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Abstract
For the whole world to deliver net zero by 2050, large-scale mining is more critical for metals such as lithium, 
cobalt, platinum, palladium, REE, gallium, tungsten, tellurium, and indium as these metals are essential for green 
technology applications such as making wind turbines, solar panels, fuel-cells, electric vehicles, and data storage 
systems required to transition to a low-carbon economy. Since land-based mineral deposits are depleting fast, 
seabed resources are seen as a new resource frontier for mineral exploration and extraction. They include mainly 
deep-ocean mineral deposits, such as massive sulfides, manganese nodules, ferromanganese crusts, phosphorites, 
and REE-rich marine muds. Manganese nodules contain mainly manganese and iron, but also valuable metals like 
nickel, cobalt, and copper, as well as REE and platinum, which are used in making several high-technology and 
green technology products. For example, deep-sea mud enriched in REE (> 2000 µg/g) was found in the western 
North Pacific Ocean. High concentrations of REE range from 1,727 to 2,511 μg/g in the crust samples collected from 
the Afanasy Nikitin Seamount (ANS) in the Indian Ocean. However, these deposits usually have lower REE grades 
than land-based REE deposits such as carbonatite-hosted deposits but form greater potential volumes. Though the 
mining companies and their sponsoring countries are in the process of developing the required technologies to 
mine the three deep-sea environments: abyssal plains, seamounts, and hydrothermal vents, due to severe concerns 
about the possible environmental damages, the International Seabed Authority (ISA) has not granted any mining 
permissions so far, although deep-sea mining becomes inevitable in the future green energy revolution.
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INTRODUCTION
To tackle the current climate emergency and achieve net-zero emissions, in the coming 30 years, a 
coordinated effort of all nations is required to switch over from fossil fuels to renewable energy systems 
such as solar, wind, and nuclear for electricity generation. In addition, all our vehicles have to be powered 
by electricity instead of fossil fuels, and the necessary technologies have to be developed to remove excess 
CO2 from the atmosphere. All these require hi-tech metals such as Co, Ni, Li, Ge, Te, Pt, Pd, and rare earth 
elements (REE) as raw materials in huge quantities for manufacturing power generation systems, power 
storage systems, and several other hi-tech devices. For centuries, man used land-based metal resources to 
develop technologies for his comfortable living. Unfortunately, land-based mineral deposits are currently 
producing lower grades at higher production costs, and it is also becoming harder to locate economically 
viable high-grade deposits. Land mining involves various stages such as prospecting, explorative drilling, 
construction of infrastructure for mining, operation, extraction of metals, maintenance, expansion if 
required, mine closing, and environmental remediation activities. All these activities affect social and 
environmental systems directly or indirectly, many times more negatively[1]. In several cases, the extraction 
process of metals from the ores requires more harsh treatments by using large quantities of corrosive acids 
and other hazardous chemical reagents like cyanides[2]. In addition, due to the decrease in high-grade 
minerals in the earth’s crust, production must be increased in extractive metallurgical processes, which in 
turn increases the amount of waste generated. For example, for the production of one ton of copper, 150 
tons of copper ore is typically required to be excavated, crushed, concentrated by froth flotation, and then 
extracted using different methods depending on the sulfide or non-sulfide nature of the ore which produces 
large amounts of tailings containing very high levels of toxic metals such as Cd, Pb, and Zn[3].

The enrichment and formation of various metal deposits in the earth’s crust are greatly influenced by local 
geology. This leads to a very uneven distribution of mineral deposits around the world. As a result, for 
example, even bigger countries like the US are dependent on China for the supply, as each element or metal 
is having a specific geologic association and there is a continuous technological-commercial war between 
the US and China. This kind of situation generates tensions even between the European Union and other 
countries such as Japan[4]. The Democratic Republic of Congo produces 60% of cobalt in the world, where 
there is child labor involving children between 3 and 7 years of age being exploited in hazardous mining 
works. Unfortunately, Congo is one of the poorest nations in the world, although more than half of the 
world’s supply of cobalt comes from this country[5]. Given these developments, it is necessary to explore new 
alternative sources for the exploitation of critical metals, for example, deep-sea mining[6]. In addition, 
mining, extraction, metallurgical treatment, and recovery of REE and several other metals from marine 
sediments is relatively easy compared to the extraction of metals from land deposits, as most metals in 
marine deposits are not part of the crystal lattice of the minerals that host them in contrast to the land-based 
deposits. Very low radioactive Th and U concentrations in these deep-sea deposits do not pose many 
environmental risks, unlike in many well-known land-based REE deposits. As a result, mining and 
metallurgical treatment have become economically favorable[7,8].

Several studies revealed that the world’s ocean bed is filled with large quantities of different mineral deposits 
that contain significant amounts of critical metals like Cu, Co, Li, and REE[6,9-11]. The possibility of mining 
the ocean floor for these valuable metals has generated huge interest and gained significant momentum in 
recent times to meet the growing demand for these metals. In fact, technological developments steered 
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humans towards deep sea exploration in search of valuable minerals after the pioneering HMS Challenger 
expedition, between 1872 and 1876. Since then, the ocean floor has become one of the frontier areas for the 
search for mineral resources[12]. However, there are huge areas that are completely unexplored and 
unsampled, particularly after the environmental concerns of deep-sea mining. In general, these marine 
minerals precipitate slowly from seawater over millions of years and are unique, although hydrothermal 
minerals precipitation is usually very fast (e.g., Mid Atlantic Ridge, Solwara). On the other hand, diagenetic 
precipitation of Fe-Mn oxyhydroxides can be in the order of fast growth rates with an average value of 2,500 
mm/My (e.g., Gulf of Cadiz, Baltic Sea). Several studies are underway for a complete understanding of these 
processes[13-17]. In view of the current interest in deep-sea exploration for hi-tech metals, an attempt is made 
here to describe the latest developments in understanding the mineral potential of deep oceans, their nature 
and formation, geological settings, the technologies developed for their exploration and mining, and the 
environmental issues.

DEEP-SEA MINERAL DEPOSITS
The ocean contains a complex combination of processes leading to the formation of a wide variety of 
mineral categories. In addition to the well-known oil, natural gas, and gas hydrates, the deep oceans are also 
bestowed with massive metal deposits. These deep-sea mineral deposits can be divided into five types: 
manganese nodules, seafloor massive sulfides, ferromanganese crusts (also known as cobalt crusts because 
of the significant concentration of cobalt), REE-rich marine mud, and marine phosphorites. Deep-ocean 
mineral deposits also provide valuable information on the evolution of the earth, seawater, and insights into 
the past global climate history[12]. Figure 1 presents an overview of different types of major deep-sea 
minerals, which are described in a more detailed way in the following:

Ferromanganese (Fe-Mn) nodules
Ferromanganese (Fe-Mn) nodules or manganese nodules accumulate on the sea floor only in areas of low 
sedimentation rate and form extremely slowly, with a growth rate of 2-15 mm/million year, which is one of 
the slowest known geological processes[18]. These marine sedimentary rocks form in the oxidizing 
environment of the sediment-covered abyssal plains of the Indian, Pacific, and Atlantic Oceans at depths of 
3,000-6,000 m [Figure 2]. They contain huge quantities of iron and manganese [Table 1] and also contain 
significant quantities of several other metals such as copper, cobalt, nickel, REE, and platinum[10].

They are mainly composed of tectomanganeate such as vernadite, birnessite, buserite, and todorokite 
minerals[49]. Ferromanganese nodules take up metals from seawater and pore water, and the precipitated 
colloids of hydrated Mn and Fe oxides acquire trace metals by surface sorption processes[50]. These 
manganese nodules support life in the deep-sea ecosystem by providing critical habitat for a large number 
of unique and largely unknown and understudied species. Clarion-Clipperton Zone (CCZ) in the Pacific 
Ocean, a 4.5 million square kilometers stretch of the seafloor between Hawaii and Mexico that extends 
4,000-5,500 meters deep, has been one of the most intensely studied regions of the deep ocean from the 
point of view of exploitation of these valuable minerals[51]. According to Mizell et al.[52], the current global 
total tonnage estimates are 93 × 1010 dry tons for manganese nodules, which is 4.5 times higher than the 
20 × 1010 dry tons reported earlier by Hein et al.[53]. Recently Li-rich ferromanganese oxide deposits are also 
reported from the South Andaman Sea, Northeastern Indian Ocean, with Li concentrations up to 781 
µg/g[54]. High concentrations of Li up to 311 µg/g in manganese nodules from the Peru Basin were reported 
by Hein et al.[6]. Li-rich ferromanganese deposits (up to 738 µg/g) have also been reported in the Cocos-
Nazca spreading center, Pacific Ocean[55].
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Table 1. Average concentrations of some strategic metals in different types of marine sediments from different oceans, modified 
after[19]

Ocean Type of sediment REE range 
(µg/g) Fe % Mn% Ni% Co% Cu% Reference

East Siberian Arctic Shelf Bottom sediments 104 to 220� - - - - - [20]

Central North Pacific Ocean Siliceous sediments 810.4 - - - - - [21]

Afanasy Niktin Seamount (ANS) in 
the Eastern Equatorial Indian Ocean

Cobalt crust 1,727-2,511 15.75 19.61 0.40 0.53 0.10 [22,23]

Mid-Pacific seamount Cobalt-rich crusts 2,085 16,76 24.38 - 0.71 - [24]

