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ABSTRACT 

Mining the extensive accumulations of minerals on the seafloor of the deep ocean can 

provide important resources but also has the potential to lead to widespread 

environmental impacts. Some of these impacts are unknown but there are expected to 

be differences between the mining of the three main resource types: polymetallic nodules, 

seafloor massive sulphides and cobalt-rich crusts. Here we detail the mining processes 

as well as the expected impacts of mining and discuss their potential effects to deep-

ocean ecosystems. We also highlight the missing evidence needed to underpin effective 

environmental management and regulation of the nascent deep-sea mining industry.  
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1.1 DEEP-SEA MINING 

Mineral resources are vital for modern society. A wide variety of metals in great 

quantities are required to support current human lifestyles, and at the moment, at least, 



 

 

are necessary to make a successful transition to a green economy. Yet high-quality 

terrestrial mineral resources are becoming depleted, and many mines today target 

much lower grade ores than were common in the past. The presence of high-quality 

mineral resources in the deep ocean have been known since the Challenger expedition 

in the 1870s but the first quantifications of these extensive seabed mineral resources in 

the 1960s (Mero, 1965) ignited a much wider interest. This attention coincided with the 

technological developments necessary to begin to contemplate harvesting of solid 

mineral resources from the deep seabed far from land. These developments and the 

fear of a deep-sea gold rush (UNGA, 1967) stimulated the creation of international 

policy that aimed to ensure that deep-sea minerals could be harvested in a fair, 

environmentally sensitive, and globally equitable way (UNCLOS, 1982).  

Deep-sea mining currently focuses on three main mineral types: polymetallic nodules, 

seafloor massive sulphides (SMS) and polymetallic crusts (Figure 1). Other resources in 

deep water have also been identified, including metal-rich sediments (Amann, 1985; 

Kato et al., 2011), phosphorites (Kudraß, 1984), iron sands (Ellis et al., 2017) and even 

diamonds (Garnett, 2002). These resources occur in a range of environments including 

abyssal plains, hydrothermal vents, seamounts, continental slopes and shelves. To 

date, most of these resources have not been commercially exploited but there is 

currently considerable industrial interest. However, there have been concerns about 

environmental impacts, and calls to reduce metal demand via the circular economy 

(Ghisellini et al. 2016).  

1.2 SEAFLOOR MINERALS 
 

1.2.1 ABYSSAL PLAINS AND POLYMETALLIC NODULES 

[Abyssal plain / nodule image] 

The deep-sea abyssal plains, with abundant polymetallic nodules, cover a huge area 

(Figure 1) and are one of the world’s most pristine environments (Figure 2). Nodules are 

potato-sized lumps of accreted metallic ore that lie mostly on the surface of the sediment 



 

 

but can be found down to depths of 30 cm. Nodules contain cobalt, copper, nickel and 

manganese, among other metals, and are found at depths between 4,000 and 6,000 m 

(International Seabed Authority 2010) (Figure 1). Nodules take millions of years to form 

but can reach very high densities (up to 50 kg per square metre), carpeting the seafloor 

in some places (Figure 2). The most valuable nodules cover an area roughly the size of 

the continental USA known as the Clarion-Clipperton Zone (CCZ), in the northern 

equatorial Pacific Ocean (Figures 1 and 2). This area is not homogeneous and varies in 

topography, environmental conditions, and biology (Simon-Lledó 2019a). The sediments 

around the nodules are typically very fine, although exposed bedrock locally outcrops. 

1.2.2 SEAMOUNTS, RIDGES, AND POLYMETALLIC CRUSTS 

[Crust image] 

Polymetallic crusts, rich in cobalt, accumulate on the flanks of seamounts and ridges, 

giving rise to hard, stable habitats at a range of water depths in the open ocean. Crusts 

form via precipitation in a slow process similar to nodule formation and can be up to 25 

cm thick and cover tens to thousands of square kilometres depending on the size of the 

seamount (Figures 1 and 3). They are found at water depths between 400 and 4,000 m, 

but the thickest and most valuable, located in the Prime Crust Zone in the central-western 

Pacific Ocean, occur between 800 and 2,500 m (Figures 1 and 3) (Hein et al. 1992). 

Seamounts can have rugged topography, often with exposed rocks, although some have 

areas of sediment - particularly those with summit plateaus (guyots). Seamounts are also 

associated with complex hydrographic patterns, affecting the habitat, structure, and 

associated fauna (Xu and Lavelle, 2017).   

1.2.3 HYDROTHERMAL VENTS AND SEAFLOOR MASSIVE SULPHIDES 

[Hydrothermal vent image] 

Seafloor massive sulphides (SMS) are the sulphur-rich mineral precipitates that build up 

around areas where superheated fluids exit the seafloor and mix with cool seawater to 

form hydrothermal vents (Francheteau et al. 1979; Herzig and Hannington, 1995; 

Humphris et al. 1995; Hoagland et al. 2010; Collins et al. 2013; Figure 4). Fluids are 



 

 

typically rich in sulphide, low in pH and have very variable temperatures (see e.g. Fisher 

et al. 2007). SMS are found in a variety of hydrothermal settings (with the majority 

occurring on mid-ocean ridges, back-arc spreading centres, and volcanic arcs), at depths 

ranging from around 400 metres to 3,900 metres (Hannington et al. 2011; Boschen et al. 

2013) (Figure 1). These SMS are sought for their high concentrations of iron, zinc, copper 

and lead, but also gold and silver (Herzig et al. 1999; Baker and German 2009; Collins et 

al. 2013; Hein et al. 2013).  

The environmental setting of SMS deposits contrasts strongly with that of polymetallic 

nodules. While nodules tend to be located in low-energy abyssal plains, covering large 

areas of seafloor (10s - 1000s square kilometres), individual accumulations of SMS are 

present in relatively dynamic environments (affected by active volcanism, plume fallout 

and slumping), on a relatively small area of the seabed (mounds may have diameters of 

~100–200 metres; Hannington et al. 2011; Collins et al. 2013). This said, some buried 

sulphides may be considerably larger, and structures associated with SMS tend to be 

three-dimensionally extensive (Petersen et al. 2018; Figure 4). Furthermore, 

hydrothermal vents can also be stable for decades or more (e.g., Copley et al. 2007; 

Cuvelier et al. 2011; Du Preez and Fisher, 2018). SMS occur at different water depths 

and in varying stages of development, as follows: very active, high temperature (typically 

260–400°C) vent sites, and those more conducive to life around 60°C; lower temperature 

(ambient temperature to around 40°C) sites characterized by ‘shimmering’ diffuse flow; 

and inactive vents at ambient temperatures (Rona, 1985, 2003; Fisher et al. 2007; 

Boschen et al. 2013; Dunn et al. 2018). SMS are therefore hosted in a spectrum of 

environments, with different temperature regimes, chemical fluxes, and stability.  

1.3 FAUNA LIVING ON MINERAL ACCUMULATIONS 

 

1.3.1 POLYMETALLIC NODULES 

The fauna of the abyssal plains with nodules shows extremely high biodiversity for many 

groups across a wide range of animal sizes (Paterson et al. 1998; Glover et al. 2002; 

Lambshead et al. 2003; Lindh et al. 2017; Miljutin et al. 2015; Simon-Lledó et al. 2019a). 



 

 

Regional diversity, however, is poorly characterized and the connectivity between areas 

is only known for a handful of common species (Tabadoa et al. 2019). The visible life 

(megafauna) is primarily xenophyophores (giant single-celled foraminifera), cnidarians 

(e.g. corals and anemones), and sponges, but include large crustaceans, echinoderms 

(e.g. sea cucumbers), and fishes (Amon et al. 2016; Amon et al. 2017a; Amon et al. 

2017b, Simon-Lledó et al. 2019a,b; Vanreusel et al. 2016). Many organisms, large and 

small, live on the nodules themselves (e.g. Lim et al 2017; Mullineaux 1987; Veillette et 

al. 2007). Sediment-dwelling fauna are primarily nematodes, foraminiferans, polychaete 

worms and crustaceans (Goineau and Gooday 2019; Janssen et al. 2015; Pape et al. 

2017). The density of all faunal groups is generally low relative to other ecosystems 

(Simon-Lledó et al. 2019b). 

[Image showing the difference in density between abyssal plain fauna and hydrothermal 

vents] 

1.3.2 POLYMETALLIC CRUSTS 

Polymetallic crusts often have suspension feeders attached, such as sponges and 

cnidarians (e.g. corals) (Figure 3). Dense forests of these fauna can occur (Figure 3) that 

provide additional three-dimensional structure to the habitat and support a range of 

associated fauna, such as crustaceans, echinoderms and molluscs. Some coral and 

sponge individuals are known to be very large (e.g. Iridogorgia magnispiralis known to be 

5.7 metres tall) and old (e.g. millenia) (Roark et al. 2009; Jochum, et al. 2012; Watling et 

al. 2013; Wagner and Kelley, 2017). The majority of communities inhabiting 

ferromanganese-encrusted seamounts and ridges have not been well characterized, 

especially for macro- and meiofauna (George, 2013; Zeppilli et al., 2014), or on 

microbiota, as studies have focused on megafaunal organisms (Gollner et al. 2017). 

These communities appear to be sensitive to mechanical disturbance and many have 

already been impacted by bottom trawling and other types of fishing (Schlacher et al. 

2014).  

[Image showing fauna of crusts] 



 

 

1.3.3 HYDROTHERMAL-VENTS 

SMS have received attention from ecologists, as well as geologists, given their 

prevalence in areas of deep-sea hydrothermal venting. Active vents are the focus of many 

studies and typically host a plethora of unusual and densely-packed fauna. The biomass 

and productivity of these deep-sea vent communities is higher than that of the wider deep 

ocean (Grassle, 1985; Zierenberg et al. 2000; Figure 2), but most of the species within 

these communities are rare, with low numbers of individuals, many of which are endemic 

to a handful of sites (Chapman et al. 2018; Van Dover et al. 2018). Vent sites, however, 

tend to be characterized by a few, very abundant, and dominant species (Tsurumi and 

Tunnicliffe, 2003; Van Dover et al. 2018).  

