari, Balaram and others (2010) J. Asian Earth Sci., 38: 121-130.

Hydrothermal Mound (10-20 m height)





▪High concentrations of technologically critical 
elements (such as Co, REE, Nb, Pt, W, Bi, Ni, Mn, 
Te & Ti) occur throughout the global ocean 
basins where they are incorporated into thick Fe-
Mn crusts. 

▪Recent estimates of the potential global tonnage 
of these metal rich crusts suggest about 200 
billion tonnes exists on the seafloor. 
International interest is growing with China and 
Japan applying for mining licenses from the 
International Seabed Authority. 

▪Hence the need to address concerns about the 
sustainability of these crusts as a resource and 
their potential environmental impacts if 
exploited.

Lusty et al. 2018
Kato et al. 2011
Balaram et al. 2012
Hein et al. 2014
Balaram, 2019

Cobalt-rich Crusts



NCPOR, Goa

Exploration for Cobalt-rich Seamount Ferromanganese 
Crusts in the Indian Ocean (2008-13)

NIO, Goa

NGRI, Hyderabad

MoES Funded Project



A world map showing the locations of the three main 
marine mineral deposits

Hein et al. 2013

In 2011, the government of Papua New 
Guinea awarded Nautilus the world’s 

first lease to mine the deep sea

Our study area

An area of coastal water and seabed within a certain 
distance of a country's coastline, to which the country 
claims exclusive rights for fishing, drilling, and other 
economic activities ~ 370 km off the coast.



Comparison of the concentration of Co, Ni, REE, and other metals of 
potential economic importance in ferromanganese crusts

James R. Hein, 2013



This seamount region is punctuated with clusters 
of smaller volcanic seamounts rising up to 1.7 km 
water depth. This area is under detailed study for 
cobalt-rich ferromanganese crusts. 

Prepared from multibeam bathymetric surveys conducted in 2005 on board the A B. Boris 
Petrov (Source: Banakar et al., 2007).

Fe-Mn crust samples were collected 
from the top of a mount at 1.7 km 

water depth

Afanisi Niktin sea mount is ideal for 
the growth of cobalt crusts because 

of shallower nature --



Boris Petrov-Russian Vessel NGRI Geochemistry Colleagues Sample collection by Dredging 

at ~ 4 km depth

Oceanic Basalt  sample Fe-Mn crust sample Layer of Fe-Mn crust over Basalt

Sample Collection at ANS by NGRI Scientists along with NIO & NCPOR Scientists 



Collection of sediments from sea floor by sedimentary corer

CTD ( Conductivity, Temperature, Depth) operation  -

collection of  sediment core and water samples Balaram et al. (2015) Indian J. Geo-marine Sciences, 44 (3) 339-347       

Sea Water Sample Collection at ANS by NGRI Scientists 



Analyte

(%) CC-1-DR-12

ABP37-

DRG-

10Q(D) AA-8

CCE-ADR-

25

SiO2 8.65 14.27 4.2 6.99

Al2O3 2.37 4.52 0.71 1.94

Fe2O3 27.99 16.27 17.76 23.89

MnO 27.2 18.85 33.37 21.86

MgO 2.65 6.15 5.11 4.76

CaO 4.06 10.3 9.93 2.16

Na2O 2.1 1.62 1.03 2.45

K2O 0.55 0.95 0.42 0.4

TiO2 1.47 1.33 1.31 1.07

P2O5 1.04 5.26 4 0.64

Co 

(µg/g) 6420.19 3362.68 6579.5 6459.90

LOI 36.791 28.102 35.56 27.088 Koschinsky et al (2005); Murry and Dillard, 1979; Goldberg,1963; Takahashi et al.2000

Major and Minor Element Data of Crust Samples

Extreme enrichment of a few elements such as Co (up to ~ 0.9%) 
and Ce (~ 1700 µg/g) in the crusts have been attributed  a surface 
oxidation process: CoII CoIII and Ce III  Ce IV 

XRF



Trace Element Data of Crust Samples
(Extreme enrichment of some metals)