Indian Ocean Ferromanganese crusts/nodules 928-1,570 13.94 15.70 - - - [25,26]

Scotia Sea Ferromanganese crust 3,400 20,36 22.85 0.28 0.42 < 0.03 [27]

Seafloor massive sulfide deposits off 
Papua New Guinea, Pacific Ocean

- - - - - - 6.8 [28]

Pedestal slab 7.6 8.02 0.02 <0.01 <0.01 19.84

Peripheral chimney 0.72 2.01 0.04 <0.01 <0.01 1.25

Seafloor massive sulfide deposit 
SW Pacific

Precipitate 1.77 7.92 16.15 <0.01 <0.01 0.01

[29]

Eastern South Pacific Deep sea mud 1,000-
2,230

- - - - -

North Pacific (east & west of 
Hawaiian Islands)

Deep sea mud 400-1,000 - - - - -

[30]

REE-Rich Mud 500-1,500 
(REE + Y)

- - - - -Minamitorishima Island in the 
Western North Pacific

Ferromanganese nodules - 20.0 0.4 0.5 0.2

[31]

South China Sea Ferromanganese nodule deposits 1,460 (avg) - - - - - [32]

REY-rich mud > 400 - - - - -Indian Ocean

Marine sediments 585-920 - - - - -

[33]

Ferromanganese crust, the summit 
of southern 
seamount

1,139 0.60 31.3 0.10 < 0.01 < 0.01Andaman Sea, Indian Ocean

Ferromanganese crust within the 
two peaks of the same seamount

2,285 13.83 14.2 0.07 0.05 < 0.01

[34]

Lakshadweep Sea, Indian Ocean Ferromanganese crust La (200) & 
Y (150)

- - - - - [35]

Ferromanganese crust 1,600 - - - - -West Sewell Ridge, Andaman Sea, 
Indian Ocean Manganese nodules 1,186 - - - - -

[36]

Clarion-Clipperton Fracture Zone, 
Northeastern Pacific Ocean

Deep-sea sediments > 700 - - - - - [37]

Peru basin Fe-Mn nodules 403 6.12 34.2 1.3 0.05 0.60

813 6.16 28.4 1.3 0.21 1.07

[38]

CCZ, Pacific Ocean Fe-Mn nodules

- 5.9 28.1 - - -

Cook Island Fe-Mn nodules - 15.9 17.6 0.45 0.41 0.23

[39]

Cook Islands Fe-Mn nodules 1,707 16.1 15.9 0.38 0.41 0.23 [38]

West Clarion-Clipperton Zone, Pacific 
Ocean

Marine sediments 454.7 (REE 
+ Y)

- < 1 - - - [40]

North Pacific Ocean near 
Minamitorishima Island, Japan

Deep-sea mud > 5,000 
(REE + Y)

- - - - - [41]

Mid Pacific Ocean Fe-Mn nodules 1,178-1,434 15.94 24.38 0.38 0.56 0.12 [42]

Canary Island, Atlantic Ocean Fe-Mn crusts 335-3,485 28.4 13.79 0.25 0.44 0.06 [43]

Central Pacific Fe-Mn crusts 678-2,649 6.0-
18

13-27 0.17-
0.73

0.25-
1.18

0.02-
0.22

[44]

Pacific Ocean Fe-Mn crusts 1,060 - 22.5 0.49 0.71 0.04 [45]
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Atlantic Ocean Fe-Mn Crust 2,221 - 14.5 0.26 o.36 0.09

Indian Ocean Fe-Mn Crust 2,363 - 17.0 0.26 0.33 0.11

[46]

Indian Ocean Fe-Mn nodules 1,039 7.14 24.4 1.10 0.11 1.04 [47]

Deep nodules 1,326 - - - - -Pacific Ocean

Shallow nodules 1,398 - - - - -

[48]

-: Not available.

Figure 1. Deep-sea minerals: (A) manganese nodules; (B) ferromanganese crust; (C) a massive sulfide formation at hydrothermal vent 
site; (D) REE-rich marine mud; and (E) phosphorite is a sedimentary rock, defined as a chemical sediment of marine origin.

Figure 2. Occurrence of manganese nodules, ferromanganese crusts, massive sulfide deposits, REE-rich marine mud, and phosphorites 
at the ocean basins, mid-oceanic ridges, seamounts, and continental margins in the oceans.

Seafloor massive sulfides
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Seafloor massive sulfide ore deposits are formed at water depths ranging from about 3,700 to 1,500 m in 
diverse volcanic and tectonic settings such as mid-ocean ridges, back-arc, and island-arc rifts, by volcanic 
hydrothermal events when seawater penetrates the ocean’s crust by chemically modified through, heat (up 
to 400 °C), high pressure (~350 bar), interaction with crustal rocks, and, sometimes by the input of 
magmatic fluids[56]. There are about 300 sites of hydrothermal activity in modern submarine hydrothermal 
systems, and mineral deposits have been recognized worldwide[57]. Seafloor massive sulfide deposits were 
first discovered during the exploration of the deep oceans and the mid-ocean ridge spreading centers in the 
early 1960s. Since 1979, several massive sulfide deposits were discovered, some of which were found in 
places like Loihi Seamount, Hawaii[58], East Pacific Rise[59], Mid Atlantic Ridge[60], Central Indian Ocean 
Basin (CIB) in the Indian Ocean[61], Bransfield Strait; Arctic[62] and the Bismarck Sea which lies in the 
southwestern Pacific Ocean within the nation of Papua New Guinea[63]. Several scientists believe that the 
earliest life on Earth may have originated from submarine-hydrothermal vents[64]. Hydrothermal vents form 
when two tectonic plates move away from each other and form a fissure at the bottom of the ocean 
[Figure 2]. A wide variety of minerals form through hydrothermal activity and reduced sulfur and may be 
enriched in several metals such as Cu, Zn, Fe, Au, and Ag. These deposits fall into four or five categories: 
porphyry deposits (e.g., Cu, Mo, and Au deposits), skarn deposits (e.g., calcite and dolomite), volcanogenic 
massive sulfide deposits (e.g., iron and precious metal deposits), sedimentary exhalative deposits (e.g., Zn, Pb, 
Ag, and Cu deposits), and epigenetic deposits (e.g., limestone). These deposits are considered modern analogs 
of land-based volcanogenic massive sulfide (VMS) deposits which were formed over the entire history of the 
planet’s evolution from the Archean to the Cenozoic[65,66]. The size of these hydrothermal deposits can go up 
to 100 million tons which is similar to the size of many volcanic-associated massive sulfide deposits found 
on land[67]. Black smoker chimneys are formed from the deposits of iron sulfide (bathyal zone - between 200 
and 2,000 m below the surface), while white smoker with non-sulfide minerals (e.g., barium sulfates and 
calcium carbonate, and silicon) is characterized by lower temperature (< 200 °C). Significant amounts of Pd 
and Rh concentrations in the massive sulfides from the hydrothermal fields, both active and inactive black 
smoker sites at the hydrothermal fields (up to 356 ng/g Pd and up to 145 ng/g Rh), in the eastern Manus 
basin, Papua New Guinea were identified[68]. Papua New Guinea, with its vast hydrothermal deposit’s 
potential, has become one of the most important targets for seabed mining in recent years. Out of a 70,000 
km long global system of mid-oceanic ridges, the extent of the Indian Ocean Ridge System (IORS) consists 
of four major ridge systems, namely Carlsberg Ridge (CR), Central Indian Ridge (CIR), South West Indian 
Ridge (SWIR), and South East Indian Ridge (SEIR) is quite significant. According to Kalangutkar et al.[69], 
the future blue economy of seafloor massive sulfides along the IORS sustainably ensures resource wealth.

Ferromanganese crusts
Ferromanganese crusts or Fe-Mn crusts are formed on seamounts [Figure 2] by the precipitation of 
colloidal components such as iron-manganese oxides from seawater and also, in some cases, from 
hydrothermal inputs, on volcanic and biogenic substrate rocks. Mineralogical and geochemical studies on 
the ferromanganese crusts collected from two seamounts in the Andaman Sea revealed two types of origin, 
namely hydrothermal and hydrogenous[34,70]. These crusts contain high concentrations of elements such as 
cobalt, REE, Nb, Pt, W, Bi, Ni, Mn, Te, and Ti. It was also observed that the majority of REE, including Y, 
were found to be associated with Mn-oxide and Fe-oxyhydroxide phases[71,72]. Balaram et al.[23] reported very 
high concentrations of ∑REE ranging from 1,737 up to 2,520 μg/g in the ferromanganese crust samples 
collected from the Afanasy Nikitin Seamount (ANS) in the Eastern Equatorial Indian Ocean in 2012. There 
is also considerable enrichment of platinum in these marine sediments as the bulk concentration varies 
between 0.14 and 1.02 μg/g and averages at 0.51 ± 0.24 μg/g[73,74]. Several studies[75-77] indicated that the 
elemental enrichment in ferromanganese crusts is the result of comprehensive factors, including low 
sedimentation rate, the high metal content of the bottom seawater, a non-carbonate depositional 
environment, oxidizing conditions, microbial activity, certain bottom current conditions, and cosmic 
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spherules. Table 1 presents concentrations of ∑REE and also some critical metals in different marine 
sediments including ferromanganese crust samples.