Hydrothermal-vent communities are also relatively unique on larger spatial scales, with 

species, and even families, differing among regions across the globe (Moalic et al. 2011). 

For instance, there are well-studied tubeworm-dominated assemblages in the East 

Pacific, while snails and barnacles replace these bush-like aggregations of worms in the 

West Pacific and Indian Oceans (Tunnicliffe et al. 1998; Ramirez-Llodra et al. 2007). In 

the Atlantic Ocean, shrimp thrive, and Antarctic vent fields host high densities of squat 

lobsters (Tunnicliffe et al. 1998; Ramirez-Llodra et al. 2007; Rogers et al. 2012; Van Dover 

et al. 2018).  

[Image of inactive vent and fauna] 

Meanwhile, where hydrothermal flow is waning, or venting has ceased altogether and 

chemical energy is supplied by sulphide weathering in place of hydrothermal fluid, 

different communities thrive (Sylvan et al. 2012). These waning and inactive vents host 

less dense communities that have higher biodiversity than active vent sites (Tsurumi and 

Tunnicliffe, 2003; Sylvan et al. 2012; Levin et al. 2016). Waning, or senescent, vents 

continue to host vent-associated fauna, but cannot support the large symbiont-hosting 

species typical of active vents (Van Dover, 2002; Tsurumi and Tunnicliffe, 2003). 

Meanwhile, offering a new long-lasting substratum in ambient conditions, inactive vent 

sites enable non-endemic fauna, such as sponges, corals, and echinoderm assemblages 



 

 

to establish, with different sensitivities to mining processes (Levin et al. 2016; Van Dover 

et al. 2019).  

Given the species density, biodiversity, and biomass found at active and inactive vent 

sites, improved understanding of these ecosystems and the risks of anthropogenic 

disruption is urgently required (Washburn et al. 2019), and some of the impacts will likely 

differ as a result of the variable ecology described above (Van Dover 2014, 2018). For 

waning vents, for example, there have been only three published studies to date (Van 

Dover, 2002; Tsurumi and Tunnicliffe, 2003; Gollner et al. 2013), and there are very few 

quantitative studies of the ecology of inactive vent sites (see Van Dover et al. 2019 for a 

summary of these). 

1.4 REGULATIONS AND JURISDICTIONS 

Many deep-ocean mineral resources are found in ‘the Area’, which encompasses all 

seafloor and subsoil thereof outside the jurisdiction of individual states (see Chapter 3). 

Activities related to the exploration and exploitation of mineral resources in the Area are 

managed by the International Seabed Authority (ISA - see Chapter 3). The ISA was 

established in 1994, with the ratification of the United Nations Convention on the Law of 

the Sea (UNCLOS) and the Part XI Agreement, to issue contracts for seabed mining in 

the area beyond national jurisdiction (ABNJ), to receive royalties from mining, and to 

distribute those royalties for the benefit of developing countries that lack the technology 

and capital to carry out mining for themselves. UNCLOS declared the Area and its mineral 

resources as the “common heritage of mankind”, to be administered by the ISA for the 

benefit of humankind as a whole. UNCLOS requires (article 145) that necessary 

measures be taken to ensure effective protection for the marine environment from harmful 

effects that may arise from mining-related activities.  

The ISA have developed regulations that govern the exploration of all three types of deep-

sea mineral and is also in the process of developing regulations for exploitation (Brager 

et al 2018, Chapter 3). These will include details of the technical, financial, and 

environmental provisions for deep-sea mining in the Area. So far, the ISA has entered 

into 29 fifteen-year exploration contracts (some of which have already been granted a 



 

 

five-year extension). Eighteen of these contracts are for exploration for polymetallic 

nodules (sixteen in the Clarion-Clipperton Fracture Zone, one in the Western Pacific 

Ocean and one in the Central Indian Ocean Basin). There are seven contracts for 

exploration for polymetallic sulphides in the South West Indian Ridge, Central Indian 

Ridge and the Mid-Atlantic Ridge, and five contracts for exploration for cobalt-rich crusts 

in the Western Pacific Ocean and Western Atlantic. Contractors include state-run 

enterprises, as well as commercial organisations, with states sponsoring commercial 

applications to the ISA. 

Deep-sea minerals are also found within national jurisdictions and thus can also fall under 

national regulations (Chapter 3). Some nations have already developed plans and 

regulations for deep-sea mining, with these needing to be at least as stringent as the ISA 

Mining Code (Chapter 3). As yet, no commercial seafloor mining has occurred, but there 

are several projects, in shallow and deep waters, in development worldwide. For example, 

Papua New Guinea, New Zealand, the Kingdom of Tonga, Japan, and Vanuatu have 

issued exploration permits to assess the value of SMS found at deep-sea hydrothermal 

vents within their territorial waters (Boschen et al., 2013). In addition, a mining lease and 

environmental permit was granted to Nautilus Minerals for SMS mining at Solwara I in 

Papua New Guinea for exploitation of SMS (Coffey Natural Systems, 2008; Hoagland et 

al., 2010). Japan has also recently tested deep-sea mining equipment at 1600 m depth 

on an SMS deposit within their national jurisdiction (Narita et al. 2015; Okamoto et al., 

2018) and the Norwegian Petroleum Directorate started exploration of the Arctic Mid-

Ocean Ridge for the assessment of SMS in 2018.  

In addition to mining potentially occurring in the deep ocean within national jurisdictions, 

minerals are already being extracted in the shallower waters. This is likely a result of 

fewer technical and regulatory challenges. The De Beers Group is already mining for 

diamonds off Namibia (in water less than 150 m depth). Namibia also has extensive 

phosphates down to depths of 225 m, which have attracted commercial interest by 

Namibia Marine Phosphate, but approval for this work has not yet been granted. In New 

Zealand, Trans-Tasman Resources was recently given consent by the Environmental 



 

 

Protection Authority to mine iron sands at depths less than 45 m, potentially clearing the 

way for mining of phosphates in deeper water. 

1.5 PRACTICALITIES OF DEEP-SEA MINING 

Despite the ecological and geological differences between the ecosystems targeted, the 

approaches to mining these resources are anticipated to have some common stages (Fig. 

5). Some types of deep-ocean mining, such as the extraction of seafloor massive 

sulphides, may be comparable to that currently conducted on land and use similar 

equipment (Jones et al. 2018b). In the early stages of the industry development, it is likely 

that equipment design will have some similarities with existing land-based mining 

techniques, subsea trenching and dredging equipment, and remote system technology. 

In all cases, a seafloor collector will gather the mineral deposit from the seafloor. The 

minerals will then most likely be transferred via a vertical transport system (a riser pipe or 

other mechanism) to a surface vessel, where they will be de-watered and transferred to 

transport barges. The processed water, containing suspended sediment and mineral 

particulates, will either be discharged from the vessel at the sea surface, or more likely, 

carried via another vertical transport system to be discharged at depth (Weaver et al. 

2018).  

Whilst the mining of different deposit types shares some methods, the equipment used 

for extraction will differ. For example, the equipment produced for the Solwara 1 seafloor 

massive sulphide project (off Papua New Guinea; Nautilus Minerals, 2008), provides a 

good indication of the type of seafloor production tools that could be used for this type of 

mining. Three robotic tools on caterpillar tracks have been designed and built for Solwara 

1 to extract the deposits. It is expected that the ground will be prepared for subsequent 

mining by using a cutting machine to flatten rough topography and create benches for the 

other machines to operate on. A second cutter would then mine along the benches. Both 

cutters would excavate rock by a continuous cutting process, where a rotating drum 

covered in picks cuts swathes approximately 1.8 m wide and approximately 650 mm deep 

(Nautilus Minerals, 2008). A collecting machine would then hydraulically collect the 

disaggregated rock, generated by the cutters, off the seafloor as a slurry and pump it into 



 

 

the riser system. Ferromanganese crust extraction is likely to employ similar cutting and 

collection machines as those proposed for use at seafloor massive sulphide deposits. 

Mining polymetallic nodules will require quite different seabed mining equipment that is 

adapted to collecting discrete nodules largely on the surface of soft sediment. Such a 

mining machine would most likely consist of a vehicle carrying a collector, possibly on 

sled runners, which may be self-propelled at a speed of about 0.5 metres per second, 

using tank-like tracks or screw-shaped tracks (Oebius et al. 2001; Jones et al. 2017). A 

mining operation may employ one or multiple collectors that are each likely to be over 10 

metres wide. The collector would recover nodules in surface sediments (<50 cm deep) 

by mechanical means or by separating them from the sediment using water jets. The 

seabed collecting devices would be connected to riser systems that pump the nodules 

from the seabed to the surface. During nodule mining operations, some of the flocculent 

surficial sediment would be re-suspended by movement of the collector vehicle and 

hydraulic jets. Deeper sediment layers could be broken up into lumps that then might 

partly enter the collection system. Such residual sediment would be carried to the sea 

surface with the nodules and would likely be separated from the nodules and discharged 

back near the seabed (Jones et al. 2017). 

1.6 ENVIRONMENTAL IMPACTS OF DEEP-SEA MINING 

1.6.1 WIDE-REACHING IMPACTS ACROSS DEPTHS AND HABITATS 

As with most human industrial developments, mining in the deep sea will cause impacts 

to the environment. Mining of deep-ocean minerals will affect the composition, structure, 

and functioning of the biological communities that live on the minerals themselves, as well 

as the wider marine environment and nearby habitats. The impacts on fauna associated 

with different minerals will vary according to habitat and community (see 1.6.2, 1.6.3, and 

1.6.4). Major impacts will affect all areas, though, irrespective of the mineral being 

explored or exploited (Gollner et al. 2017). For example, in sedimented areas, the wide 

tracks of a mining vehicle would compact and move sediments, disturbing or crushing 

and killing organisms living in and on the sediment itself. In all areas, the mining 



 

 

machinery will introduce noise and light pollution to the dark, quiet deep sea, impacting 

biological communities at the seafloor, and in the water column (Christiansen et al. 2019).   