CC-1-DR-12 CC-2-ADR-20 ABP37/10Q(D) AA-8 ABP37/10D CC2-ADR-24 CCE-ADR-25

Sc 13.591 9.843 9.882 8.201 10.61 9.649 10.888

V 1217.433 948.831 865.183 917.544 1706.248 738.66 599.555

Cr 22.08 30.333 31.712 29.179 40.142 29.929 44.577

Co 6420.187 4997.063 3362.678 6579.528 4941.454 4622.25 6459.898

Ni 3980.889 4501.792 3902.911 4383.843 4734.853 2977.222 3436.858

Cu 1259.629 1029.67 1248.394 623.481 1569.248 497.2 881.79

Zn 731.156 627.524 605.352 545.534 687.381 493.75 492.12

Ga 13.92 13.027 13.789 12.735 15.826 10.511 12.341

Rb 9.248 5.836 12.988 4.491 10.381 5.847 8.851

Sr 1869.698 1622.87 1332.772 1693.091 1727.703 1265.272 1352.261

Y 196.703 129.725 245.056 227.445 251.407 137.426 136.937

Zr 668.72 567.488 400.504 344.648 475.298 456.907 513.513

Nb 213.225 36.244 87.964 27.706 32.757 27.902 91.611

Cs 0.245 0.314 0.405 0.284 0.385 0.326 0.431

Ba 1894.914 1653.259 2028.939 1869.636 2385.596 1094.509 1362.703

La 324.674 236.933 199.58 253.337 227.44 228.957 215.848

Ce 1447.114 1251.908 1003.194 1667.555 1419.487 1262.783 1413.853

Pr 54.853 39.858 26.585 36.115 32.019 39.208 32.811

Nd 234.496 170.626 115.219 152.485 138.358 167.104 139.293

Sm 48.962 36.509 22.426 29.893 27.651 35.817 29.201

Eu 11.203 8.405 5.581 7.082 6.904 8.073 6.822

Gd 58.695 44.626 32.236 42.486 39.407 43.824 38.914

Tb 9.319 6.989 4.791 6.094 5.852 6.843 5.695

Dy 48.739 36.488 26.76 33.114 31.838 35.829 30.411

Ho 11.949 9.016 7.43 8.91 8.656 8.626 7.831

Er 23.477 17.702 15.246 18.19 17.714 16.992 15.73

Tm 4.42 3.354 2.77 3.412 3.289 3.164 2.992

Yb 28.121 21.755 17.012 21.567 20.559 20.109 19.101

Lu 4.418 3.422 2.722 3.408 3.333 3.148 3.066

Hf 13.256 10.626 7.782 5.472 8.828 8.54 11.073

Ta 3.069 1.295 1.389 1.329 1.268 1.293 1.579

Pb 1490.863 1443.991 1007.7 1567.149 1434.062 1291.963 1334.824

Th 36.818 26.222 13.026 21.888 19.615 36.711 35.373

U 10.929 9.052 5.915 8.779 8.004 7.18 7.517

Balaram et al (2012) 
Current Science, 103 
(11) 1334-1338         



HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS

NOD P1 133.3 126.1 352.5 131.5 30.1 32.3 140.1 141.5 31.7 34.8 8.1 8.3 32.7 33.5

GSMS-2 79.8 76.1 93.1 35.9 18.3 18.8 82.4 83.2 19.2 20.2 4.9 5.4 19.9 20.0

GSPN-2 206.7 198.8 652.4 648.5 47.2 46.6 200.4 200.1 46.7 48.3 11.6 11.0 50.2 48.8

GSPN-3 100.1 101.2 249.8 95.3 25.9 27.2 120.8 119.7 29.3 30.5 7.2 7.4 30.2 28.6

AA8 264.9 253.3 1661.6 1667.6 35.6 36.1 150.5 152.5 30.8 29.9 7.2 7.1 37.0 42.5

ABP-37/10D 228.6 227.4 1389.8 1419.5 30.8 32.0 137.6 138.4 27.5 27.7 6.8 6.9 35.8 39.4

CC2/ADR/20 244.1 236.9 1235.1 1251.9 38.0 39.9 172.7 170.6 37.8 36.5 8.6 8.4 42.6 44.6

ABP/3710Q 208.5 199.6 993.3 1003.2 26.0 26.6 115.8 115.2 20.2 22.4 5.7 5.6 29.5 32.2

CC1/DR/12 339.5 324.7 1423.2 1447.1 53.1 54.9 231.2 234.5 48.9 49.0 11.6 11.2 57.2 58.7

CC2/ADR25 225.4 215.8 1387.1 413.9 31.3 32.8 141.6 139.3 27.9 29.2 6.9 6.8 31.9 38.9

2388 290.8 1066.5 60.8 261.7 61.3 14.3 61.2

HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS HR-ICPMS ICPMS

NOD P1 5.8 5.8 28.5 29.4 6.6 6.7 12.7 12.6 1.9 2.3 14.5 14.8 2.2 2.2

GSMS-2 3.7 3.7 21.0 20.0 4.8 4.9 10.1 9.4 1.5 1.7 10.6 10.8 1.6 1.7

GSPN-2 8.8 8.5 43.8 43.2 10.1 9.9 19.1 18.7 3.2 3.4 22.2 21.9 3.4 3.3

GSPN-3 5.2 5.2 23.7 26.6 5.9 6.0 11.7 11.3 1.9 2.1 13.1 13.4 2.0 2.0

AA8 6.0 6.1 31.8 33.1 9.0 8.9 18.4 18.2 3.1 3.4 21.6 21.6 3.4 3.4

ABP-37/10D 5.7 5.9 33.8 31.8 8.7 8.7 16.9 17.7 3.0 3.3 20.3 20.6 3.3 3.3

CC2/ADR/20 7.0 7.0 38.2 36.5 9.1 9.0 17.5 17.7 3.1 3.4 21.6 21.8 3.4 3.4

ABP/3710Q 4.8 4.8 27.9 26.8 7.5 7.4 15.1 15.2 2.6 2.8 17.2 17.0 2.8 2.7

CC1/DR/12 9.3 9.3 49.7 48.7 12.0 11.9 25.2 23.5 4.0 4.4 28.0 28.1 4.4 4.4

CC2/ADR25 5.6 5.7 27.8 30.4 7.8 7.8 15.8 15.7 2.7 3.0 18.8 19.1 3.0 3.1

2388 10.5 47.8 11.4 19.8 3.5 23.6 3.5

La Ce Pr Nd Sm Eu Gd

Tb Dy Ho Er Tm Yb Lu

HR-ICP-MS Work on Co-Crust Samples

❖
157PrO directly overlaps on 157Gd in a Quadrupole ICP-MS 

(Balaram, 2021)