REE-rich marine mud
Recent studies suggested that pelagic sediments may contain large amounts of REE and have received global 
attention as an important reservoir of the global REE budget and a potential resource for future use. The 
first report by Kato et al.[30] indicated that pelagic sediments have the potential to become important REE 
resources. They reported very high concentrations of ∑REE (up to 2,230 µg/g) in marine mud on the deep-
sea floor in the Pacific Ocean off Hawaii and Tahiti. Subsequently, deep-sea mud containing over 5,000 µg/g 
REE content was discovered in the western North Pacific Ocean near Minamitorishima Island, Japan by 
Takaya et al.[41]. In general, Ca-phosphate (e.g., bioapatite fossils) and Fe-Mn (oxyhydr)oxides have been 
considered important REE carriers in deep-sea sediments[78]. Deep-sea mud enriched in REE (∑REE > 2,000 
µg/g) was found in the western North Pacific Ocean, and the sediment cores collected near topographic 
highs in the Central Pacific Ocean yielded ∑REE 4,489 µg/g[79]. According to the authors, the enrichment of 
REE was attributed to the enhanced deposition of fish debris which acts as a host for REE. REE resource 
amount in a 1-km2 area around the study sites based on mining to the depth where the average grade is 
maximum when mined from the surface revealed that this REY-rich mud could provide 1.4% of the global 
annual mine production of REE, and this mud deposit in the Central Pacific Ocean can be considered a 
potential REE resource for the future. Of course, these calculations are based on a very limited area’s 
potential within the vast ocean. Recently Fujinaga et al.[80] reported marine mud markedly enriched with 
REE (up to ∑REE 1,120 µg/g) from the Aki umber deposit in the Northern Shimanto Belt, central Shikoku, 
southwest Japan. The geochemical features suggested that the Aki umber represents a hydrothermal iron 
oxyhydroxide-type REY-rich mud deposited originally in a pelagic deep-sea setting during the Middle 
Cretaceous (113.2-100.5 Ma). Yasukawa et al.[81] studied the geochemistry and mineralogy of REY-rich mud 
in the eastern Indian Ocean. These sediments consist mainly of siliceous ooze, with subordinate zeolitic clay 
that contains relatively high REY concentrations. The maximum and average ∑REY contents of this 
material are 1,113 and 629 µg/g, respectively, which are comparable to those reported from the Pacific 
Ocean. Iijima et al.[82] discovered extremely REY-rich mud in the Japanese exclusive economic zone (EEZ) 
around Minamitorishima Island, in the western North Pacific Ocean. The maximum ∑REY concentration, 
especially rich in heavy rare-earth elements, reaches approximately 7,000 µg/g, which is much higher than 
that reported for conventional REY deposits on land and other known potential REY resources in the ocean.

Phosphorite deposits
Phosphorites are phosphorous-rich sedimentary rocks, usually composed of carbonate hydroxyl fluorapatite 
Ca5(PO4, CO3)3F. They occur in the global ocean in three general environments: (i) as nodules and crusts 
originally formed in oceanic environments: continental margins - shelf, slope, banks, and plateaus, (ii) 
seamounts, especially the old (Cretaceous) seamounts, for example, in the NW Pacific Ocean, and, (iii) 
lagoon/insular deposits[83]. Marine phosphorites primarily occur along continental margins where upwelling 
large volumes of phosphate-rich cold water rise from great depths to the surface. In the warmer surface 
waters, phosphate precipitates out of the solution and then sinks to the seafloor forming deposits of 
phosphorite[84,85]. Phosphorite deposits are widespread on the seafloor of continental shelves and slopes 
along the western continental margins of both the Pacific and Atlantic Oceans. Some of the areas where 
these deposits form includes the Peru-Chile margin, on plateaus such as Chatham Rise offshore New 
Zealand, the Blake-Bahamas Plateau off the southeast United States, offshore Baja California, and on the 
shelf off Namibia. Significant deposits of phosphorite are found in the Xisha Islands[86]. González et al.[87] 
reported extensive phosphorite deposits in upwelling areas in the Atlantic Iberian margins. They can also 
form on seamounts where ferromanganese crusts grow. Some of the phosphorite deposits contain ΣREE up 
to 2,000 µg/g[88], although the composition of these rocks and REE concentrations mostly depend on their 



Page 8 of Vysetti. Miner Miner Mater 2023;2:5 https://dx.doi.org/10.20517/mmm.2022.1217

type and origin, and they also contain up to 4% fluorine[89]. Seamount phosphorites contain higher 
concentrations of REE than continental margin phosphorites[83]. In fact, land-based phosphorite deposits 
also offer similar potential for metals such as REE and phosphorus which drive the exploration, mining, and 
extraction studies in the future. Figure 3 shows the occurrence of different marine minerals in different 
environments in the oceans.

EXPLORATION STUDIES, CONTROLLING AUTHORITIES, AND TECHNICAL CHALLENGES 
OF DEEP-SEA MINING
Over the past decade, interest in deep-sea minerals, and exploration studies have increased rapidly within 
both national and international waters. The International Seabed Authority (ISA), established in 1994 under 
the 1982 United Nations Convention on the Law of the Sea (UNCLOS), is authorized as a United Nations 
organization to regulate party nations to UNCLOS conducting mineral-related activities. Since 2010, the 
ISA which is responsible for writing the rules for mining in seabed areas beyond national jurisdictions, 
issued exploration study permits mostly to explore manganese nodules, seafloor massive sulfides, and 
ferromanganese crusts to many exploration companies across the global oceans[91]. As of December 2022, 
the ISA had issued 31 exploration contracts to both public and private mining enterprises for seabed 
mineral resources. More details are provided by Sakellariadou et al.[51]. The EEZ extends 200 miles from a 
country’s shoreline and gives the country control over the exploration and exploitation of marine resources 
in that area. Beyond national jurisdictions, no state can claim sovereignty over the international seabed, and 
all resources within the areas are deemed to be the common heritage of mankind (Articles 136 and 137 of 
the United Nations Convention on the Law of the Sea, UNCLOS; 1982) which adequately represents the 
interests of developing nations in portioning out mining rights (Common Heritage of Mankind). A few 
private companies have collected nodules on exploratory missions in CCZ and found very encouraging 
results, and are pressuring the ISA to approve commercial operations. A typical area of 75,000 km2 with an 
estimated nodule resource of > 200 million tons is expected to yield about 54 million tons of metals (Mn + 
Ni + Cu + Co)[92]. Several new exploration projects are being developed by European countries for the future 
exploitation of seabed mineral deposits in European Seas with very well-defined objectives such as: (i) to 
characterize deposit types; (ii) to identify the principal metallogenic provinces; (iii) to develop harmonized 
mineral maps and datasets of seabed deposits; (iv) to study present-day exploration and exploitation status 
in terms of regulation, legislation, environmental impacts, exploitation and future directions (https://
geoera.eu/projects/mindesea2/). The concept of deep-sea mining and the process of retrieving mineral 
deposits from the deep seabed is explained in Figure 4.

Ferromanganese nodule mining is easy as they sit on the sediment surface whereas crusts are weakly to 
strongly attached to substrate rock and it is essential to collect the crust without collecting the substrate 
rock. Hence, technical solutions for economic mining are not yet available[93]. From an engineering 
standpoint, highly sophisticated and expensive mining equipment and several important breakthroughs are 
required for crust mining to become viable. Recently Xie et al.[94] designed a compact underwater vehicle for 
cobalt-crust mining. In addition to being a mining vehicle, this also serves as a general-purpose support 
vessel for sample collection, exploration, and for resource evaluation studies.

Role of miniaturized analytical instruments in deep-sea geochemical exploration
Many countries such as the US, Canada, China, Spain, the UK, Germany, and Japan have begun extensive 
exploration studies in search of rich ocean floor deposits by geological, geophysical, geochemical, and 
mineralogical approaches. In this context, it is worth mentioning the application of portable analytical 
instruments such as the Raman spectrometer, laser-induced breakdown spectrometer (LIBS), near IR 
spectrometer, and a couple of nuclear techniques in geochemical exploration studies. When these miniature 

https://geoera.eu/projects/mindesea2/
https://geoera.eu/projects/mindesea2/
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Figure 3. Global distribution of the four primary classes of metal-rich deep-ocean mineral deposits: polymetallic nodules (blue); 
polymetallic or seafloor massive sulfides (orange); cobalt-rich ferromanganese crusts (yellow); and REE-rich muds (dark blue). The 
EEZ, identified potential zones such as CCZ, Central Indian Ocean Basin (CIB), Afanasy Niktin Seamount (ANS), Papua New Guinea's 
first offshore mining project-Solwara 1, and the site of Seabed Disturbance and Recolonization Experiment (DISCOL) by a German 
project are also shown. Modified after Miller et al.[90].

Figure 4. Concept image with examples of using remotely operated vessels (ROVs) from a vessel on the surface for the extraction of 
different mineral materials during deep-sea mining (with permission from GAO Science & Tech Spotlight on Deep Sea Mining, 2021).

instruments were mounted in ROV, they were successful in detecting metal-rich deposits in the deep 
oceans[95-97]. A new, more compact, and lighter underwater LIBS known as LIBSea II was developed for the 
investigation of the hydrothermal regions and polymetallic mineral areas. When the system was deployed 
on a ROV of Haima for deep-sea trial, atomic lines of K, Na, Ca, and strong molecular bands of CaOH from 
a carbonate rock sample were obtained for the first time at depths of 1,400 m[98]. Such miniature analytical 
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systems will have great potential to be used in deep-sea exploration studies in the future.