Another wide-reaching impact of seabed mining operations will be the formation of 

sediment plumes. These will travel widely before settling on the seafloor, smothering 

fauna and physically damaging small organisms in the process - particularly fauna 

depending on particles from the water column for food, as these sediments clog and 

damage digestive, filtering, and respiratory systems (Aleynik et al. 2017; Boschen et al. 

2013; Van Dover 2014; Gjerde et al. 2016; Gollner et al. 2017). Sediment plumes will 

originate from equipment disturbing the seabed, as well as surface de-watering processes 

(Nautilus Minerals 2008; Miller et al. 2018), where particles may be released in shallower 

ocean layers. Shallow-released particles may be more harmful to species living in the 

water column than particles released at depth, as they can interact with shallow-water 

processes, organisms (e.g. plankton, birds, fish, marine mammals and turtles), and 

humans (via contamination of, or impact on, commercial fishing stocks) (Niner et al. 

2018).  

Releasing sediment-laden water at depth could also have far-reaching impacts. For 

example, seabed communities may be smothered (Van Dover 2010; Miller et al. 2018), 

nutrients could be introduced to otherwise nutrient-poor systems, thermohaline circulation 

could be altered, toxic metals could be mobilized (Van Dover 2010; Miller et al. 2018), 

and deep-sea fisheries may be contaminated in a similar way to those at shallower 

depths. Models suggest that large sediment plumes will be created that spread over 

extensive areas, particularly in the case of polymetallic nodule mining (Aleynik et al. 

2017), because the sediment grain size of the abyssal seafloor is so small, with particles 

typically < 10 μm in diameter (Simon-Lledo et al. 2019a). Sediment plumes are likely to 

lead to high suspended sediment concentrations in the water column, with potential 

ramifications for midwater organisms, including larvae and plankton (Christiansen et al. 

2019; Drazen et al. 2019). Suspended sediment will eventually settle over at least twice 

the area of the operation, and likely more (Aleynik et al. 2017; Gjerde et al. 2016). 



 

 

1.6.2 IMPACTS OF MINING SEAFLOOR MASSIVE SULPHIDES 

SMS are more three-dimensional than crusts or nodules and generally have a smaller 

footprint on the seafloor. As a result, mining of SMS will leave a relatively small area of 

directly disturbed seafloor. The impacts of indirect disturbance, primarily from plumes, are 

expected to extend much further than the area directly disturbed and come with impacts 

unique to the setting (Van Dover 2014). SMS comprise a range of trace metals that differ 

in quantity and type (Peterson et al. 2018). Given the relatively small yields of minerals 

that can be obtained from these SMS, it has been argued that mining of active vent sites 

should be prohibited as the sulphides are home to high-density, endemic, and unique 

fauna, in many cases found nowhere else on Earth (Levin et al. 2016; Van Dover et al. 

2018) (Figure 4). Inactive hydrothermal-vent sites might, therefore, seem a lower-impact 

mining option. Contrarily, the biodiversity of these sites is less well-studied and is thought 

to be higher than at active vents (Van Dover 2011, 2019). Our understanding of the 

ecology of inactive vents is limited and data on the composition and functioning of their 

microbial and faunal communities are scant. Studies of waning, or senescent, vents 

suggest that around half of the species inhabiting such ecosystems are vent-endemic, 

and the other half are found in the wider environment, away from vent fluid (known as 

‘background fauna’; Van Dover, 2002; Tsurumi and Tunnicliffe, 2003; Gollner et al. 2013). 

Nevertheless, we lack information on the relationships between most inactive, waning, 

and active vent communities (Levin et al., 2016), making it difficult to assess the impacts 

of mining on habitats associated with inactive vents. Some fauna - particularly meiofauna 

(Gollner et al. 2015a; Gollner et al. 2015b; Plum et al. 2017) - living at active vents are 

also found in peripheral areas surrounding vents, suggesting that connections between 

active, waning, and inactive environments and communities should be further explored to 

understand the reach of mining impacts. 

Mining of SMS will have similar impacts on fauna to extraction of other minerals. Animals 

will be destroyed directly, via the removal of their substratum or crushing, or indirectly, by 

sediment plumes. Although these impacts are common across different types of minerals, 

SMS mining is also expected to result in more chemical pollution owing to the exposure 

of sulphides and the release of toxic  heavy metals - harmful to peripheral fauna - when 

sulphur oxidises (Simpson and Spadaro 2016). Whilst these impacts may seem limited 



 

 

to vent fauna and animals living near to these habitats, there is increasing evidence to 

show that non-vent organisms also use deep-sea hydrothermal vents. For example, some 

skates incubate their egg cases at active hydrothermal vent sites (Salinas-de-León et al. 

2018). Nevertheless, the effects of mining on non-vent organisms remain difficult to 

quantify and monitor, as we are only now starting to learn about interactions between 

non-vent fauna and these extreme venting habitats. This is compounded by a North/South 

divide in the extent of biological research and the targets of hydrothermal vent mining 

prospects (Thaler and Amon, 2019). 

1.6.3 ENVIRONMENTAL IMPACTS OF MINING POLYMETALLIC NODULES 

Polymetallic-nodule mining is expected to have a number of specific impacts on the highly 

diverse (Fig. 3) seafloor and water-column communities associated with this environment. 

Most obviously, polymetallic nodules provide a hard surface that is home to a wide variety 

of life, including sponges, corals, anemones, worms, foraminifera, nematodes and 

microbes (Dahlgren et al. 2016; Glover et al. 2002; Lindh et al. 2017; Mullineaux 1987; 

Veillette et al. 2007). In turn, many larger organisms provide a substratum, or foundation, 

for other animals to inhabit (e.g. sea stars and small crustacea on corals; Mullineaux 

1987; Gooday et al. 2015; Amon et al. 2016). Polymetallic nodules take millions of years 

to form (Kuhn et al. 2017). Removing the polymetallic nodules will, thus, have major 

impacts on the associated fauna (Simon-Lledó et al. 2019c), particularly as it has been 

suggested that half of megafaunal species in the Clarion–Clipperton Zone directly depend 

on the polymetallic nodules (Amon et al. 2016; Vanreusel et al. 2016). A recently 

discovered example of this is the white “Casper” octopus that lays its eggs on sponge 

stalks growing on polymetallic nodules and crusts (Purser et al. 2016). Deep-diving 

whales may also interact with the seafloor in the CCZ possibly as part of their feeding 

behaviour (Marsh et al. 2018). 

Polymetallic nodules occur in very stable environments on soft sediments with strong 

vertical stratification and low concentrations of organic matter (Mewes et al. 2014). 

Disturbance of sedimentary environments like these will lead to the disruption of the 

surface sediment (5−20 cm deep) and cause exposure of deeper sediment layers and 

compaction. These changes will impact the sediment geochemistry, which will likely kill 



 

 

the fauna living within the sediments and impair ecosystem recovery processes. In 

addition, the scale of polymetallic nodule mining will be particularly large, with the 

potential for areas of several hundred square kilometres to be disturbed each year by a 

single operation (Smith et al. 2008). Impacts on this scale are rare in deep-ocean 

environments and may lead to effects that can be seen at regional scales, such as 

population reductions or even species extinctions.  

1.6.5 THE EFFECTS OF MINING POLYMETALLIC CRUSTS 

The mining of polymetallic crusts will also have a variety of environmental impacts 

(Schlacher et al. 2014). The extraction process will remove mineral-rich surfaces of the 

seamounts, which are inhabited by benthic fauna that include corals, sponges, 

echinoderms, and other invertebrates, sometimes in very dense populations. Many of 

these animals are not yet known to science, they may be long-lived, be fragile, and larger 

individuals may be responsible for much of the reproductive output, which is needed to 

safeguard future populations (Roark et al. 2009; Jochum et al. 2012). Fishes and other 

pelagic organisms are often present in large numbers and may be associated with benthic 

organisms (Schlacher et al. 2014). There is potentially a relatively high risk of species 

extinctions on seamounts as a result of isolation, endemicity and uniqueness (Richer de 

Forges et al. 2000). Polymetallic crusts are also the most likely resource to occur in areas 

affected by other human activities, particularly deep-sea fishing, and that could result in 

cumulative negative impacts (Morato et al. 2010). The sediment plumes generated by 

mining operations may directly impact the fish and other pelagic organisms that tend to 

congregate on and above seamounts (Barbier et al. 2014; Christiansen et al. 2019). 

Additionally, many commercially exploited fish species depend on seamount-associated 

rich benthic invertebrate assemblages as nursery grounds and as hiding places to avoid 

predators. Thus, mining may also have secondary impacts on fish communities and the 

ecosystem services they provide.  

1.7 CROSS-ECOSYSTEM IMPACTS: DEGRADATION AND RECOVERY 

Polymetallic crusts and nodules host ecosystems that are not typically exposed to 

disturbances similar to those expected from mining. The low energy availability limits 



 

 

biological rate processes (McClain et al. 2012), which will reduce the resistance and 

resilience of communities to mining. Although SMS are established in the venting regions 

associated with volcanic activity, they can be found in areas of long-term stability (Copley 

et al. 2007; Du Preez and Fisher 2018). Across ecosystems and habitats, deep-sea 

mining will result in impacts, which may lead to species losses - particularly for rare and/or 

endemic taxa. Given the slow pace of life, recovery from deep-sea mining disturbance is 

expected to be slow (Gollner et al. 2017; Jones et al. 2017). With species and habitat 

losses may come changes to trophic interactions, population dynamics and the 

composition of deep-sea communities (Boschen et al. 2013; Van Dover et al. 2018). 