❖ In  HR-ICP-MS these two peaks are clearly resolved



Analyte Li Be B S As Se Mo Cd Cd Sn Sb Te W Tl Bi

Mass 7 9 11 32 75 82 98 114 112 120 121 130 184 205 209

Std 76.1 5.6 120 3350 310 3.9 390 7.5 7.5 3 33.8 30.9 87 120 10.2

NOD-A-1 76.83 5.83 119.07 3341.99 315.69 3.51 400.26 7.81 7.66 2.99 34.17 28.86 85.71 121.08 10.38

Crust 

AA-8 7.56 4.52 154.81 3312.78 301.78 2.61 684.36 3.24 4.43 2.80 29.72 54.60 64.43 159.85 51.87

ABP 37-DRG 10D 16.50 5.05 133.77 3453.23 350.65 4.67 816.11 3.88 5.02 3.38 42.01 78.38 43.72 62.99 38.46

CC-1 DR-12 6.10 5.57 92.00 2868.53 341.20 5.42 508.05 2.90 4.72 17.33 69.76 38.42 98.45 178.01 26.23

CC2-ADR-20 10.48 6.24 89.45 3139.61 288.76 4.66 277.74 3.45 5.30 2.43 24.65 39.68 35.24 144.27 32.24

CCE-ADR-25 11.64 4.87 146.67 3457.65 271.52 4.02 315.20 3.13 5.01 3.16 46.70 44.26 100.97 115.33 28.81

ABP-37 DRG 10Q 22.41 4.52 139.97 3481.07 343.84 2.36 507.34 3.60 4.85 2.95 47.60 19.95 79.84 49.13 31.65

Basalt

CC2 ADR 24 57.99 2.77 107.61 3269.14 382.99 1.62 119.29 0.68 2.08 8.03 8.62 13.99 90.61 4.16 1.36

CC2-ADR-24 11.77 4.78 522.99 3635.32 284.93 3.63 270.09 3.05 4.64 2.29 25.53 35.37 32.19 142.66 39.10

ABP-37 DRG 1A 87.49 0.96 90.17 3541.87 327.16 0.86 54.50 0.43 1.12 21.55 6.44 9.86 28.43 1.07 0.48

ABP-37 DRG 4 30.81 1.14 87.90 3380.24 334.84 3.55 45.26 0.32 1.05 7.31 36.85 11.59 28.17 1.17 0.22

ABP-37 DRG 4A 69.52 1.23 92.33 3370.86 311.25 3.55 84.51 0.48 1.03 7.19 12.96 10.38 45.71 2.01 0.47

ABP-37 DRG 4B 19.63 1.90 84.67 3255.38 338.33 3.41 346.76 0.46 0.09 50.56 57.63 10.15 137.04 16.64 2.35

ABP-37 DRG-7 21.57 0.93 85.65 3239.08 371.58 3.15 77.37 0.50 1.18 13.38 20.54 10.01 73.27 1.68 0.86

ABP 37DRG 10A 26.64 3.79 85.93 3020.02 331.50 0.72 34.43 0.36 2.31 5.52 1.42 11.16 27.58 0.20 0.10

ABP37 DRG-10B 21.06 5.72 83.13 2787.03 191.26 1.62 38.74 -0.10 2.16 24.08 1.63 6.31 27.87 0.43 0.09

ABP-37 DRG-10C 16.11 0.82 81.30 2934.88 423.58 3.28 159.03 1.10 2.02 6.33 29.42 4.55 152.06 5.34 2.83

ABP-37 DRG-10C 

SOFT 15.67 1.31 81.29 2961.03 401.57 0.86 348.36 1.08 2.32 8.78 38.75 586.69 235.09 9.87 3.90

ABP-37 DRG-14A 54.10 3.09 77.35 2927.50 362.45 0.60 41.34 0.26 1.90 6.75 9.69 6.06 46.54 0.55 0.17

ABP-DRG-14E 34.71 3.85 86.61 3072.93 380.84 3.41 1224.20 1.44 3.16 6.11 34.65 11.51 653.19 22.67 9.54

ABP 37DRG 14B 48.82 2.74 82.39 3059.10 252.18 1.11 49.47 0.25 1.81 8.71 9.95 6.44 48.00 0.85 0.40

ABP 37DRG 14C 63.60 2.86 79.86 3077.63 356.14 2.26 51.77 0.52 2.11 5.60 7.98 6.97 51.26 0.85 0.64

ABP-37 DRG 14D 53.98 2.95 124.34 3013.76 79.88 0.85 63.26 0.37 1.72 6.69 7.44 6.09 48.27 1.98 1.24