Potential areas for deep-sea mining
Ferromanganese nodules in CCZ, Peru Basin, Penrhyn Basin-Cook Islands EEZ, and the Central Indian 
Ocean Basin; seafloor massive sulfide deposits in the EEZ of Papua New Guinea, Japan, and New Zealand as 
well as the Mid-Atlantic Ridge, and the IORS; ferromanganese crusts in the Pacific Prime Crust Zone, and 
the Canary Islands Seamounts and the Rio Grande Rise in the Atlantic Ocean, and the REE-rich deep-sea 
muds around Minamitorishima Island in the western North Pacific are the major targets of economic 
interest for seabed mining[51]. The development of technologies to collect manganese nodules first began in 
1970. Later on, in 2021, a 25-ton robotic mining machine was developed by a Belgian company, to collect 
manganese nodules. In 2022, an international mining company known as The Metals Company (TMC) 
announced a successful deep-water test of a manganese nodule collector vehicle at depths of 2,470 meters in 
the Atlantic Ocean. In the same year, a study was undertaken to understand the dynamics of sediment 
plumes generated when a prototype seabed manganese nodule collector vehicle was used at a depth of 
4,500-m in the CCZ in the Pacific Ocean. Such experiments through light on the subsequent ambient 
sediment plumes generated during nodule collection on the seabed, the turbidity current dynamics, and the 
possible environmental effects of seabed mining enable the regulatory authorities to make decisions on 
future seabed mining[99]. González et al.[100] summarized a compilation work on seabed mineral deposit types 
with 692 occurrences comprising 1,194 samples from different deposits such as ferromanganese crusts, 
manganese nodules, phosphorites, marine placer deposits, volcanogenic massive sulfides, and hydrothermal 
mineralization in pan-European seas based on extensive studies carried out utilizing geophysical surveys, 
sampling stations, underwater photography, and ROV surveys, and mineralogical, geochemical and isotopic 
studies. Such studies help in identifying the potential areas for responsible future resource exploration and 
mining, and the standards to be used.

A case study from Papua New Guinea, Pacific Ocean
Papua New Guinea’s first offshore project at the international level “Deep Sea Mining of Submarine 
Hydrothermal Deposits - Solwara 1” was granted a 20-year license for mining the hydrothermal vents for 
Cu, Au, and Ag around a mile (1.6 km) below the ocean’s surface (0.1 square km of the seafloor) and given 
to an underwater mineral exploration company known as Nautilus Minerals Inc, but failed before the 
extraction phase[101]. The maritime communities from the Bismarck and Solomon Seas have resisted the 
Nautilus Minerals Inc. experimental project since 2008 and appealed to their government to not only revoke 
the project but also to put a total ban on further seabed mining projects in their customary waters. The 
mining activity was experimental, there were no examples from anywhere in the world, and Papua New 
Guinea even has no regulatory framework for such activities. Moreover, environmental concerns have also 
been raised by these indigenous communities, suggesting that mining will cause irreversible damage, disrupt 
their cultural practices, and affect food sources. The company stopped its activities in 2018, and by 2019, 
Nautilus, the first company to ever receive a deep-sea mining license, had gone bankrupt before extracting 
any minerals, and the Papua New Guinea government, which had invested in the project, was left with 
millions of dollars in debt[102]. However, in 2022, some areas in the CCZ in the Central Pacific Ocean were 
licensed for mining by ISA, although several groups including Greenpeace have been very strongly opposed 
to deep-sea mining as it might cause irreversible damage to the marine environment.

ENVIRONMENTAL CONCERNS
Commercial mining activity in oceans can have widespread environmental consequences. For example, 
manganese 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, octopus, 
squid, shrimp, and sea cucumbers. Deep-sea sediment plumes are created during mining activity, and the 
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processed material that is discharged as wastewater by the surface support vessel can have devastating 
effects on marine biota[103]. Many anti-deep sea mining organizations like Greenpeace and several other 
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 habitats and species are slow-growing, so a full 
recovery after mining could take thousands, if not millions, of years - if at all a recovery is possible. Mining 
of manganese nodules is predicted to lead to a significant loss of biodiversity in the marine environment[104]. 
Even in the earlier stages of understanding deep-sea ferromanganese nodules and their possible 
exploitation, several environmental studies including small-scale in-situ artificial disturbances were 
conducted[105-108]. For example, in order to monitor and understand the potential impacts on the 
recolonization of benthic biota by the disturbance that would be caused by commercial mining of 
manganese nodules, the first long-term disturbance and recolonization experiment (DISCOL) was 
established in the Peru Basin during a German environmental impact study associated with manganese-
nodule mining in 1989 in the southeast Pacific Ocean in a circular area of the seabed measuring 10.8 km2 at 
a depth of 4,140-4,160 m[109]. High-resolution optical and hydroacoustic sea floor data acquired recently 
indicated a remarkable difference between natural sedimentation in the deep sea, and sedimentation of a 
resettled sediment plume, revealing that disturbing nodules on the sea floor for commercial mining will 
cause long-term damage to the benthic ecosystem[110].

In order to have more insight into the deep ocean, underwater robots are being extensively used as they are 
capable of tracking and recording high-resolution images of slow-moving and fragile zooplankton, 
gelatinous animals, and particles[111,112]. Filho et al.[101] described the environmental risks involved in deep-sea 
mining, which include significant disturbance of the seabed, light, and noise pollution, the creation of 
plumes, and negative impacts on the surface, benthic, and meso- and bathypelagic zones. In fact, there are 
also mounting concerns that there will be more mining activities before environmental effects are 
adequately evaluated.

Efforts are underway by ISA to describe that many species are yet to be discovered and identified and to 
understand the structure and function of ecosystems in the deep ocean. The past decade saw a significant 
increase in the knowledge about biodiversity in the deep sea. In recent times at least 500 species have been 
collected/observed in many of the major faunal groupings, including metazoan meiofauna (~500 species), 
macrofauna (> 500 species), invertebrate megafauna (~630 species), and foraminifera (> 1,000 species) in the 
CCZ. Such knowledge underpins effective measures to protect the marine environment in the deep ocean 
(https://www.isa.org.jm/protection-of-the-marine-environment/).

Gollner et al.[103] carried out restoration experiments in manganese nodule areas in the CCZ in the Pacific 
Ocean to understand the biological responses to disturbance from simulated deep-sea manganese nodule 
mining. Earlier, the results obtained by Jones et al.[112], showed considerable negative biological effects of 
seafloor nodule mining, even at the small scale of test mining experiments. These experimental studies are 
expected to help in understanding the adverse long-term effects of nodule removal. EU, under an EU 
Horizon Europe Research Program, is developing a technology-based impact assessment tool for 
sustainable, transparent deep-sea mining exploration and exploitation. For example, TRIDENT Project 
(starting date: January 1, 2023) aims to contribute to the sustainable exploitation of seabed mineral 
resources, by developing a reliable, transparent, and cost-effective system for prediction and continuous 
environmental impact monitoring of exploration and exploitation activities in the deep sea by identifying all 
relevant physical, chemical, geological and biological parameters to be measured at the sea surface, mid-
water, and seabed in specific areas like the Canary Island Seamounts. This project also aims to provide 
technological and systemic solutions for forecasting potential environmental impacts using the developed 

https://www.isa.org.jm/protection-of-the-marine-environment/
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monitoring and mitigation methods (https://cordis.europa.eu/project/id/604500).

We still do not know much about the impacts of deep-sea mining. Currently, the available data on the 
recovery of deep-sea biota following physical disturbances from the potential mining is not enough to arrive 
at a firm decision. It also highlighted that there are 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. On the other hand, 
more than 80% of the seafloor remains unmapped at a resolution of 100 meters or better by 2019 which is 
expected to be completed only by 2030 if everything works favorably[113].

High seas agreement-2023
In early 2023, more than 190 countries agreed on a long-awaited pact to help safeguard the high seas, 
reverse biodiversity loss, and protect billions of marine species ranging from tiny plankton to giant whales 
from any threats such as pollution, overfishing, shipping, and deep-sea mining, at a UN conference 
agreeing, on a common framework for establishing new protected areas in international waters. The new 
treaty establishes an official mechanism for creating more marine protected areas in international waters (or 
“high seas”) for the first time. The new agreement is the first of its kind to protect oceans since 1982 when 
the UNCLOS was adopted. However, it is expected to take some time for the treaty to be formally adopted 
by member states and come into force. Although several companies are preparing to mine the seafloor, any 
major disturbance to the ocean’s ecosystems also reduces their ability to absorb carbon to keep climate 
change in check. In fact, ISA is fully committed to protecting the marine environment and regulating 
economic, exploratory, and scientific activity in the deep sea and is currently negotiating the approval of a 
mining code, laying out the rules under which companies will be allowed to extract minerals from the 
seabed. In view of this, deep-sea mining is likely to be exempted in certain designated relatively smaller 
areas such as CCZ in the near future.