Ecosystem functioning (Sweetman et al. 2019) will be impacted by mining activities, as 

community structure and biogeochemical cycling are altered (Paul et al. 2018; Stratmann 

et al. 2018). The potential for regional scale impact to ecosystem functions is unknown. 

There will be associated loss of the potential ecosystem services offered by deep-sea 

communities, for example those associated with novel genetic or biochemical 

components.    

Despite expectations regarding ecosystem degradation and recovery following deep-sea 

mining, great uncertainty remains regarding the natural environment in and around the 

deep-ocean mineral deposits currently being considered for exploitation, as well as 

concerning the full impact of mining and the resilience of associated ecosystems (Gollner 

et al. 2017; Miller et al. 2018). Existing information on the ecological effects of mining and 

potential recovery times is limited, despite deep-ocean mining-related research having 

been conducted since the 1970s (e.g. Japan Deep-Sea Impact Experiment, Benthic 

Impact Experiments and Indian Deep-sea Environment Experiment; Jones et al. 2017). 

The most intensive assessment has been the disturbance and recolonization experiment 

(DISCOL) that was carried out in an area of polymetallic nodules off Peru at a water depth 

of 4,150 metres in 1989 (Thiel and Schriever, 1990). This experiment disturbed the 

seafloor across several kilometres with nearly 80 plough tracks. The experimental site 

and other similar seafloor areas were re-investigated in 2015 through the European 

Union-based intergovernmental Joint Programming Initiative Healthy and Productive 

Seas and Oceans (JPI-Oceans) Programme. Even after 26 years, there was little change 

to the disturbed tracks (Miljutin et al. 2011): they looked much the same as when they 



 

 

were first made (Boetius 2015). Detailed biological studies showed that while some 

mobile species moved back into the tracks, there was very little recolonization of disturbed 

areas (Simon-Lledó et al. 2019c). Biogeochemical changes persisted (Paul at al. 2018) 

affecting important ecosystem functions (Stratmann et al. 2018) and even microbial 

communities show little sign of recovery (Gjerde et al. 2016). Recovery from commercial-

scale mining is likely to be even slower, as both the temporal and spatial scales of 

disturbance will be much larger than those of the experiments, and there will be 

cumulative impacts affecting the deep sea further complicating recovery (e.g. climate 

change - see Chapter 8). Regional-scale impacts could result in local extinctions and 

population declines, reducing biological connectivity and reproductive success, as larval 

supply decreases with distance from unaffected populations. 

1.8 KNOWLEDGE GAPS: A NEED TO DEEPEN UNDERSTANDING 

A fundamental problem for predicting the impacts of deep-ocean mining is our limited 

knowledge about deep-sea ecosystems in general (Gollner et al. 2017). Many of the 

animals living in and on nodules, crusts, and sulphides (particularly on inactive vents) are 

poorly understood or entirely new to science; community and population dynamics are 

also being modelled and explored. As such, basic ecological information is missing (e.g., 

species identities, population sizes, behaviour, life history, and distributions). We don’t 

know, for the vast majority of organisms, how and if populations are connected, and what 

is needed for the maintenance of viable communities (Mullineaux et al. 2018). Some 

species that have been evaluated show wide distributions and connectivity between 

populations on scales of hundreds of kilometres (Young et al. 2008; Breusing et al. 2015; 

Mitarai et al. 2016; Taboada et al. 2018), but assessments of polymetallic nodule systems 

show that there are also a large number of rare species, which tend to occupy a smaller 

geographic range (Glover et al. 2002; Janssen et al. 2015; Wilson 2017). In some cases, 

these patterns may be an artefact of limited sampling, but many species are known from 

only a few individuals that have poorly understood ecological roles, particularly for the 

smaller animals. In terrestrial ecosystems, conservation measures tend to focus on rare 

species, given the higher risk of extinction assumed for species with low abundances, 

small population sizes, and/or restricted geographic ranges; other species are then 



 

 

prioritised for the ecosystem functions they support (Pimm et al. 1988; Gaston 1994, 

2003; Margules and Pressey 2000; Gaston and Fuller 2008; Leitão et al. 2016). Species 

that support ecosystem functioning, or contribute to the overall biodiversity of an area, 

can be used as indicators of ecosystem health. Accordingly, it seems that deep-sea 

‘indicator’ species could prove helpful for developing conservation and management 

plans. However, identifying ‘indicator’ species in the deep sea is difficult, complicated by 

evidence such as the unique contributions of common and rare species in some systems 

(e.g., see Chapman et al. 2018). This, in addition to our limited ecological knowledge of 

deep-sea species, relative to terrestrial taxa, particularly in some groups (Gooday and 

Goineau 2019) inhibits specific species-based conservation actions and our efforts to 

improve management. Nevertheless, recent progress in identifying potential indicator 

species in areas with massive sulphides (Sarrazin et al. 2015) and polymetallic nodules 

(Taboada et al. 2018) offer some promise for this type of conservation action. 

1.9 ENVIRONMENTAL MANAGEMENT: REDUCING THE IMPACT OF 

DEEP-OCEAN MINING 

1.9.1 ENVIRONMENTAL MANAGEMENT PROCESSES 

Deep-sea mining is generally regarded as an inherently unsustainable and destructive 

process, but impacts may be reduced with good management (Durden et al. 2017; Jones 

et al. 2019). Before management strategies can be designed, however, fundamental 

research is needed, to ascertain baseline conditions. This research should include high-

resolution mapping, and assessments of the spatial and temporal patterns in physical and 

chemical conditions as well as the faunal communities inhabiting the areas. Ecosystem 

functioning should also be studied to prevent mining-related ecosystem collapse and to 

ensure that the ecosystem services that we rely on will not be compromised during and 

after mining. Overall, this information will result in a better understanding of the 

communities that are at risk and can be incorporated into robust environmental 

management plans.  

Following thorough ecological baseline research, the next stage is to evaluate potential 

impacts of mining operations by undertaking Environmental Impact Assessments (EIAs). 



 

 

A typical EIA assesses the risks of the project and sensitivities of the environment. It also 

identifies alternative project plans that may reduce or mitigate the impacts of the industry, 

helping to preserve unique and vulnerable communities (Durden et al. 2018). The risks 

are typically reduced by applying a four-stage mitigation hierarchy, whereby, in order of 

preference, risks are: 1) avoided (e.g., by moving the project away from a vulnerable 

habitat); 2) minimized (e.g., by introducing new technology to model and reduce the 

sediment plume generated by a mining vehicle); 3) restored; or 4) offset. The last two 

options, restoration and offsetting, are complex (Cuvelier et al. 2018) and often 

considered impractical for deep-sea mining at present as a result of a range of biological, 

technical, financial and legal issues (Van Dover et al. 2017). Once a project’s risks have 

been reduced as much as is practical, a decision can be made as to whether the 

economic, social, and political benefits of the project outweigh the costs, environmental 

or otherwise. If the project is approved, then plans can be made for ongoing 

environmental monitoring to identify and measure the impacts of the project. If these 

negative effects become too severe, the project can be curtailed. These management 

strategies should be continued throughout the life of the project and after it has been 

decommissioned.   

1.9.2 ENVIRONMENTAL MANAGEMENT RESPONSIBILITIES 

The mining company primarily carries out the environmental management of individual 

mining projects. However, additional regional management is necessary for sustainable 

mining on broader scales to achieve wider conservation objectives. Decisions about mine 

site placement, the number of active mines, and the designation of marine protected 

areas, are best made by the agency responsible for the regulation of mining within a 

region. In the case of deep-sea mining in areas beyond national jurisdiction, this is the 

ISA (Brager et al. 2018). To date, the spatial allocation of exploration areas has been 

driven by contractor applications to the ISA in areas of interest in the world’s oceans. 

However, a regional management plan has been proposed for the CCZ (Wedding et al. 

2013), which currently includes nine areas, known as Areas of Particular Environmental 

Interest (APEIs), where mining cannot currently occur. These APEIs were designated 

after the exploration areas were implemented in areas with the highest polymetallic 



 

 

nodule densities, and so are peripheral to the central CCZ.  Each APEI consists of a 200 

x 200 square kilometer protected zone, surrounded by a 100-kilometer buffer. The APEIs 

are designed to be large enough to maintain minimum viable population sizes for species 

within the proposed mining areas via self-recruitment after mining has ceased. Further 

spatial management includes Preservation Reference Zones (PRZs), which are areas 

established to monitor the effects of individual mining projects (alongside the Impact 

Reference Zones or IRZ), and, by being representative areas where mining cannot occur, 

may also act as protected areas (Jones et al. 2018a). All other areas of mining interest, 

excluding the CCZ, do not have regional environmental management plans yet in place. 

These plans need to be developed prior to mining and should take into account a range 

of factors including the mining type, potential impacts, specific ecosystems, connectivity, 

vulnerability and the optimal approaches for management. Initial scientific work to support 

this has begun (Dunn et al. 2018). 

The high uncertainty associated with the impacts of mining, the environments and 

ecosystems affected, and how they will respond to disturbance makes management of 

deep-ocean mining more complex. It is likely that management will need to be adaptive 

to take into account the amount of additional information that will become available once 

mining starts. Uncertainty should be clearly documented and reduced as far as possible, 

for example through further research targeting the areas and regions of exploitation 

interest. The precautionary approach (or ‘precautionary principle’) stemming from the 

1992 Rio Declaration on Environment and Development Principle 15 indicates that 

positive action to protect the environment may be required before scientific proof of harm 

has been provided. This will be important when managing deep-sea mining activities, and 

could include protecting large and/or connected areas and careful evaluation of small 

mining projects before approving larger mines. These approaches have all been 

discussed and some are underlying legal principles in UNCLOS. However, their 

implementation remains one of the key challenges associated with improving the 

sustainability of deep-sea mining.  