Referenc

e 

Standard

s

MAG-1 92.68 3.70 77.61 3126.07 346.25 4.95 38.66 0.34 1.10 6.75 5.55 6.54 89.67 1.05 0.61

NOD-P-1 151.00 2.60 100.14 3251.66 117.20 3.65 348.40 25.03 21.61 3.53 33.40 6.77 52.49 205.30 5.22

GSPN-3 223.58 1.98 269.95 3181.94 77.29 6.34 436.51 22.69 20.23 2.32 23.53 3.56 120.84 182.45 5.58

GSPN-2 87.33 4.23 299.98 3329.92 210.05 6.19 247.88 9.61 10.27 2.30 14.28 9.07 74.91 175.93 17.57

GSMS-2 61.31 2.01 75.40 3182.78 329.31 7.10 180.01 0.43 1.30 5.55 10.26 3.38 244.43 1.73 1.22

More Trace Elements in Co Crust 

Balaram, Satyanarananan, Krishna Murthy, Mohapatra and Prasad (2013)  MAPAN-J. Metrol Soc. India, 28, ( 2 ) 63-77



Counting Laboratory     Nuclear Reactor, Sao Paulo, Brazil    Prof. Maria

Balaram (2019) Geoscience Frontiers 10, 4, 1285-1303





Platinum Group Element (PGE) Data (in ng/g) of Manganese 

Crust Samples from Central Indian Ocean

NGRI  : NiS fire-assay (1100OC) – Te coprecipitation – ICP-MS

USGS, Menlo Park, California : NiS fire-assay (1200oC) – ICP-MS
Balaram  et al (2006) Indian J. Marine Sciences,35 (1) 7-16

Balaram et al (2005) Proc.10th International Platinum Symposium, University of Oulu, Finland, pp 33-36

NiS Fire - Assay
ICP-MS
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Canary Island Seamount Province (northeastern 
tropical Atlantic); Marino et al. 2017



Deep-sea mud containing over 
5,000ppm total REY content 
was discovered in the western 
North Pacific Ocean near 
Minamitorishima Island, Japan, 
in 2013. The resource amount 
was estimated to be 1.2Mt of 
REE oxide for the most 
promising area (105km2×0–
10mbsf), which accounts for 
62, 47, 32, and 56 years of 
annual global demand for Y, Eu, 
Tb, and Dy, respectively.                             

Marine Mud Deposits

Takaya et al. Scientific Reports, 2018

Kato et al. (2011) discovered mud covering 
an extensive area (2000 seafloor sediments 
sampled at depth intervals of around one 
meter, at 78 sites that cover a large part of 
the Pacific Ocean. on the deep (4000m) in 
the Pacific Ocean that contains:

1. High concentrations of REE(∑REE 400-
2230) with ∑HREE 70-430, 

2. The quantity of resource is enormous, 
and exploration is easy

3. Radioactive elements are largely absent
4. REE can be easily extracted using H2SO4

5. After, hydrothermal sulfide, manganese 
nodule and manganese crust deposits, 
marine mud represents the 4th major 
seabed mineral resource

6. Uptake of REY by mineral phases such 
as hydrothermal iron-oxyhydroxides 
and phillipsite seems to be responsible 
for their high concentration.