CONCLUSIONS AND THE FUTURE
Currently, humanity is facing disastrous consequences and harmful effects due to climate change and global 
warming because of increased emissions of CO2 into the atmosphere. During the past one hundred years, 
the planet has experienced a substantial increase in surface temperatures. We need to combat the increasing 
concentration of CO2 by adopting green technology options which need huge supplies of several critical 
elements like Co, Ni, REE, Li, Pt, and Pd. However, there is a shortage of the deposits of these critical metals 
in the earth's crust, while selected countries like China, the US, and Australia currently have a monopoly in 
the mineral market. Under these circumstances, seabed mining is a viable option for several countries in the 
years to come. This would also decrease political tensions and controversies generated by the exploitation of 
critical metals[114].

However, the development of a blue economy strategy requires a better knowledge of the environmental 
impacts of deep-sea mining through thorough assessments and understanding. At present, the deep sea 
remains understudied and poorly understood, and there are many knowledge gaps in our understanding of 
its biodiversity and ecosystems. We need to firmly address the potential impacts on local ecosystems, 
biodiversity, fisheries, and social and economic dimensions before taking up deep sea mining. The deep-sea 
mining operations can potentially have long-lasting negative effects and even irreversible physical and 
environmental impacts on the deep-sea ecosystems, including biodiversity and ecosystem functioning. It is 
necessary to ensure that there is no significant loss of biodiversity as a result of mining operations well 
before any mining approvals are issued. We need to apply a precautionary approach that is considered the 
best path which benefits all of us.

https://cordis.europa.eu/project/id/604500
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The miniature instruments such as the Raman spectrometer and LIBS are continuously being upgraded by 
reducing their limitations to increase their capabilities in search of mineral deposits on the ocean beds, as 
well as for environmental assessment studies. It requires that new technologies have to be adopted to better 
understand the marine environment and protect the vulnerable areas for deep-sea mineral exploration, 
mining, and metal extraction. With the recent approval of the “High Seas Treaty” by more than 190 
countries to protect the marine species and biodiversity in deep oceans, the mining of seabed may take a 
long road ahead.

DECLARATIONS
Acknowledgments
The author would like to acknowledge the support of Prakash Kumar, Director, CSIR-National Geophysical 
Research Institute (NGRI), Hyderabad, India. This review benefitted from a collaborative project entitled 
“Exploration for Cobalt-rich Seamount Ferromanganese Crusts in the Indian Ocean” with the colleagues of 
Geochemistry Group, NGRI; Dr. V. K. Banakar, and team, NIO, Goa, India; Dr. M. Sudhakar, NCPOR, 
Goa, India; and Dr. J. R. Hein. USGS, Menlo Park, California, USA, supported by the Ministry of Earth 
Sciences (MoES), New Delhi, a decade back.

Authors’ contributions
The author contributed solely to the article.

Availability of data and materials
Not applicable.

Financial support and sponsorship
This research received no specific grant from any funding agency in the public, commercial, or not-for-
profit sectors.

Conflicts of interest
None.

Ethical approval and consent to participate
Not applicable.

Copyright
© The Author(s) 2023.

REFERENCES
Haddaway NR, Cooke SJ, Lesser P, et al. Evidence of the impacts of metal mining and the effectiveness of mining mitigation 
measures on social-ecological systems in Arctic and boreal regions: a systematic map protocol. Environ Evid 2019;8:1-11.  DOI

1.     

Medina D, Anderson CG. A review of the cyanidation treatment of copper-gold ores and concentrates. Metals 2020;10:897.  DOI2.     
Rzymski P, Klimaszyk P, Marszelewski W, et al. The chemistry and toxicity of discharge waters from copper mine tailing 
impoundment in the valley of the Apuseni Mountains in Romania. Environ Sci Pollut Res Int 2017;24:21445-58.  DOI  PubMed  
PMC

3.     

Ferreira G, Critelli J. China’s global monopoly on rare-earth elements. US Army War College Q Param 2022;52:57-72.  DOI4.     
André G, Godin M. Child labour, agency and family dynamics: the case of mining in Katanga (DRC). Childhood 2014;21:161-74.  
DOI

5.     

Hein JR, Mizell K, Koschinsky A, Conrad TT. Deep-ocean mineral deposits as a source of critical metals for high- and green-
technology applications: comparison with land-based resources. Ore Geol Rev 2013;51:1-14.  DOI

6.     

Papavasileiou KA. Critical review on evaluation of the marine resources mining versus the land-based ones for REE. Mater Proc 
2021;5:112.  DOI

7.     

Josso P, Roberts S, Teagle DAH, et al. Ex-traction and separation of rare earth elements from hydrothermal metalliferous sediments. 8.     

https://dx.doi.org/10.1186/s13750-019-0152-8
https://dx.doi.org/10.3390/met10070897
https://dx.doi.org/10.1007/s11356-017-9782-y
http://www.ncbi.nlm.nih.gov/pubmed/28744684
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5579155
https://dx.doi.org/10.55540/0031-1723.3129
https://dx.doi.org/10.1177/0907568213488966
https://dx.doi.org/10.1016/j.oregeorev.2012.12.001
https://dx.doi.org/10.3390/materproc2021005112


Page 14 of Vysetti. Miner Miner Mater 2023;2:5 https://dx.doi.org/10.20517/mmm.2022.1217

Miner Eng 2018;118:106-21.  DOI
Heffernan O. Scientists track damage from controversial deep-sea mining method. Nature 2019;567:294.  DOI  PubMed9.     
Balaram V. Determination of precious metal concentrations in polymetallic nodule reference sample from the Indian Ocean by ICP-
MS. Mar Georesour Geotec 1999;17:17-26.  DOI

10.     

Balaram V. Rare earth elements: a review of applications, occurrence, exploration, analysis, recycling, and environmental impact. 
Geosci Front 2019;10:1285-303.  DOI

11.     

Aitken F, Foulc JN. From deep sea to laboratory 1: the first explorations of the deep sea by HMS challenger (1872-1876). John Wiley 
& Sons; 2019.  DOI

12.     

Lusty PAJ, Hein JR, Josso P. Formation and occurrence of ferromanganese crusts: earth’s storehouse for critical metals. Elements 
2018;14:313-8.  DOI

13.     

Dutkiewicz A, Judge A, Müller RD. Environmental predictors of deep-sea polymetallic nodule occurrence in the global ocean. 
Geology 2020;48:293-7.  DOI

14.     

Shulga N, Abramov S, Klyukina, A. et al. Fast-growing Arctic Fe-Mn deposits from the Kara Sea as the refuges for cosmopolitan 
marine microorganisms. Sci Rep 2022;12:21967.  DOI  PubMed  PMC

15.     

Yeo IA, Dobson K, Josso P, et al. Assessment of the mineral resource potential of Atlantic ferromanganese crusts based on their 
growth history, microstructure, and texture. Minerals 2018;8:327.  DOI

16.     

Sadler PM. Thesignificance of time scale for the rate of accretion of marine manganese nodules and crusts. Mar Geol 1980;35:M27-
32.  DOI

17.     

Levin L A, Mengerink K, Gjerde K M, et al. Defining “serious harm” to the marine environment in the context of deep-seabed 
mining. Mar Policy 2016;74:245-59.  DOI

18.     

Balaram V. Potential future alternative resources for rare earth elements: opportunities and challenges. Minerals 2023;13:425.  DOI19.     
Sattarova V, Astakhov A, Aksentov K, et al. Geochemistry of the Laptev and East Siberian seas sediments with emphasis on rare-
earth elements: application for sediment sources and paleoceanography. Cont Shelf Res 2023;254:104907.  DOI

20.     

Sa R, Sun X, He G, et al. Enrichment of rare earth elements in siliceous sediments under slow deposition: a case study of the central 
North Pacific. Ore Geol Rev 2018;94:12-23.  DOI

21.     

Balaram V, Satyanarayanan M, Murthy PK, Mohapatra C, Prasad KL. Chemical characterization of cobalt crust from afanasy-nikitin 
seamount in the eastern indian ocean by inductively coupled plasma time-of-flight mass spectrometry. Mapan 2013;28:63-77.  DOI

22.     

Balaram V, Banakar VK, Subramanyam KSV, et al. Yttrium and rare earth element contents in seamount cobalt crusts in the Indian 
Ocean. Available from: https://www.jstor.org/stable/24089153 [Last accessed on 28 Apr 2023].

23.     

Cui Y, Liu J, Ren X, Shi X. Geochemistry of rare earth elements in cobalt-rich crusts from the Mid-Pacific M seamount. J Rare 
Earths 2009;27:169-76.  DOI

24.     

Nath B, Balaram V, Sudhakar M, Plüger W. Rare earth element geochemistry of ferromanganese deposits from the Indian Ocean. 
Mar Chem 1992;38:185-208.  DOI

25.     

Balaram V, Anjaiah KV, Reddy MRP. Comparative study on the trace and rare earth element analysis of an Indian polymetallic 
nodule reference sample by inductively coupled plasma atomic emission spectrometry and inductively coupled plasma mass 
spectrometry. Analyst 1995;120:1401.  DOI

26.     

Gonzalez FJ, Somoza L, Maldonado A, et al. High technology elements in Co-rich ferromanganese crusts from the Scotia Sea. 
Available from: https://core.ac.uk/download/pdf/19714312.pdf [Last accessed on 28 Apr 2023].

27.     