 

 

1.10 CONCLUSIONS 

Current interest in deep-sea mining is focused on three habitats for which we are lacking 

fundamental baseline knowledge about species composition, ecology, and natural 

environmental conditions. It is, however, without doubt that deep-sea mining has the 

potential to have far-reaching impacts on our oceans. While some impacts will be 

resource-specific, mineral deposit extraction will broadly affect local and regional marine 

communities by removing suitable habitats, creating far-reaching sediment plumes and 

reducing population sizes (even potentially causing extinctions). Deep-sea mining will 

impact habitats, which will take an unknown amount of time to recover; estimates for 

active vents range from decades to evolutionary timescales (Van Dover et al. 2018), 

whereas crusts and nodules are expected to also be on evolutionary timescales. The 

need for baseline information about reproduction, growth, population sizes, diversity, 

distributions, connectivity, trophic interactions and more, is essential for successful 

environmental impact assessments and the sustainable management of these habitats 

during mineral extraction. As exploitation on such a large scale has never occurred before 

in the deep ocean, its environmental management is a nascent endeavor. For the impacts 

of deep-sea mining to be minimized, there is a requirement for cooperation between all 

stakeholders on a national and international level: industry, policymakers, scientists, 

NGOs, and members of the public whose livelihoods depend on ocean resources. 

Coherent local to regional scale and strategic planning and management are important 

elements of this (Wedding et al. 2013), which need to be done in all areas in which there 

is interest in mining. The ISA and nations developing their seabed resources need to use 

all available tools and stakeholder expertise to stand by their commitments to ensure the 

harmful effects from deep-ocean mining are minimized and the industry proceeds in an 

informed and careful manner in the future. 

ACKNOWLEDGEMENTS 

The authors would like to thank Alan Evans at the National Oceanography Centre for 

creating the map of mining activities. DJ received funding from the European Union 

Seventh Framework Programme (FP7/2007-2013) under the MIDAS (Managing Impacts 

of Deep-seA reSource exploitation) project, grant agreement 603418. DJ also 



 

 

acknowledges support from the UK Natural Environment Research Council (NERC) 

through National Capability funding to NOC (grant number NE/R015953/1). DA has 

received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Marie Sklodowska-Curie grant agreement number 747946. AC 

received support from SPITFIRE Doctoral Training Partnership (supported by the Natural 

Environmental Research Council, grant number: NE/L002531/1) and the University of 

Southampton. The funders had no role in the study, decision to publish, or preparation of 

the manuscript.  



 

 

REFERENCES  

Aleynik D, Inall ME, Dale A, Vink A (2017) Impact of remotely generated eddies on 
plume dispersion at abyssal mining sites in the Pacific. Scientific Reports 
7:16959 

Amann H (1985) Development of ocean mining in the Red Sea. Marine Mining 5:103-
116 

Amon DJ, Ziegler AF, Dahlgren TG, Glover AG, Goineau A, Gooday AJ, Wiklund H, 
Smith CR (2016) Insights into the abundance and diversity of abyssal megafauna 
in a polymetallic-nodule region in the eastern Clarion-Clipperton Zone. Scientific 
Reports 6:30492 

Amon D, Ziegler A, Kremenetskaia A, Mah C, Mooi R, O'Hara T, Pawson DL, Roux M, 
and Smith CR (2017a). Megafauna of the UKSRL exploration contract area and 
eastern Clarion-Clipperton Zone in the Pacific Ocean: Echinodermata. 
Biodiversity Data Journal 5, e11794. 

Amon DJ, Ziegler A, Drazen JC, Grischenko A, Leitner A, Lindsay D, Voight JR, 
Wicksten M, Young CM, and Smith CR (2017b). Megafauna of the UKSRL 
exploration contract area and eastern Clarion-Clipperton Zone in the Pacific 
Ocean: Annelida, Arthropoda, Bryozoa, Chordata, Ctenophora, Mollusca. 
Biodiversity Data Journal 5, e14598. 

Baker MC, German CR (2009) Going for gold! Who will win in the race to exploit ores 
from the deep sea. Ocean Challenge 16: 10-17 

Barbier EB, Moreno-Mateos D, Rogers AD, Aronson J, Pendleton L, Danovaro R, Henry 

L-A, Morato T, Ardron J, and Dover CLV (2014) Ecology: Protect the deep sea. 

Nature 505:475-477 

Boetius A (2015) RV Sonne Fahrtbericht / Cruise Report SO242-2: JPI OCEANS 

Ecological Aspects of Deep-Sea Mining, DISCOL Revisited, Guayaquil - 

Guayaquil (Equador), 28.08.-01.10.2015.  GEOMAR Report, NSer 027. 

Helmholtz-Zentrum für Ozeanforschung, Kiel 

Boschen RE, Rowden AA, Clark MR, Gardner JPA (2013) Mining of deep-sea seafloor 
massive sulfides: A review of the deposits, their benthic communities, impacts 
from mining, regulatory frameworks and management strategies. Ocean and 
Coastal Management 84: 54-67 

Bräger S, Romero Rodriguez GQ, Mulsow S (2018) The current status of environmental 
requirements for deep seabed mining issued by the International Seabed 
Authority. Marine Policy 

Breusing C, Johnson S, Tunnicliffe V, Vrijenhoek R (2015) Population structure and 
connectivity in Indo-Pacific deep-sea mussels of the Bathymodiolus 
septermdierum complex. Conservation Genetics 16 (6): 1415-1430 



 

 

Chapman ASA, Tunnicliffe V, Bates AE (2018) Both rare and common species make 
unique contributions to functional diversity in an ecosystem unaffected by human 
activities. Diversity and Distributions 24 (5): 568-578 

Christiansen B, Denda A, Christiansen S (2019) Potential effects of deep seabed mining 
on pelagic and benthopelagic biota. Marine Policy 

Coffey Natural Systems. 2008. Environmental impact statement: Nautilus minerals 
Niugini limited, Solwara 1 project. Queensland: Coffey Natural Systems. 

Collins P, Croot P, Carlsson J, Colaço A, Grehan A, Hyeong K, Kennedy R, Mohn C, 
Smith S, Yamamoto H, Rowden A (2013) A primer for the Environmental Impact 
Assessment of mining at seafloor massive sulfide deposits. Marine Policy 42: 
198-209 

Copley JT, Jorgensen PBK, Sohn RA (2007) Assessment of decadal-scale ecological 
change at a deep Mid-Atlantic hydrothermal vent and reproductive time-series in 
the shrimp Rimicaris exoculata. Journal of the Marine Biological Association of 
the United Kingdom 87: 859-867. 

Cuvelier D, Sarrazin J, Colaço A, Copley JT, Glover AG, Tyler PA, Santos RS, 
Desbruyères D (2011) Community dynamics over 14 years at the Eiffel Tower 
hydrothermal edifice on the Mid-Atlantic Ridge. Limnol Oceanogr 56:1624-1640 

Cuvelier, D., Gollner, S., Jones, D. O. B., Kaiser, S., Martinez Arbizu, P., Menzel, L., 
Mestre, N. C., Morato, T., Pham, C. K., Pradillon, F., Purser, A., Raschka, U., 
Sarrazin, J., Simon-Lledo, E., Stewart, I. M., Stuckas, H., Sweetman, A. K., 
Colaço, A. (2018) Potential mitigation and restoration actions in ecosystems 
impacted by seabed mining. Frontiers in Marine Science. 5:467. 

Dahlgren T, Wiklund H, Rabone M, Amon D, Ikebe C, Watling L, Smith C, Glover A 
(2016) Abyssal fauna of the UK-1 polymetallic nodule exploration area, Clarion-
Clipperton Zone, central Pacific Ocean: Cnidaria. Biodiversity Data Journal 
4:e9277 

Drazen JC, Smith CR, Gjerde K, Au W, Black J, Carter G, Clark M, Durden JM, Dutrieux 
P, Goetze E, Haddock S, Hatta M, Hauton C, Hill P, Koslow J, Leitner AB, 
Measures C, Pacini A, Parrish F, Peacock T, Perelman J, Sutton T, Taymans C, 
Tunnicliffe V, Watling L, Yamamoto H, Young E, Ziegler AF (2019) Report of the 
workshop Evaluating the nature of midwater mining plumes and their potential 
effects on midwater ecosystems. Research Ideas and Outcomes 5 

Du Preez C and Fisher C (2018). Long-Term Stability of Back-Arc Basin Hydrothermal 
Vents. Frontiers of Marine Science 5:54 

Dunn D, Van Dover C, Etter R, Smith C, Levin L, Morato T, Colaço A, Dale A, 
Gebruk A, Gjerde K, Halpin P, Howell K, Johnson D, Perez J, Ribeiro M, Stuckas 
H, Weaver P, SEMPIA Workshop Participants (2018) A strategy for the 
conservation of biodiversity on mid-ocean ridges from deep-sea mining. Science 
Advances 4 (7): eaar4313 

Durden JM, Murphy K, Jaeckel A, Van Dover CL, Christiansen S, Gjerde K, Ortega A, 
Jones DOB (2017) A procedural framework for robust environmental 



 

 

management of deep-sea mining projects using a conceptual model. Marine 
Policy 84: 193-201 

Durden JM, Lallier LE, Murphy K, Jaeckel A, Gjerde K, Jones DOB (2018) 
Environmental Impact Assessment process for deep-sea mining in 'the Area'. 
Marine Policy 87: 194–202 

Ellis JI, Clark MR, Rouse HL, Lamarche G (2017) Environmental management 
frameworks for offshore mining: the New Zealand approach. Marine Policy 
84:178-192 

Fisher CR, Takai K, Bris NL (2007) Hydrothermal Vent Ecosystems. Oceanography 
20:14-23 

Francheteau J, Needham H, Choukroune P, Juteau T, Séguret M, Ballard R, Fox P, 
Normark W, Carranza A, Cordoba D, Guerrero J, Rangin C, Bougault H, Cambon 
P, Hekinian R (1979) Massive deep-sea sulphide ore deposits discovered on the 
East Pacific Rise. Nature 277 (5697): 523-528 

Gjerde K, Reeve L, Harden-Davies H, Ardron J, Dolan R, Durussel C, Earle S, Jimenez 
J, Kalas P, Laffoley D, Oral N, Page R, Ribeiro M, Rochette J, Spadone A, Thiele 
T, Thomas H, Wagner D, Warner R, Wilhelm A, Wright G (2016) Protecting 
Earth’s last conservation frontier: scientific, management and legal priorities for 
MPAs beyond national boundaries. Aquatic Conservation: Marine and 
Freshwater Ecosystems 26: 45-60 

Garnett RHT (2002) Recent Developments in Marine Diamond Mining. Mar Georesour 
Geotechnol 20:137-159  

Gaston K (1994) Rarity. Springer Netherlands. 