Kato et al. (2011) Nature Geoscience, 4, 535-539



❑ Phosphorites are P-rich sedimentary rocks, usually composed of carbonate 

hydroxyl fluorapatite Ca5(PO4, CO3)3F which occurs as nodules and crusts 

originally formed in oceanic environments

❑ Phosphorites occur in the global ocean in three general environments, 

continental margins ( shelf, slope, banks, and plateaus), seamounts, 

especially the old (Cretaceous) seamounts in the

NW Pacific, and lagoon/insular deposits. 

❑ Phosphorus is absorbed by plants and animals and released back to 

seawater. In the warmer surface waters, phosphate precipitates out of 

solution and then sinks to the seafloor forming deposits of phosphorite.

❑ Phosphorite is a non-detrital sedimentary rock that contains high amounts 

of phosphate minerals. Considering other ocean sediments, phosphorite 

deposits have a higher potential as a resource for REE than most 

conventional REE deposits. (ΣREE up to 2000 µg/g).

❑ These are mined in Brazil, Canada, Finland, Russia, South Africa. 

Phosphate rock is mined mostly by surface methods using draglines and 

bucket wheel excavators for large deposits and power shovels or earthmovers 

for smaller deposits   Hein et al. 2016;  Balaram, 2022

Phosphorite Deposits

Laminated Phosphatic Rock



Seamount phosphorites contain higher concentrations 
of REE than continental margin phosphorites

Hein et al. 2016



2.5 to 1.6 Ga

In marine environment

The chemical analysis 

data of 23 sedimentary 

phosphorite deposits

contained ∑REE up to 

18,000 µg/g and ∑HREE 

up to 7000 µg/g, 

suggesting phosphorite 

deposits are highly 

potential resources for 

REE than most 

conventional REE 

deposits.

Dar et al. (2013); Emsbo et al. (2015) & Balaram (2022)



Spectroscopy Techniques in Deep-Sea Research

▪ The classic approach to investigate metals in deep sea sediments is to obtain samples by drilling that is followed by laborious laboratory 

analysis. This is very expensive, time consuming and not appropriate for exploring vast areas.

▪ Several different spectroscopic techniques have been used to enhance the capabilities of robotic technologies, some of which include 

near infrared spectroscopy, Raman spectroscopy and LIBS.

▪ The use of Raman spectroscopy technologies during exploration studies provides chemical properties of a given sample, such as its 

phase and polymorphism, crystallinity, and molecular interactions

▪ LIBS devices have already demonstrated their ability to measure a wide range of chemical elements present within seawater and

underwater mineral deposits. LIF sensors have also successfully detected and measured the concentrations of dissolved oil hydrocarbons 

present underwater         Cuffari, 2020

LIBS
Raman Spectrometer
Near IR Spectrometer
Laser Induced Fluorescence Spectrometer, etc.



• Raman spectroscopy is becoming a popular underwater 

investigation method, especially in deep-sea research

through the use of a titanium pressure vessel as housing.

• The first sea trial was carried out with the aid of a 3000 m 

grade remotely operated vehicle (ROV) “FCV3000” in 

October 2018

• Over 20,000 spectra were captured from the targets 

interested, including methane hydrate, clamshell in the area 

of cold seep, and bacterial mats around a hydrothermal vent, 

with a maximum depth of 1038 m.

• A Raman peak at 2592 cm−1 was found in the methane 

hydrate spectra, which revealed the presence of H2S in the 

seeping gas. In addition, sulfur was also found in the bacterial 

mats, confirming the involvement of micro-organisms in the 

sulfur cycle in the hydrothermal field. It is expected that the 

system can be developed as a universal deep-sea survey and 

detection equipment in the near future.  Liu et al, 2021



In-Situ Multi-Element Analysis by LIBS in Deep-Sea Environment 

(A) ChemiCam mounted on the ROV Hyper-Dolphin 3000 about to be deployed in the Okinawa trough, and 
(B) a close-up of the linearly actuated focusing probe held by the ROV’s manipulator

A B

Thornton et al. 2015The 3000 m depth rated LIBS device ChemiCam Laboratory quality spectra were obtained

LIBS



Nuclear Techniques for REE 
Exploration in Deep-Sea

Two nuclear techniques for exploring REE in 
surface deep sea sediments: 

1.Passive measurement of 176Lu radioactivity, appropriate if 
long-term in-situ measurements are possible, and 

2.The use of the neutron sensor attached to a remotely 
operated vehicle for rapid in-situ measurement of Gd by 
thermal neutron-capture. Since concentrations of Lu and 
Gd show strong linear correlation to the total REE 
concentrations in deep sea sediments, it is possible to 
deduce the total REE content by measuring Lu or Gd 
concentrations only.

Obhođaš et al. 2018

UNCOSS ROV carrying neutron sensor during the 
Feld Test





Mining the Deep Sea

❖ A new legal code issued by the ISA that regulates seabed mining in international waters is being adopted by 167 countries. This code will 

regulate the exploitation of minerals such as Mn, Co, Au, Cu, Fe, , REE & Pt, for commercial purposes. 