Hoagland P, Beaulieu S, Tivey MA, et al. Deep-sea mining of seafloor massive sulfides. Mar Policy 2010;34:728-32.  DOI28.     
Paropkari AL, Ray D, Balaram V, et al. Formation of hydrothermal deposits at Kings Triple Junction, northern Lau back-arc basin, 
SW Pacific: the geochemical perspectives. J Asian Earth Sci 2010;38:121-30.  DOI

29.     

Kato Y, Fujinaga K, Nakamura K, et al. Deep-sea mud in the Pacific Ocean as a potential resource for rare-earth elements. Nature 
Geosci 2011;4:535-9.  DOI

30.     

Yamazaki T, Nakatani N, Arai R, Sekimoto T, Katayama H. Combined mining and pulp-lifting of ferromanganese nodules and rare-
earth element-rich mud around minamitorishima island in the Western North Pacific: a prefeasibility study. Minerals 2021;11:310.  
DOI

31.     

Zhong Y, Chen Z, Gonzalez FJ, et al. Rare earth elements and yttrium in ferromanganese deposits from the South China Sea: 
distribution, composition and resource considerations. Acta Oceanol Sin 2018;37:41-54.  DOI

32.     

Yasukawa K, Nakamura K, Fujinaga K, et al. Rare-earth, major, and trace element geochemistry of deep-sea sediments in the Indian 
Ocean: implications for the potential distribution of REY-rich mud in the Indian Ocean. Geochem J 2015;49:621-35.  DOI

33.     

Surya Prakash L, Ray D, Paropkari AL, et al. Distribution of REEs and yttrium among major geochemical phases of marine Fe-Mn-
oxides: Comparative study between hydrogenous and hydrothermal deposits. Chem Geol 2012;312-313:127-37.  DOI

34.     

Charlu T K, Kalluraya V K K. Ferromanganese encrustation from Lakshadweep area, Arabia Sea. Available from: https://
indianjournalofmarketing.com/index.php/jgsi/article/view/68307 [Last accessed on 28 Apr 2023].

35.     

Dinesh AC, Nisha NV, Varghese S, et al. Extensive occurrence of Fe-Mn crusts and nodules on seamounts in the southern Andaman 
Sea, India. Curr Sci 2020;119:704-8.  DOI

36.     

Kim MG, Hyeong K, Yoo CM. Distribution of rare earth elements and yttrium in sediments from the clarion-clipperton fracture zone, 
Northeastern Pacific Ocean. Geochem Geophys Geosyst 2022:23.  DOI

37.     

Toro N, Jeldres RI, Órdenes JA, Robles P, Navarra A. Manganese nodules in Chile, an alternative for the production of co and mn in 38.     

https://dx.doi.org/10.1016/j.mineng.2017.12.014
https://dx.doi.org/10.1038/d41586-019-00757-y
http://www.ncbi.nlm.nih.gov/pubmed/30890801
https://dx.doi.org/10.1080/106411999273972
https://dx.doi.org/10.1016/j.gsf.2018.12.005
https://dx.doi.org/10.1002/9781119610953
https://dx.doi.org/10.2138/gselements.14.5.313
https://dx.doi.org/10.1130/g46836.1
https://dx.doi.org/10.1038/s41598-022-23449-6
http://www.ncbi.nlm.nih.gov/pubmed/36539439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9768204
https://dx.doi.org/10.3390/min8080327
https://dx.doi.org/10.1016/0025-3227(80)90120-6
https://dx.doi.org/10.1016/j.marpol.2016.09.032
https://dx.doi.org/10.3390/min13030425
https://dx.doi.org/10.1016/j.csr.2022.104907
https://dx.doi.org/10.1016/j.oregeorev.2018.01.019
https://dx.doi.org/10.1007/s12647-013-0047-z
https://www.jstor.org/stable/24089153
https://dx.doi.org/10.1016/s1002-0721(08)60214-8
https://dx.doi.org/10.1016/0304-4203(92)90034-8
https://dx.doi.org/10.1039/an9952001401
https://core.ac.uk/download/pdf/19714312.pdf
https://dx.doi.org/10.1016/j.marpol.2009.12.001
https://dx.doi.org/10.1016/j.jseaes.2009.12.003
https://dx.doi.org/10.1038/ngeo1185
https://dx.doi.org/10.3390/min11030310
https://dx.doi.org/10.1007/s13131-018-1205-5
https://dx.doi.org/10.2343/geochemj.2.0361
https://dx.doi.org/10.1016/j.chemgeo.2012.03.024
https://indianjournalofmarketing.com/index.php/jgsi/article/view/68307
https://indianjournalofmarketing.com/index.php/jgsi/article/view/68307
https://dx.doi.org/10.18520/cs/v119/i4/704-708
https://dx.doi.org/10.1029/2022gc010454


Page 15 of Vysetti. Miner Miner Mater 2023;2:5 https://dx.doi.org/10.20517/mmm.2022.12 17

the future - a review. Minerals 2020;10:674.  DOI
SPC. Deep sea minerals: manganese nodules, a physical, biological, environmental, and technical review. Available from: https://
static1.squarespace.com/static/5cca30fab2cf793ec6d94096/t/5d9e42fd9ba4e7058d7e68a2/1570653017813/DSMvol1B_screen.pdf 
[Last accessed on 28 Apr 2023].

39.     

Qiu Z, Tao C, Ma W, et al. Material source of sediments from West Clarion-Clipperton Zone (Pacific): evidence from rare earth 
element geochemistry and clay minerals compositions. JMSE 2022;10:1052.  DOI

40.     

Takaya Y, Yasukawa K, Kawasaki T, et al. The tremendous potential of deep-sea mud as a source of rare-earth elements. Sci Rep 
2018;8:5763.  DOI  PubMed  PMC

41.     

Bu W, Shi X, Peng J, Qi L. Geochemical characteristics of seamount ferromanganese nodules from mid-Pacific Ocean. Chin Sci Bull 
2003;48:98-105.  DOI

42.     

Marino E, González FJ, Kuhn T, et al. Hydrogenetic, diagenetic and hydrothermal processes forming ferromanganese crusts in the 
canary island seamounts and their influence in the metal recovery rate with hydrometallurgical methods. Minerals 2019;9:439.  DOI

43.     

Halbach PE, Jahn A, Cherkashov G. Marine co-rich ferromanganese crust deposits: description and formation, occurrences and 
distribution, estimated world-wide resources. In: Sharma R, editor. Deep-Sea Mining. Cham: Springer International Publishing; 2017. 
pp. 65-141.  DOI

44.     

Halbach P, Marbler H. Marine ferromanganese crusts: contents, distribution and enrichment of strategic minor and trace elements. 
Bundesanstalt für Geowissenschaften und Rohstoffe; 2009. pp. 1-73.

45.     

Hein JR, Koschinsk A, Bau M, Manheim FT, Kang J, Roberts L. Cobalt-rich ferromanganese crusts in the Pacific. Handbook of 
marine mineral deposits. Routledge; 2017. pp. 239-79.  DOI

46.     

Banakar VK, Hein JR. Growth response of a deep-water ferromanganese crust to evolution of the Neogene Indian Ocean. Mar Geol 
2000;162:529-40.  DOI

47.     

Piper DZ. Rare earth elements in ferromanganese nodules and other marine phases. Geochim Cosmochim Acta 1974;38:1007-22.  
DOI

48.     

Kuhn T, Wegorzewski A, Rühlemann C, Vink A. Correction to: composition, formation, and occurrence of polymetallic nodules. In: 
Sharma R, editor. Deep-Sea Mining. Cham: Springer International Publishing; 2017. pp. E1-E1.  DOI

49.     

Li D, Fu Y, Sun X, Wei Z. Critical metal enrichment mechanism of deep-sea hydrogenetic nodules: Insights from mineralogy and 
element mobility. Ore Geol Rev 2020;118:103371.  DOI

50.     

Sakellariadou F, Gonzalez FJ, Hein JR, Rincón-tomás B, Arvanitidis N, Kuhn T. Seabed mining and blue growth: exploring the 
potential of marine mineral deposits as a sustainable source of rare earth elements (MaREEs) (IUPAC Technical Report). Pure Appl 
Chem 2022;94:329-51.  DOI

51.     

Mizell K, Hein JR, Au M, Gartman A. Estimates of metals contained in abyssal manganese nodules and ferromanganese crusts in the 
global ocean based on regional variations and genetic types of nodules. In: Sharma R, editor. Perspectives on Deep-Sea Mining. 
Cham: Springer International Publishing; 2022. pp. 53-80.  DOI

52.     

Hein JR, Koschinsky A, Halliday AN. Global occurrence of tellurium-rich ferromanganese crusts and a model for the enrichment of 
tellurium. Geochim Cosmochim Acta 2003;67:1117-27.  DOI

53.     

Rajani PR, Manoj R, Joshi R, Jishnu B, Nagasundaram M. Base metals- and Lithium- rich ferromanganese oxide deposits from the 
South Andaman Sea, Northeastern Indian Ocean: mode of occurrence and genesis. J Asian Earth Sci 2022;234:105272.  DOI

54.     

Zawadzki D, Maciąg Ł, Blasco I, et al. Geochemistry and mineralogy of ferromanganese crusts from the western Cocos-Nazca 
spreading centre, Pacific. Minerals 2022;12:538.  DOI

55.     

Herzig PM. Seafloor massive sulfide deposits and hydrothermal systems. In: Nordquist MH, Moore JN, Heidar T, editors. Legal and 
Scientific Aspects of Continental Shelf Limits. Brill | Nijhoff; 2004. pp. 431-56.  DOI

56.     