Gaston K (2003) The structure and dynamics of geographic ranges. Oxford University 
Press. pp.304 

Gaston K, and Fuller R (2008) Commonness, population depletion and conservation 
biology. Trends in Ecology & Evolution 23 (1): 14-19 

George, K.H., 2013. Faunistic research on metazoan meiofauna from seamounts - a 
review. Meiofauna Mar. 20, 1e32. 

 

Ghisellini, Patrizia, Catia Cialani, and Sergio Ulgiati. 2016. “A Review on Circular 
Economy: The Expected Transition to a Balanced Interplay of Environmental and 
Economic Systems.” Journal of Cleaner Production, Towards Post Fossil Carbon 
Societies: Regenerative and Preventative Eco-Industrial Development, 114 
(February): 11–32. https://doi.org/10.1016/j.jclepro.2015.09.007 

Gjerde KM, Weaver P, Billett D, Paterson G, Colaco A, Dale A, Greinert J, Hauton C, 
Jansen F, Jones DOB, Arbizu PM, Murphy K, Sweetman A(2016) Implications of 
MIDAS results for policy makers: recommendations for future regulations. 
Seascape Consultants, Romsey 

https://doi.org/10.1016/j.jclepro.2015.09.007
https://doi.org/10.1016/j.jclepro.2015.09.007


 

 

Glover AG, Smith CR, Paterson GLJ, Wilson GDF, Hawkins L, Sheader M  (2002) 
Polychaete species diversity in the central Pacific abyss: local and regional 
patterns, and relationships with productivity. Marine Ecology Progress Series 
240: 157-169 

Goineau A, Gooday AJ (2019) Diversity and spatial patterns of foraminiferal 
assemblages in the eastern Clarion–Clipperton zone (abyssal eastern equatorial 
Pacific). Deep-Sea Res Pt I 149:103036 

Gollner S, Govenar B, Fisher CR, Bright M (2015a) Size matters at deep-sea 
hydrothermal vents: different diversity and habitat fidelity patterns of meio- and 
macrofauna.  Marine Ecology Progress Series 520: 57-66 

Gollner S, Govenar B, Martinez Arbizu P, Mills S, Nadine Le Bris, Weinbauer M, Shank 
T, Bright M (2015b) Differences in recovery between deep-sea hydrothermal vent 
and vent-proximate communities after a volcanic eruption.  Deep-Sea Res Pt I 
106:167-182  

Gollner S, Kaiser S, Menzel L, Jones DOB, Brown A, Mestre NC, van Oevelen D, Menot 
L, Colaço A, Canals M, Cuvelier D, Durden JM, Gebruk A, Egho GA, Haeckel M, 
Marcon Y, Mevenkamp L, Morato T, Pham CK, Purser A, Sanchez-Vidal A, 
Vanreusel A, Vink A, Martinez Arbizu P (2017) Resilience of benthic deep-sea 
fauna to mining activities. Marine Environmental Research 129: 76-101 

Gooday A, Goineau A, Voltski I (2015) Abyssal foraminifera attached to polymetallic 
nodules from the eastern Clarion Clipperton Fracture Zone: a preliminary 
description and comparison with North Atlantic dropstone assemblages. Marine 
Biodiversity 45: 1-22 

Gooday AJ, Holzmann MCC, Goineau A, Kamenskaya OE, Weber AaT, and Pawlowski 
J (2017). Giant protists (xenophyophores, Foraminifera) are exceptionally diverse 
in parts of the abyssal eastern Pacific licensed for polymetallic nodule 
exploration. Biological Conservation 207, 106-116. 

Gooday AJ, Goineau A (2019) The Contribution of Fine Sieve Fractions (63–150 μm) to 
Foraminiferal Abundance and Diversity in an Area of the Eastern Pacific Ocean 
Licensed for Polymetallic Nodule Exploration. Frontiers in Marine Science 6 

Grassle J (1985) Hydrothermal vent animals: distribution and biology. Science 229 
(4715): 713-717 

Hannington M, Jamieson J, Monecke T, Petersen S, Beaulieu S (2011) The abundance 
of seafloor massive sulfide deposits. Geology 39 (12): 1155-1158 

Hein, J.R., Schulz, M.S., Gein, L.M., 1992. Central Pacific Cobalt-rich ferromanganese 
crusts: Historical Perspective and Regional Variability. In: Keating, B.H., Bolton, 
B.R. (Eds.), Geology and Offshore Mineral Resources of the Central Pacific 
Basin. Springer-Verlag, New York, pp. 261-283. 

Hein J, Mizell K, Koschinsky A, Conrad T (2013) Deep-ocean mineral deposits as a 
source of critical metals for high- and green-technology applications: comparison 
with land-based resources. Ore Geology Reviews 51: 1-14 



 

 

Herzig P, and Hannington M (1995) Polymetallic massive sulfides at the modern 
seafloor: a review. Ore Geology Reviews 10 (2): 95-115 

Herzig PM, Petersen S, Hannington MD (1999) Epithermal-type gold mineralization at 
conical seamount: a shallow submarine volcano south of Lihir Island, Papua New 
Guinea. In Stanley et al. (eds.) Proceedings SGA-IAGOD meeting. 

Hoagland P, Beaulieu S, Tivey M, Eggert R, German C, Glowka L, Lin J (2010) Deep-
sea mining of seafloor massive sulfides, Marine Policy 34 (3): 728-732 

Humphris SE, Herzig PM, Miller DJ, Alt JC, Becker K, Brown D, Brügmann G, Chiba H, 
Fouquet Y, Gemmell JB, Guerin G, Hannington MD, Holm NG, Honnorez JJ, 
Iturrino GJ, Knott R, Ludwig R, Nakamura K, Petersen S, Reysenback A-L, 
Rona, PA, Smith S, Sturz AA, Tivey MK, Zhao X (1995) The internal structure of 
an active sea-floor massive sulphide deposit. Nature 377: 713-716 

Janssen A, Kaiser S, Meißner K, Brenke N, Menot L, and Martínez Arbizu P (2015). A 
reverse taxonomic approach to assess macrofaunal distribution patterns in 
abyssal Pacific polymetallic nodule fields. PLoS ONE 10, e0117790. 

Jochum KP, Wang X, Vennemann TW, Sinha B, Müller WEG (2012) Siliceous deep-sea 
sponge Monorhaphis chuni: A potential paleoclimate archive in ancient animals. 
Chemical Geology 300–301:143-151 

Jones DOB, Kaiser S, Sweetman AK, Smith CR, Menot L, Vink A, Trueblood D, 
Greinert J, Billett DSM, Arbizu PM, Radziejewska T, Singh R, Ingole B, 
Stratmann T, Simon-Lledó E, Durden JM, Clark MR (2017) Biological responses 
to disturbance from simulated deep-sea polymetallic nodule mining. PLoS ONE, 
12:e0171750 

Jones DOB, Ardron JA, Colaço A, Durden JM (2018a) Environmental considerations for 
impact and preservation reference zones for deep-sea polymetallic nodule 
mining. Marine Policy 

Jones DOB, Amon DJ, Chapman ASA (2018b) Mining Deep-Ocean Mineral Deposits: 
What are the Ecological Risks? Elements 14:325–330 

Jones DOB, Durden JM, Murphy K, Gjerde KM, Gebicka A, Colaço A, Morato T, 
Cuvelier D, Billett DSM (2019) Existing environmental management approaches 
relevant to deep-sea mining. Marine Policy 103:172–181 

Kato Y, Fujinaga K, Nakamura K, Takaya Y, Kitamura K, Ohta J, Toda R, Nakashima T, 
Iwamori H. Deep-sea mud in the Pacific Ocean as a potential resource for rare-
earth elements. Nature geoscience. 2011 Aug;4(8):535. 

Kudraß H (1984) The distribution and reserves of phosphorites on the central Chatham 
Rise (Sonne-17 cruise, 1981). Geol Jb D65:183-198 

Kuhn, T., Wegorzewski, A., Rühlemann, C., Vink, A., 2017. Composition, Formation, 
and Occurrence of Polymetallic Nodules. In: Sharma, R. (Ed.), Deep-Sea Mining: 
Resource Potential, Technical and Environmental Considerations. Springer 
International Publishing, pp. 23-63.Lambshead PJD, Brown CJ, Ferrero TJ, 
Hawkins LE, Smith CR, Mitchell NJ (2003) Biodiversity of nematode 



 

 

assemblages from the region of the Clarion-Clipperton Fracture Zone, an area of 
commercial mining interest. BMC Ecology 3:1-12 

Levin LA, Baco AR, Bowden D, Colaço A, Cordes E, Cunha MR, Demopoulos A, Gobin 
J, Grupe B, Le J, Metaxas A, Netburn A, Rouse GW, Thurber AR, Tunnicliffe V, 
Van Dover C, Vanreusel A, Watling L (2016) Hydrothermal Vents and Methane 
Seeps: Rethinking the Sphere of Influence. Frontiers in Marine Science 3: 72 

Leitão R, Zuanon J, Villéger S, Williams S, Baraloto C, Fortunel C, Mendoça F, Mouillot 
D (2016) Rare species contribute disproportionately to the functional structure of 
species assemblages. Proceedings of the Royal Society B 283 (1828) 

Lim S-C, Wiklund H, Glover AG, Dahlgren TG, and Tan K-S (2017). A new genus and 
species of abyssal sponge commonly encrusting polymetallic nodules in the 
Clarion-Clipperton Zone, East Pacific Ocean. Systematics and Biodiversity 15, 
507-519. 