❖ Until now, companies and states have only been able to survey and explore the territories they lease, but this new provision paves the way 

for future forms of commercial extraction.

❖ Many anti–deep sea mining organizations and communities are pushing for a moratorium on deep sea mining until 2030. They argue that 

the available scientific knowledge is not enough to go forward.



Deep Sea Mining Machine
▪ The 25-ton robotic mining machine was 

developed by a Belgian company, to collect 

manganese nodules. 

▪ The goal is to extract valuable metals such 

as Co and Ni, which are important for low-

carbon technologies including electric cars.

▪ (Korea and China seek the most contracts)

▪ In April 2021, Belgian company Global Sea 

Mineral Resources (GSR) tested its 27-ton mining 

robot, Patania II, in the CCZ, which at one point 

became stranded at a depth of thousands of 

metres as it attempted to collect polymetallic 

nodules

▪ 1st May, 2021, Deep-sea mining tests 

resume after robot rescued from Pacific 

Ocean floor

The Patania II prototype on the 
floor of the Pacific Ocean



Mining of Deep-Sea Nodules

▪ A few private companies have collected nodules on exploratory missions in 
CCZ. They are pressuring the ISA to approve commercial operations.
▪ A typical area of 75,000 sq km with an estimated nodule resource of >200 mi 

t., is expected to yield about 54 million tons of metals (Mn+Ni+Cu+Co)

UN Ocean Economics and Technology 
Branch developed the following criterion 
for selecting a manganese nodule mine-
site (UNOET, 1987): 
▪ Cut off grade = 1.8% Cu+Ni
▪ Cut off abundance = 5 kg / sq. m.
▪ Topography = acceptable
▪ Duration (D) = 20 years
▪ Annual recovery (Ar) = 3 million dry 

tones A “mine site” is defined as an 
ocean bottom area where under 
specific geologicalt,technical and 
economic conditions,



Polymetallic Nodule Mining

oAll proposed seabed 
minerals mining 
operations are based on a 
similar concept of using a 
seabed resource collector, 
a lifting system and 
support vessels involved 
in offshore processing and 
transporting ore. 

oRemotely operated 
vehicles, which would 
extract deposits from the 
seabed using mechanical 
or pressurized water drills



SARMIENTO DE GAMBOA is a Research/Survey Vessel that was 
built in 2007 and is sailing under the flag of Spain





▪ Crust mining is technologically much more difficult than Fe-Mn nodule mining. 
Nodule mining concepts developed by mining consortia in the last decades 
consist of a hydraulic dredge and a slurry lift system.

▪ In contrast, Fe-Mn crusts are weakly to strongly attached to substrate rock. 
For successful crust mining, it is essential to recover Fe-Mn crusts without 
collecting substrate rock, which would significantly dilute the ore grade. 

▪ Five possible Fe-Mn crust mining operations include i) fragmentation, ii) 
crushing, iii) lifting, iv) pick-up, and v) separation. The proposed method of Fe-
Mn crust recovery consists of a bottom-crawling vehicle attached to a surface 
mining vessel by means of a hydraulic pipe lift system and an electrical 
umbilical. 

▪ According to some studies, Rodriguez Triple Junction (international waters) in 
the Southern Indian Ocean is likely to become  a mining target in the near 
future.

ISA, 2002



Example of Chain-bag Dredge with Crust Haul, 
KK84 = Cruise, NW Hawaiian Islands. 



Papua New Guinea's first offshore project Deep Sea Mining of 
Submarine Hydrothermal Deposits - Solwara 1

▪ Controversial deep sea mining project approved in Papua New Guinea, first of its kind. The Papua New Guinea government has granted a 
20-year license for Cu, Au & Ag mining around a mile (1.6 kilometers) below the ocean's surface  (0.1 square kilometer of seafloor) jump-
starting the world's first commercial deep sea mining venture. The operation in PNG targeted hydrothermal vents.

▪ In 2007, a submersible with a large drill descended 1,600 meters into the sea off the coast of Papua New Guinea (PNG), landing near a 
network of hydrothermal vents that host an array of rare and unique sea life. The machine operators, working for Canadian mining
company Nautilus Minerals, Inc., Canadian Company began drilling into the seabed, searching for Cu, Au, Zn and Ag. In the years that 
followed, the company drilled again and again. 

▪ By 2019, Nautilus, the first company to ever receive a deep-sea mining license, had gone bankrupt before extracting any minerals, and the 
PNG government, which had invested in the project, was left with millions of dollars in debt.