Aryanto NC, Kurnio H. Tectonics of volcanogenic massive sulphide (VMS) deposits at flores back arc basin: a review. BoMG 
2020:35.  DOI

57.     

Clague DA, Batiza R, Head JW, Davis AS. Pyroclastic and hydroclastic deposits on Loihi Seamount, Hawaii. In: White JDL, Smellie 
JL, Clague DA, editors. Explosive Subaqueous Volcanism. Washington: American Geophysical Union; 2003. pp. 73-95.  DOI

58.     

Francheteau J, Needham HD, Choukroune P, et al. Massive deep-sea sulphide ore deposits discovered on the East Pacific Rise. 
Nature 1979;277:523-8.  DOI

59.     

Cherkashev GA, Ivanov VN, Bel’tenev VI, et al. Massive sulfide ores of the northern equatorial Mid-Atlantic Ridge. Oceanology 
2013;53:607-19.  DOI

60.     

. John Kurian P, Roy P. Deep-sea mineral resources and the Indian perspective. In: Gahalaut VK, Rajeevan M, editors. Social and 
Economic Impact of Earth Sciences. Singapore: Springer Nature; 2023. pp. 325-49.  DOI

61.     

Hannington MD, De Ronde CEJ, Petersen S. Sea-floor tectonics and submarine hydrothermal systems. One Hundredth Anniversary 
Volume. Society of Economic Geologists; 2005.  DOI

62.     

Gena K. Deep sea mining of submarine hydrothermal deposits and its possible environmental impact in Manus Basin, Papua New 
Guinea. Procedia Earth Planet Sci 2013;6:226-33.  DOI

63.     

Dodd MS, Papineau D, Grenne T, et al. Evidence for early life in Earth’s oldest hydrothermal vent precipitates. Nature 2017;543:60-
4.  DOI

64.     

Franklin JM, Gibson HL, Jonasson IR, Galley AG. Volcanogenic massive sulfide deposits: Economic Geology 100th Anniversary 
Volume 2005;523-560.  DOI

65.     

https://dx.doi.org/10.3390/min10080674
https://static1.squarespace.com/static/5cca30fab2cf793ec6d94096/t/5d9e42fd9ba4e7058d7e68a2/1570653017813/DSMvol1B_screen.pdf
https://static1.squarespace.com/static/5cca30fab2cf793ec6d94096/t/5d9e42fd9ba4e7058d7e68a2/1570653017813/DSMvol1B_screen.pdf
https://dx.doi.org/10.3390/jmse10081052
https://dx.doi.org/10.1038/s41598-018-23948-5
http://www.ncbi.nlm.nih.gov/pubmed/29636486
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5893572
https://dx.doi.org/10.1007/bf02900947
https://dx.doi.org/10.3390/min9070439
https://dx.doi.org/10.1007/978-3-319-52557-0_3
https://dx.doi.org/10.1201/9780203752760-9
https://dx.doi.org/10.1016/s0025-3227(99)00077-8
https://dx.doi.org/10.1016/0016-7037(74)90002-7
https://dx.doi.org/10.1007/978-3-319-52557-0_19
https://dx.doi.org/10.1016/j.oregeorev.2020.103371
https://dx.doi.org/10.1515/pac-2021-0325
https://dx.doi.org/10.1007/978-3-030-87982-2_3
https://dx.doi.org/10.1016/s0016-7037(02)01279-6
https://dx.doi.org/10.1016/j.jseaes.2022.105272
https://dx.doi.org/10.3390/min12050538
https://dx.doi.org/10.1163/9789047413530_030
https://dx.doi.org/10.32693/bomg.35.2.2020.679
https://dx.doi.org/10.1029/140gm05
https://dx.doi.org/10.1038/277523a0
https://dx.doi.org/10.1134/s0001437013050032
https://dx.doi.org/10.1007/978-981-19-6929-4_17
https://dx.doi.org/10.5382/av100.06
https://dx.doi.org/10.1016/j.proeps.2013.01.031
https://dx.doi.org/10.1038/nature21377
https://dx.doi.org/10.5382/av100.17


Page 16 of Vysetti. Miner Miner Mater 2023;2:5 https://dx.doi.org/10.20517/mmm.2022.1217

Cherkashov G. Seafloor massive sulfide deposits: distribution and prospecting. In: Sharma R, editor. Deep-Sea Mining. Cham: 
Springer International Publishing; 2017. pp. 143-64.  DOI

66.     

Herzig PM, Hannington MD. Polymetallic massive sulfides at the modern seafloor a review. Ore Geol Rev 1995;10:95-115.  DOI67.     
Pašava J, Vymazalová A, Petersen S, Herzig P. PGE distribution in massive sulfides from the PACMANUS hydrothermal field, 
eastern Manus basin, Papua New Guinea: implications for PGE enrichment in some ancient volcanogenic massive sulfide deposits. 
Miner Deposita 2004;39:784-92.  DOI

68.     

Kalangutkar NG, Amonkar AA, Iyer SD. The blue economy paradigm and seafloor massive sulfides along the Indian ocean ridge 
systems. Global Blue Economy. CRC Press; 2022. pp. 285-308.  DOI

69.     

Kuhn T, Bau M, Blum N, Halbach P. Origin of negative Ce anomalies in mixed hydrothermal-hydrogenetic Fe-Mn crusts from the 
Central Indian Ridge. Earth Planet Sci Lett 1998;163:207-20.  DOI

70.     

Koschinsky A, Hein JR. Uptake of elements from seawater by ferromanganese crusts: solid-phase associations and seawater 
speciation. Mar Geol 2003;198:331-51.  DOI

71.     

Marino E, González F, Somoza L, et al. Strategic and rare elements in Cretaceous-Cenozoic cobalt-rich ferromanganese crusts from 
seamounts in the Canary Island Seamount Province (northeastern tropical Atlantic). Ore Geol Rev 2017;87:41-61.  DOI

72.     

Halbach P, Kriete C, Prause B, Puteanus D. Mechanisms to explain the platinum concentration in ferromanganese seamount crusts. 
Chem Geol 1989;76:95-106.  DOI

73.     

Balaram V, Mathur R, Banakar VK, et al. Determination of the platinum-group elements and gold in manganese nodule reference 
samples by nickel sulfide fire-assay and Te-coprecipitation with ICP-MS. Available from: https://pubs.er.usgs.gov/publication/
70029015 [Last accessed on 28 Apr 2023].

74.     

Ren J, Liu Y, Wang F, et al. Mechanism and influencing factors of REY enrichment in deep-sea sediments. Minerals 2021;11:196.  
DOI

75.     

Sujith PP, Ramanan D, Gonsalves MJBD, Lokabharathi PA. Microbial activity promotes the enrichment of cobalt over nickel on 
hydrogenetic ferromanganese crusts. Mar Georesources Geotechnol 2017;35:1158-67.  DOI

76.     

Hein JR, Koschinsky A. Deep-ocean ferromanganese crusts and nodules; 2014.  DOI77.     
Liao J, Chen J, Sun X, et al. Quantifying the controlling mineral phases of rare-earth elements in deep-sea pelagic sediments. Chem 
Geol 2022;595:120792.  DOI

78.     

Ohta J, Yasukawa K, Nakamura K, et al. Geological features and resource potential of deep-sea mud highly enriched in rare-earth 
elements in the Central Pacific Basin and the Penrhyn Basin. Ore Geol Rev 2021;139:104440.  DOI

79.     

Fujinaga K, Nakamura K, Ohta J, et al. Umber as a lithified REY-rich mud in Japanese accretionary complexes and its implications 
for the osmium isotopic composition of middle cretaceous seawater. Ore Geol Rev 2022;142:104683.  DOI

80.     

Yasukawa K, Liu H, Fujinaga K, et al. Geochemistry and mineralogy of REY-rich mud in the eastern Indian Ocean. J Asian Earth Sci 
2014;93:25-36.  DOI

81.     

Iijima K, Yasukawa K, Fujinaga K, et al. Discovery of extremely REY-rich mud in the western North Pacific Ocean. Geochem J 
2016;50:557-73.  DOI

82.     

Hein J, Koschinsky A, Mikesell M, Mizell K, Glenn C, Wood R. Marine phosphorites as potential resources for heavy rare earth 
elements and yttrium. Minerals 2016;6:88.  DOI

83.     

Kolodny Y. Are marine phosphorites forming today ? Nature 1969;224:1017-9.  DOI84.     
Wang P, Li Q, Li C. Hydrocarbon and mineral resources. Geology of the China Seas. Elsevier; 2014. pp. 571-641.  DOI85.     
Ritterbush SW. Marine resources and the potential for conflict in the south china sea. Available from: http://hdl.handle.net/10427/
76180 [Last accessed on 28 Apr 2023].

86.     

González FJ, Somoza L, Hein JR, et al. Phosphorites, co-rich Mn nodules, and Fe-Mn crusts from Galicia Bank, NE Atlantic: 
reflections of Cenozoic tectonics and paleoceanography: mineralizations from Galicia Bank. Geochem Geophys Geosyst 
2016;17:346-74.  DOI

87.     

Emsbo P, McLaughlin PI, Breit GN, et al. Rare earth elements in sedimentary phosphate deposits: solution to the global REE crisis? 
Gondwana Res 2015;27:776-85.  DOI

88.     