Lindh MV, Maillot BM, Shulse CN, Gooday AJ, Amon DJ, Smith CR, Church MJ (2017) 
From the Surface to the Deep-Sea: Bacterial Distributions across Polymetallic 
Nodule Fields in the Clarion-Clipperton Zone of the Pacific Ocean. Frontiers in 
Microbiology 8 

Margules C, and Pressey R (2000) Systematic conservation planning. Nature 405: 243-
253 

Marsh L, Huvenne VAI, Jones DOB (2018) Geomorphological evidence of large 
vertebrates interacting with the seafloor at abyssal depths in a region designated 
for deep-sea mining. Royal Society Open Science 5 

McClain CR, Allen AP, Tittensor DP, Rex MA (2012) Energetics of life on the deep 
seafloor. Proceedings of the National Academy of Sciences 109:15366-15371 

Mero 1965 The Mineral Resources of the Sea. Elsevier 

Mewes K, Mogollón JM, Picard A, Rühlemann C, Kuhn T, Nöthen K, Kasten S (2014) 
Impact of depositional and biogeochemical processes on small scale variations in 
nodule abundance in the Clarion-Clipperton Fracture Zone. Deep-Sea Res Pt I 
91: 125-141 

Miljutin DM, Miljutina MA, Arbizu PM, Galéron J (2011) Deep-sea nematode 
assemblage has not recovered 26 years after experimental mining of polymetallic 
nodules (Clarion-Clipperton Fracture Zone, Tropical Eastern Pacific). Deep-Sea 
Res Pt I 58:885-897 

Miljutin D, Miljutina M, Messié M (2015) Changes in abundance and community 
structure of nematodes from the abyssal polymetallic nodule field, Tropical 
Northeast Pacific. Deep-Sea Res Pt I 106:126-135 

Miller K, Thompson K, Johnston P, Santollo D (2018) An overview of seabed mining 
including the current state of development, environmental impacts, and 
knowledge gaps. Frontiers in Marine Science 4: 418 



 

 

Mitarai S, Watanabe H, Nakajima Y, Shchepetkin A, McWilliams J (2016) Quantifying 
dispersal from hydrothermal vent fields in the western Pacific Ocean. PNAS 113 
(11): 2796-81 

Moalic Y, Desbruyères D, Duarte CM, Rozenfeld AF, Bachraty C, Arnaud-Haond S 
(2011) Biogeography Revisited with Network Theory: Retracing the History of 
Hydrothermal Vent Communities. Systematic Biology 61:127-127 

Morato T, Hoyle SD, Allain V, Nicol SJ (2010) Seamounts are hotspots of pelagic 
biodiversity in the open ocean. Proceedings National Academy Sciences of the 
USA 107: 9707-9711 

Mullineaux LS (1987) Organisms living on manganese nodules and crusts: distribution 
and abundance at three North Pacific sites. Deep-Sea Research 34: 165-184 

Mullineaux LA, Metaxas A, Beaulieu S, Bright M, Gollner S, Grupe B, Herrera S, Kellner 
J, Levin L, Mitarai S, Neubert M, Thurnherr A, Tunnicliffe V, Watanabe H, Won Y 
(2018) Exploring the ecology of deep-sea hydrothermal vents in a 
metacommunity framework. Frontiers in Marine Science 5: 49 

Nautilus Minerals (2008) Environmental Impact Statement Solwara 1 Project. Coffey 
Natural Systems Pty Ltd, Brisbane, Australia 

Narita T, Oshika J, Okamoto N, Toyohara T, Miwa T (2015) Summary of Environmental 
Impact Assessment for Mining Seafloor Massive Sulfides in Japan. Journal of 
Shipping and Ocean Engineering 5:103-114 

Niner HJ, Ardron JA, Escobar EG, Gianni M, Jaeckel A, Jones DOB, Levin LA, Smith 
CR, Thiele T, Turner PJ, Van Dover CL, Watling L, Gjerde KM (2018) Deep-Sea 
Mining With No Net Loss of Biodiversity—An Impossible Aim. Frontiers in Marine 
Science 5 

Oebius HU, Becker HJ, Rolinski S, Jankowski JA (2001) Parametrization and evaluation 
of marine environmental impacts produced by deep-sea manganese nodule 
mining. Deep-Sea Research Pt II 48: 3453-3467 

Okamoto N, Shiokawa S, Kawano S, Sakurai H, Yamaji N, Kurihara M. 2018. Current 
status of Japan’s activities for deep-sea commercial mining campaign. In: 
Proceedings of the 2018 OCEANS—MTS/IEEE Kobe Techno-Oceans (OTO), 
New York, New York. 1–7. 

Pape E, Bezerra TN, Hauquier F, Vanreusel A (2017) Limited Spatial and Temporal 
Variability in Meiofauna and Nematode Communities at Distant but 
Environmentally Similar Sites in an Area of Interest for Deep-Sea Mining. 
Frontiers in Marine Science 4 

Paul SAL, Gaye B, Haeckel M, Kasten S, Koschinsky A (2018) Biogeochemical 
Regeneration of a Nodule Mining Disturbance Site: Trace Metals, DOC and 
Amino Acids in Deep-Sea Sediments and Pore Waters. Frontiers in Marine 
Science 5 



 

 

Paterson GLJ, Wilson GDF, Cosson N, Lamont PA (1998) Hessler and Jumars (1974) 
revisited: abyssal polychaete assemblages from the Atlantic and Pacific. Deep-
Sea Res Pt II 45:225-251 

Petersen S, Krätschell A, Augustin N, Jamieson J, Hein JR, and Hannington MD (2016) 
News from the seabed – Geological characteristics and resource potential of 
deep-sea mineral resources. Marine Policy 70:175-187 

Petersen S, Lehrmann B, and Murton BJ (2018) Modern Seafloor Hydrothermal 
Systems: New Perspectives on Ancient Ore-Forming Processes. Elements 
14:307-312 

Plum C, Pradillon F, Fujiwara Y, Sarrazin J (2017) Copepod colonization of organic and 
inorganic substrata at a deep-sea hydrothermal vent site on the Mid-Atlantic 
Ridge. Deep=Sea Res Pt II 137:335-348 

Purser A, Marcon Y, Hoving H-JT, Vecchione M, Piatkowski U, Eason D, Bluhm H, 
Boetius A (2016) Association of deep-sea incirrate octopods with manganese 
crusts and nodule fields in the Pacific Ocean. Current Biology 26:R1268-R1269 

Ramirez-Llodra E, Shank T, German C (2007) Biodiversity and biogeography of 
hydrothermal vent species: thirty years of discovery and investigations. 
Oceanography 20 (1): 30-41 

Richer De Forges B, Koslow JA, and Poore GCB (2000) Diversity and endemism of the 
benthic seamount fauna in the southwest Pacific. Nature 405:944-947 

Roark EB, Guilderson TP, Dunbar RB, Fallon SJ, Mucciarone DA (2009) Extreme 
longevity in proteinaceous deep-sea corals. Proceedings of the National 
Academy of Sciences 106:5204-5208 

Rogers A, Tyler P, Connelly D, Copley J, James R, Larter R, Linse K, Mills R, Garabato 
A, Pancost R, Pearce D, Polunin N, German C, Shank T, Boersch-Supan P, 
Alker B, Aquilina A, Bennett S, Clarke A, Dinley R, Graham A, Green D, Hawkes 
J, Hepburn L, Hilario A, Huvenne V, Marsh L, Ramirez-Llodra E, Reid W, 
Roterman C, Sweeting C, Thatje S, Zwirglmaier K (2012) The discovery of new 
deep-sea hydrothermal vent communities in the Southern Ocean and 
implications for biogeography. PLoS Biology 10 (1): e1001234 

Rona PA (1985) Black smokers on the Mid-Atlantic Ridge. Eos, Transactions of the 
American Geophysical Union 66 (40): 682 

Rona PA (2003) Resources of the sea floor. Science 299:673-674 

Salinas-de-León P, Phillips B, Ebert D, Shivji M, Cerutti-Pereyra F, Ruck C, Fisher C, 
Marsh L (2018) Deep-sea hydrothermal vents as natural egg-case incubators at 
the Galapagos Rift. Scientific Reports: 8 (1): 1788 

Sarrazin J, Legendre P, de Busserolles F, Fabri M-C, Guilini K, Ivanenko VN, 
Morineaux M, Vanreusel A, Sarradin P-M (2015) Biodiversity patterns, 
environmental drivers and indicator species on a high-temperature hydrothermal 
edifice, Mid-Atlantic Ridge. Deep-Sea Res Pt II 121:177-192 



 

 

Schlacher TA, Baco AR, Rowden AA, O'Hara TD, Clark MR, Kelley C, Dower JF (2014) 
Seamount benthos in a cobalt-rich crust region of the central Pacific: 
conservation challenges for future seabed mining. Diversity and Distributions 20: 
491-502 

Simon-Lledó E, Bett BJ, Huvenne VAI, Schoening T, Benoist NMA, Jeffreys RM, 
Durden JM, Jones DOB (2019a) Megafaunal variation in the abyssal landscape 
of the Clarion Clipperton Zone. Prog Oceanogr 170:119–133 

Simon-Lledó E, Bett BJ, Huvenne VAI, Schoening T, Benoist NMA, Jones DOB (2019b) 
Ecology of a polymetallic nodule occurrence gradient: Implications for deep-sea 
mining. Limnol Oceanogr 