The first deep-sea mining project (The Solwara 1 ) at the international level was approved but 

failed before the extraction phase. Therefore, we the Alliance of Solwara Warriors call on the 

Government to revoke the Project and put a total ban on further seabed mining projects in our 

customary waters.

The maritime communities from the Bismarck and Solomon 
Seas have been resisting Nautilus Minerals experimental 
projects since 2008. The company stopped its activities in 2018 

▪ The local residents (About 20 

local communities) of New 

Ireland province in PNG were 

worried because the mining 

is experimental, there are no 

examples anywhere in the 

world, and Papua New 

Guinea has no regulatory 

framework.

▪ They knew that there is an 

active undersea volcano at 

that site, could it cause a 

tsunami?

▪ It also affected their unique 

shark calling culture which is 

their identity. They are a 

major source of food for their 

people. When Nautilus 

started its exploration 

activities the sharks left their 

waters



• Exploration contracts for deep-sea resources have been awarded to companies from countries including China, the UK, 
Belgium, Germany, France and Japan for three different mineral resources: seafloor massive sulfides (SMS), 
ferromanganese crusts and polymetallic nodules. 

• Mining the seabed carries significant environmental concerns. Millions of animals tiny, small and big live in deep ocean, 
ecosystem and to the connectivity to the rest of the planet. Environmental scientists feel that the planet is under threat 
and even our oceans. Our deep  oceans are not deeply explored and poorly understood. If we move forward before we 
have the appropriate information to manage these impacts, we could be loosing species, habitats and many of the 
functions and services that life on this planet relies on

• Hence, marine experts are calling for a moratorium on deep-sea mining until its ecological consequences can be better 
understood                          Miller et al. 2018

Environmental Impact of Deep-Sea Mining 



▪ Corals are mined because they are a source of limestone and other construction materials. In some places they are also used as bricks, while in others they are 
used to lay roads 

▪ Due coral mining, metal mining, pollution (organic and non-organic), overfishing, blast fishing, the digging of canals and access into islands and bays. 

▪ Rising sea surface temperatures and acidic waters could eliminate nearly all existing coral reef habitats by 2100.                                  Balaram et al. 2022

Coral Reefs are Dying Around the World

fill



The hybrid remotely-operated vehicle was used by scientists of 
Lehigh University, Pennsylvania, US, to collect seafloor 
samples, in addition to remotely operated vehicle, at Piccard 
hydrothermal vents at mid-cayman rise. The discovery of 
hydrothermal vents―where volcanoes at the seafloor produce 
hot fluid exceeding 350o C fundamentally changed our 
understanding about Earth and life in the 1970s. Yet, life at and 
underneath the seafloor is still very much a mystery today.

Environmental Impact Studies by Different Groups Across the World



Environmental Impact of Sea-Bed Mining
• James Cook University in Australia and the University of the South Pacific, with a main campus in Fiji, 

reviewed 250 scientific articles.  It analyzed current mining interests in the Pacific Ocean and various 
mining processes, and assesses the potential impacts on local ecosystems, biodiversity, fisheries, and 
social and economic dimensions. 

• It also highlighted many gaps in knowledge about deep-sea habitats and species, and how very little is 
known or understood about the risks of deep-sea mining.

• The environmental impacts of nodule mining are manifold. Polymetallic nodules, which take millions 
of years to form, provide a critical habitat for an array of unique and largely understudied species, 
including deep-sea corals, sponges, sea urchins, starfish, jellyfish, squid, octopus, shrimp, and sea 
cucumbers. Deep-sea habitats and species are slow-growing, so a full recovery after mining could take 
thousands, if not millions, of years — if a recovery is possible at all. Mining of polymetallic nodules is 
predicted to lead to a significant loss of biodiversity in the marine environment

• The sediment plumes and waste discharge from mining could upset phytoplankton blooms at the sea’s 
surface, and introduce toxic metals into marine food chains. This mining waste could also travel 
through the ocean and damage nearby seamounts and coral reef systems, which many fish and 
marine mammal species depend upon for shelter and food, and put entire fisheries at risk. 

• The potential impacts of light pollution, which could disrupt a multitude of species attuned to living in 
the dark, and noise pollution that could change the swimming and schooling behavior of tuna, and 
cause dolphins and whales to strand.