USGS.Global marine mineral resources. Available from: https://www.usgs.gov/centers/pcmsc/science/global-marine-mineral-
resources [Last accessed on 28 Apr 2023].

89.     

Miller KA, Thompson KF, Johnston P, Santillo D. An overview of seabed mining including the current state of development, 
environmental impacts, and knowledge gaps. Front Mar Sci 2018;4:418.  DOI

90.     

Turner PJ. Deep-sea mining and environmental management. Encyclopedia of Ocean Sciences. Elsevier; 2019. pp. 507-15.  DOI91.     
Sharma R. Deep-sea mining: economic, technical, technological and environmental considerations for sustainable development. Mar 
Technol Soc J 2011;45:28-41.  DOI

92.     

Hein J, Koschinsky A. Deep-ocean ferromanganese crusts and nodules. Treatise on Geochemistry. Elsevier; 2014. pp. 273-91.  DOI93.     
Xie C, Wang L, Yang N, et al. A compact design of underwater mining vehicle for the cobalt-rich crust with general support vessel 
part a: prototype and tests. JMSE 2022;10:135.  DOI

94.     

Obhođaš J, Sudac D, Meric I, et al. In-situ measurements of rare earth elements in deep sea sediments using nuclear methods. Sci Rep 
2018;8:4925.  DOI  PubMed  PMC

95.     

Balaram V. Rare earth element deposits: sources, and exploration strategies. J Geol Soc India 2022;98:1210-6.  DOI96.     
Balaram V, Sawant SS. Indicator minerals, pathfinder elements, and portable analytical instruments in mineral exploration studies. 97.     

https://dx.doi.org/10.1007/978-3-319-52557-0_4
https://dx.doi.org/10.1016/0169-1368(95)00009-7
https://dx.doi.org/10.1007/s00126-004-0442-z
https://dx.doi.org/10.1201/9781003184287-10
https://dx.doi.org/10.1016/s0012-821x(98)00188-5
https://dx.doi.org/10.1016/s0025-3227(03)00122-1
https://dx.doi.org/10.1016/j.oregeorev.2016.10.005
https://dx.doi.org/10.1016/0009-2541(89)90130-7
https://pubs.er.usgs.gov/publication/70029015
https://pubs.er.usgs.gov/publication/70029015
https://dx.doi.org/10.3390/min11020196
https://dx.doi.org/10.1080/1064119x.2017.1298169
https://dx.doi.org/10.1016/b978-0-08-095975-7.01111-6
https://dx.doi.org/10.1016/j.chemgeo.2022.120792
https://dx.doi.org/10.1016/j.oregeorev.2021.104440
https://dx.doi.org/10.1016/j.oregeorev.2021.104683
https://dx.doi.org/10.1016/j.jseaes.2014.07.005
https://dx.doi.org/10.2343/geochemj.2.0431
https://dx.doi.org/10.3390/min6030088
https://dx.doi.org/10.1038/2241017a0
https://dx.doi.org/10.1016/b978-0-444-59388-7.00007-x
http://hdl.handle.net/10427/76180
http://hdl.handle.net/10427/76180
https://dx.doi.org/10.1002/2015gc005861
https://dx.doi.org/10.1016/j.gr.2014.10.008
https://www.usgs.gov/centers/pcmsc/science/global-marine-mineral-resources
https://www.usgs.gov/centers/pcmsc/science/global-marine-mineral-resources
https://dx.doi.org/10.3389/fmars.2017.00418
https://dx.doi.org/10.1016/b978-0-12-409548-9.11106-6
https://dx.doi.org/10.4031/mtsj.45.5.2
https://dx.doi.org/10.1016/b978-0-08-095975-7.01111-6
https://dx.doi.org/10.3390/jmse10020135
https://dx.doi.org/10.1038/s41598-018-23148-1
http://www.ncbi.nlm.nih.gov/pubmed/29563507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5862897
https://dx.doi.org/10.1007/s12594-022-2154-3


Page 17 of Vysetti. Miner Miner Mater 2023;2:5 https://dx.doi.org/10.20517/mmm.2022.12 17

Minerals 2022;12:394.  DOI
Liu C, Guo J, Tian Y, et al. Development and field tests of a deep-sea laser-induced breakdown spectroscopy (LIBS) system for solid 
sample analysis in seawater. Sensors 2020;20:7341.  DOI  PubMed  PMC

98.     

Muñoz-Royo C, Ouillon R, El Mousadik S, Alford MH, Peacock T. An in situ study of abyssal turbidity-current sediment plumes 
generated by a deep seabed polymetallic nodule mining preprototype collector vehicle. Sci Adv 2022;8:eabn1219.  DOI  PubMed  
PMC

99.     

González FJ, Medialdea T, Schiellerup H, et al. MINDeSEA: exploring seabed mineral deposits in European seas, metallogeny and 
geological potential for strategic and critical raw materials. Spec Publ 2023;526:SP526-2022.  DOI

100.     

Leal Filho W, Abubakar I, Nunes C, et al. Deep seabed mining: a note on some potentials and risks to the sustainable mineral 
extraction from the oceans. JMSE 2021;9:521.  DOI

101.     

Chin A, Hari K. Predicting the impacts of mining of deep-sea polymetallic nodules in the Pacific Ocean: a review of scientific 
literature. Available from: https://miningwatch.ca/sites/default/files/nodule_mining_in_the_pacific_ocean.pdf [Last accessed on 28 
Apr 2023].

102.     

Gollner S, Kaiser S, Menzel L, et al. Resilience of benthic deep-sea fauna to mining activities. Mar Environ Res 2017;129:76-101.  
DOI

103.     

Burns R E, Erickson B H, Lavelle J W, Ozturgut E. Observation and measurements during the monitoring of deep ocean manganese 
nodule mining tests in the North Pacific, University of California Libraries; 1978. pp. 140.

104.     

Ozturgut E, Lavelle JW, Steffin O, Swift S A. Environmental investigations during manganese nodule mining tests in the north 
equatorial Pacific in November 1978; 1980. pp. 1-48.

105.     

Fukushima T. Overview “Japan deep-sea impact experiment = JET”. Available from: https://onepetro.org/ISOPEOMS/proceedings-
abstract/OMS95/All-OMS95/25538 [Last accessed on 28 Apr 2023].

106.     

Sharma R, Smith S. Deep-sea mining and the environment: an introduction. In: Sharma R, editor. Environmental issues of deep-sea 
mining. Cham: Springer International Publishing; 2019. pp. 3-22.  DOI

107.     

Foell EJ, Thiel H, Schriever G. DISCOL: a long-term, large-scale, disturbance-recolonization experiment in the abyssal eastern 
tropical South Pacific Ocean. Offshore Technology Conference. OnePetro; 1990.  DOI

108.     

Gausepohl F, Hennke A, Schoening T, Köser K, Greinert J. Scars in the abyss: reconstructing sequence, location and temporal change 
of the 78 plough tracks of the 1989 DISCOL deep-sea disturbance experiment in the Peru Basin. Biogeosciences 2020;17:1463-93.  
DOI

109.     

Yoerger DR, Govindarajan AF, Howland JC, et al. A hybrid underwater robot for multidisciplinary investigation of the ocean twilight 
zone. Sci Robot 2021;6:eabe1901.  DOI

110.     

Zhang T, Li Q, Li Y, Liu X. Underwater optical image restoration method for natural/artificial light. JMSE 2023;11:470.  DOI111.     
Jones DO, Kaiser S, Sweetman AK, et al. Biological responses to disturbance from simulated deep-sea polymetallic nodule mining. 
PLoS One 2017;12:e0171750.  DOI  PubMed  PMC

112.     

Showstack R. Momentum grows for mapping the seafloor. Eos 2019:100.  DOI113.     
Toro N, Gálvez E, Saldaña M, Jeldres RI. Submarine mineral resources: a potential solution to political conflicts and global warming. 
Miner Eng 2022;179:107441.  DOI

114.     

https://dx.doi.org/10.3390/min12040394
https://dx.doi.org/10.3390/s20247341
http://www.ncbi.nlm.nih.gov/pubmed/33371290
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7766272
https://dx.doi.org/10.1126/sciadv.abn1219
http://www.ncbi.nlm.nih.gov/pubmed/36129971
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9491711
https://dx.doi.org/10.1144/sp526-2022-150
https://dx.doi.org/10.3390/jmse9050521
https://miningwatch.ca/sites/default/files/nodule_mining_in_the_pacific_ocean.pdf
https://dx.doi.org/10.1016/j.marenvres.2017.04.010
https://onepetro.org/ISOPEOMS/proceedings-abstract/OMS95/All-OMS95/25538
https://onepetro.org/ISOPEOMS/proceedings-abstract/OMS95/All-OMS95/25538
https://dx.doi.org/10.1007/978-3-030-12696-4_1
https://dx.doi.org/10.4043/6328-ms
https://dx.doi.org/10.5194/bg-17-1463-2020
https://dx.doi.org/10.1126/scirobotics.abe1901
https://dx.doi.org/10.3390/jmse11030470
https://dx.doi.org/10.1371/journal.pone.0171750
http://www.ncbi.nlm.nih.gov/pubmed/28178346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5298332
https://dx.doi.org/10.1029/2019eo137617
https://dx.doi.org/10.1016/j.mineng.2022.107441