Simon-Lledó E, Bett BJ, Huvenne VAI, Köser K, Schoening T, Greinert J, Jones DOB 
(2019c) Biological effects 26 years after simulated deep-sea mining. Scientific 
Reports 9:8040 

Simpson S, and Spadaro D (2016) Bioavailability and chronic toxicity of metal sulfide 
minerals to benthic marine invertebrates: implications for deep sea exploration, 
mining and tailings disposal. Environmental Science & Technology 50 (7): 4061-
4070 

Smith CR, Levin LA, Koslow A, Tyler PA, Glover AG (2008) The near future of the deep 
seafloor ecosystems. In: Polunin N (ed) Aquatic Ecosystems: Trends and Global 
Prospects. Cambridge University Press, Cambridge, pp 334-349 

Stratmann T, Mevenkamp L, Sweetman AK, Vanreusel A, van Oevelen D (2018) Has 
Phytodetritus Processing by an Abyssal Soft-Sediment Community Recovered 
26 Years after an Experimental Disturbance? Frontiers in Marine Science 5 

Sweetman AK, Smith CR, Shulse CN, Maillot B, Lindh M, Church MJ, Meyer KS, van 
Oevelen D, Stratmann T, Gooday AJ (2019) Key role of bacteria in the short-term 
cycling of carbon at the abyssal seafloor in a low particulate organic carbon flux 
region of the eastern Pacific Ocean. Limnol Oceanogr 64:694-713 

Sylvan J, Toner B, Edwards K (2012) Life and death of deep-sea vents: bacterial 
diversity and ecosystem succession on inactive hydrothermal sulfides. mBio 3 
(1): e00279-11 

Taboada S, Riesgo A, Wiklund H, Paterson GLJ, Koutsouveli V, Santodomingo N, Dale 
AC, Smith CR, Jones DOB, Dahlgren TG, Glover AG (2019) Implications of 
population connectivity studies for the design of marine protected areas in the 
deep sea: An example of a demosponge from the Clarion-Clipperton Zone. 
Molecular Ecology  

Thaler AD, Amon D (2019). 262 Voyages Beneath the Sea: a global assessment of 
macro-and megafaunal biodiversity and research effort at deep-sea hydrothermal 
vents. PeerJ 7. 

Thiel H, Schriever G (1990) Deep-sea mining, environmental impact and the DISCOL 
project. Ambio 19:245-250 



 

 

Tunnicliffe V, McArthur A, McHugh D (1998) A biogeographical perspective of the deep-
sea hydrothermal vent fauna. Advances in Marine Biology 34: 353-442 

UNGA (1967) United Nations General Assembly, First Committee, 1515th meeting, 1 
Nov. 1967, Agenda Item 92. 

Van Dover CL (2011) Mining seafloor massive sulphides and biodiversity: what is at 
risk? ICES Journal of Marine Science: Journal du Conseil 68: 341-348 

Van Dover CL (2014) Impacts of anthropogenic disturbances at deep-sea hydrothermal 
vent ecosystems: A review. Marine Environmental Research 102: 59-72 

Van Dover CL, Ardron JA, Escobar E, Gianni M, Gjerde KM, Jaeckel A, Jones DOB, 
Levin LA, Niner HJ, Pendleton L, Smith CR, Thiele T, Turner PJ, Watling L, 
Weaver PPE (2017) Biodiversity loss from deep-sea mining. Nature Geoscience 
10: 464-465 

Van Dover CL, Arnaud-Haond S, Gianni M, Helmreich S, Huber JA, Jaeckel AL, 
Metaxas A, Pendleton LH, Petersen S, Ramirez-Llodra E, Steinberg PE, 
Tunnicliffe V, Yamamoto H (2018) Scientific rationale and international 
obligations for protection of active hydrothermal vent ecosystems from deep-sea 
mining. Marine Policy 90: 20-28 

Van Dover CL (2019) Inactive Sulfide Ecosystems in the Deep Sea: A Review. Frontiers 
in Marine Science 6 

Vanreusel A, Hilario A, Ribeiro PA, Menot L, Arbizu PM (2016) Threatened by mining, 
polymetallic nodules are required to preserve abyssal epifauna. Scientific 
Reports 6:26808 

Veillette J, Sarrazin J, Gooday AJ, Galéron J, Caprais J-C, Vangriesheim A, Étoubleau 
J, Christian JR, Kim Juniper S (2007) Ferromanganese nodule fauna in the 
Tropical North Pacific Ocean: Species richness, faunal cover and spatial 
distribution. Deep-Sea Res Pt I 54:1912-1935 

Wagner D, and Kelley CD (2017). The largest sponge in the world? Marine Biodiversity 
47, 367-368. 

Watling L., Rowley, S., Guinotte, J. (2013) The World’s largest known Gorgonian. 
Zootaxa 3630(1), 198-199. 

Washburn, T. W., Turner, P. J., Durden, J. M., Jones, D. O. B., Weaver, P., Van Dover, 
C. L. (2019) Ecological risk assessment for deep-sea mining. Ocean & Coastal 
Management. 176: 24-39. 

Weaver PPE, Billett DSM, Van Dover CL (2017) Environmental risks of deep-sea 
mining. In: Salomon M, Markus T (eds) Handbook on Marine Environment 
Protection, Science, Impacts and Sustainable Management. Springer Verlag, pp 
215-245 

Wedding LM, Friedlander AM, Kittinger JN, Watling L, Gaines SD, Bennett M, Hardy 
SM, Smith CR (2013) From principles to practice: a spatial approach to 
systematic conservation planning in the deep sea. Proceedings of the Royal 
Society B: Biological Sciences 280:20131684 



 

 

Wilson GDF (2017) Macrofauna abundance, species diversity and turnover at three 
sites in the Clipperton-Clarion Fracture Zone. Marine Biodiversity 47:323-347 

Xu, G., Lavelle, J.W. (2017) Circulation, hydrography, and transport over the summit of 
Axial Seamount, a deep volcano in the Northeast Pacific. Journal of Geophysical 
Research: Oceans 122 (7):5404-5422. 

Young C, Fujio S, Vrijenhoek R (2008) Directional dispersal between mid-ocean ridges: 
deep-ocean circulation and gene flow in Ridgeia piscesae. Molecular Ecology 17 
(7): 1718-1731 

Zeppilli, D., Bongiorni, L., Serr~ao Santos, R., Vanreusel, A., 2014. Changes in 
Nematode communities in different physiographic sites of the condor seamount 
(North-East atlantic ocean) and adjacent sediments. PLoS ONE 9 (12), e115601. 

Zierenberg RA, Adams MWW, and Arp AJ (2000) Life in extreme environments: 
Hydrothermal vents. Proceedings of the National Academy of Sciences 
97:12961-12962 

 



 

 

 

 

Figure 1. The locations of ISA exploration contract areas for the three main metal-rich 

mineral resource types in the “the Area” beyond national jurisdiction for seafloor massive 

sulphides (SMS), polymetallic nodules and crusts. The Areas of Particular Environmental 

Interest (APEIs) in the Clarion Clipperton Zone are indicated. Also shown are seabed 

areas within national jurisdiction (extending to 200 nautical miles and to the continental 

shelf beyond 200 nautical miles) and the Area.  Image credit: Alan Evans, National 

Oceanography Centre, Southampton. 

 

  



 

 

 



 

 

Figure 2. Fauna from the polymetallic nodule fields in the Clarion-Clipperton Zone, Pacific 

Ocean. (a) An anemone (left; approximately 20cm diameter) and small coral (right); (b) 

Abyssal fish Bassozetus sp.; (c) Decapod crustacean Bathystylodactylus sp. 

(approximately 10cm carapace length); (d) Cnidarian Relicanthus sp. (approximately 

30cm tall) with very long tentacles streaming out into the seabed current. Image credits 

and copyright ©: (a and c) National Environment Research Council, RRS James Cook 

Cruise JC120; (b and d) Diva Amon and Craig Smith, University of Hawaii at Manoa. 

  



 

 

 

 

 

Figure 3. Faunal communities from polymetallic-encrusted seamounts in the Pacific 

Ocean. (a) An abundant community of large corals with anemones, crinoids and 

ophiuroids; (b) A rattail fish (Coryphaenoides sp.); (c) A diverse community of corals with 

associated crinoids and ophiuroids; (d) An ophiuroid living commensally on a coral that is 

overgrown in some places by zoanthids; (e) A diverse and abundant coral and sponge 

community; (f) A community dominated by sponges. Image credits and copyright ©: 

NOAA Office of Ocean Exploration and Research. 



 

 

 



 

 

Figure 4. Examples of hydrothermal vent communities. (a) Seafloor massive sulphides 

with associated communities of shrimp, crabs and snails discovered in 2016 at 3,863 m 

in the Mariana back-arc axis, West Pacific Ocean. Image credit: NOAA's Office of Ocean 

Exploration and Research. (b) A black coral observed at 2,227 m in the Endeavour rift 

valley, Northeast Pacific Ocean. Image credit: Ocean Networks Canada. (c) Squat 

lobsters and stalked barnacles dominate this chimney, attaining high biomass, in the E9 

vent field of the East Scotia Ridge. Image credit: NERC ChEsSo Consortium. (d) Corals 

living on an extinct chimney at 2,203 m in Mothra vent field, Northeast Pacific Ocean. 

Image credit: Ocean Networks Canada. (e) Ridgeia piscesae tubeworm communities, 

likely hosting paralvinellid worms, scaleworms, limpets, and many other fauna in their 

bush-like structures found near a black smoker at 2,133 m at the Endeavour segment of 

the Juan de Fuca Ridge, Northeast Pacific Ocean. Image credit and copyright ©: Ocean 

Networks Canada. 

 

 

 

 



 

 

 

Figure 5. Potential types of deep-sea mining operation. Image credit and copyright ©: 

2017 The Pew Charitable Trusts. 