• On the other hand, the ISA s under a lot of pressure to get the regulations finalized that would allow 
the mining to start.
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The major objectives of the Deep Ocean Mission are as follows:
❑ Development of technologies for deep sea mining, underwater 

vehicles and underwater robotics;
❑ Development of ocean climate change advisory services;
❑ Technological innovations for exploration and conservation of 

deep sea biodiversity;
❑ Deep ocean survey and exploration, etc.

https://byjus.com/current-affairs/deep-ocean-mission-india/

https://byjus.com/current-affairs/deep-ocean-mission-india/



Indian Samudrayaan Project for Deep Ocean Exploration, NIOT, Chennai

❖ NIOT, Chennai, had developed a ‘Personnel Sphere’ built of mild steel and tested it as an unmanned trial, using the 

Ocean Research Vessel Sagar Nidhi, in Bay of Bengal. This trial was a precursor and the sphere was lowered upto a 

depth of 600 metres, off Chennai coast. The next one wherein a sphere of 2.1m diameter will be built in which three 

humans can sit and be sent off to a depth of 6,000 meters. 

❖ According to Dr. Ramadass (Director, NIOT, Chennai), the manned-submersible will be ready for qualification trials by 

December 2024, the Union minister wished the nation could set a record by sending a man to deep ocean and deep 

space simultaneously. ISRO is planning for Gaganyaan, a manned space mission, in early 2023. The final MATSYA 6000 

will be capable of carrying three crew members with an endurance of 12 hours and an additional 96 hours in case of 

emergency. It will be maneuvered at the deep sea floor autonomously using a battery-powered propulsion system at 

6,000 meters depth. 

❖ As India is a pioneer investor and continuing contract for deep sea mineral exploration under United Nations ISA, this 

vehicle helps India harvest the resources and assist in development of Integrated Mining System.

Personnel 
Sphere



British scientists 
recently found that an 
underwater mountain 
near the Canary Islands 
holds some of the 
richest deposits of rare 
minerals anywhere on 
Earth. 
https://www.bbc.com/news/av/scienc
e-environment-39572104/should-we-
mine-on-the-ocean-floor

Should We Mine on the Ocean Floor?

Protect the Oceans- The seas provide half 
of our oxygen, food for a billion people, and a 
home for some of the most spectacular 
wildlife on Earth. But the impacts of climate 
change, pollution and destructive industries 
mean they’re in more danger than ever. We 
urgently need to turn things around.

Almost 70 %of our planet is an ocean and of that, 90 % is the deep sea. It houses 

countless species ranging from tiny zooplankton to the heaviest whales. This 

combination supports in maintaining the ecological cycle of our planet. Many feel 
that deep-sea mining may cause potentially irreversible damage to aquatic life.

David Attenborough, called for a 
moratorium on all deep-sea mining plans



❑ A better understanding of the deep sea is necessary to guide 
mitigation strategies and proper enforcement of regulations in order 
to limit the environmental impacts of mining activities. 

❑ Baseline studies: Comprehensive baseline studies are needed to 
understand what species live in the deep sea, how they live, and 
how they could be affected by mining activities. 

❑ Environmental impact assessments: High-quality environmental 
assessments are needed to assess the full range, extent and duration 
of environmental damage from deep-sea mining operations. 

❑ These assessments are also needed to ensure that the loss of 
biodiversity as a result of mining operations is properly accounted 
for in mining regulations set by authorities, well before any decision 
to mine is approved.

What can be done?







34th IGC, Brisbane, Australia, 2012

Dr. James R. Hein, USGS

Dr. V.K. Banakar, 
NIO, Goa 

Menlo Park, California,

My collaborators

Dr. V. K. Banakar, NIO, Goa



Visit to GEOMAR Helmholtz Centre for Ocean

Research, Kiel, Germany, 2007



▪Deep-sea minerals with respect to global economy suggest that seafloor massive (polymetallic) sulfides around 
hydrothermal vents, cobalt-rich crusts on the flanks of seamounts or fields of manganese (polymetallic) nodules 
on the abyssal plains will be increasingly important in meeting the deficit of metals such as Co, REE, Mn, Ni, Cu, 
Co, and others.

▪ In addition to mineral deposits, there is interest in extracting methane from gas hydrates on continental slopes 
and rises.

▪Crust mining is technically much more difficult than manganese-nodule mining. Recovery of nodules is easier 
because they sit on a soft-sediment substrate, whereas crusts are weakly to strongly attached to substrate rock.

▪ In-situ analytical techniques are more appropriate and useful for the successful exploration, mining of deep-sea 
minerals, and to understand the ecosystem.

▪Many of the regions identified for future seabed mining are already recognized as vulnerable marine 
ecosystems. Several studies suggest that mining on the ocean floor could do irreversible damage to marine 
ecosystems. 

▪We need to seek answers to many questions before we step down into the deep sea. We need to balance the 
need for metals with ecological impacts.



Wish You All a Glorious Future

Dr. Ashok Nandi, GM
Ms. Priyanka Jadhav, Executive (Administration & Finance)      
Mineral Information & Development Centre(I) Pvt. Ltd. (MIDC), Nagpur

You can find me at balaram1951@yahoo.com


