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Abstract

Deep-sea mining presents a critical sustainability paradox; it offers access to essential
minerals for the technologies of the green transition (e.g., batteries, wind turbines, electric
vehicles) yet threatens fragile marine ecosystems. As the terrestrial sources of these materi-
als face mounting geopolitical, environmental, and ethical constraints, undersea deposits
are increasingly being viewed as alternatives. However, the extraction technologies remain
unproven at large scales, posing risks related to biodiversity loss, sediment disruption,
and altered oceanic carbon cycles. This paper explores how deep-sea mining might be
reconciled with sustainable development, arguing that its viability hinges on addressing
five interdependent challenges—technological readiness, environmental protection, eco-
nomic feasibility, robust governance, and social acceptability. Progress requires parallel
advancements across all domains. This paper reviews the current knowledge of deep-sea
resources and extraction methods, analyzes the ecological and sociopolitical risks, and
proposes systemic solutions, including the implementation of stringent regulatory frame-
works, technological innovation, responsible terrestrial sourcing, and circular economy
strategies. A precautionary and integrated approach is emphasized to ensure that the
securing of critical minerals does not compromise marine ecosystem health or long-term
sustainability objectives.

Keywords: circular economy; critical materials; deep-sea mining; green transition; marine
ecosystem conservation; polymetallic nodules; sustainable resource management

1. Introduction
Sustainable development is essential for the long-term prosperity and health of hu-

manity and our planet. It involves balancing economic growth, environmental stewardship,
and social equity to meet the current needs without compromising the ability of future
generations to meet theirs [1]. By adopting sustainable practices—such as conserving
natural resources, reducing pollution, and transitioning to renewable energy—societies can
combat climate change, protect ecosystems, and enhance human health and livelihoods.
Furthermore, sustainable development encourages efficient resource management and the
advancement of green technologies, fostering a resilient and equitable future.

The pursuit of sustainable development is closely linked to the availability and ef-
fective management of a wide range of raw materials. These include lithium, cobalt, and
nickel, which are essential for the production of batteries, such as lithium ion, nickel–cobalt–
aluminum, and nickel–manganese–cobalt batteries, used predominantly in electric vehicles,
as well as other electric energy storage systems [2,3]. Copper, due to its high electrical and
thermal conductivity, low resistivity, durability, and flexibility, is indispensable for wiring
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and various components in almost all electrical equipment. Rare earth metals are crucial
for enhancing the magnetic properties of permanent magnets, which are key components
in electrical machines used in renewable energy conversion and electric vehicles [4,5].
Additionally, graphite plays a vital role in battery anodes, while platinum group metals
(such as platinum, palladium, rhodium, and iridium) are important for use in catalytic
converters and hydrogen fuel cells.

These raw materials, with their unique physical and chemical properties, are vital to
numerous industries and technologies. Due to their substantial economic importance, they
are officially classified as critical or strategic materials.

Industrialized nations have developed lists of critical and strategic materials to guide
policies on resource management, trade, and national security [6]. These lists are frequently
revised, with a focus on the economic relevance of materials for emerging technologies, as
well as potential supply disruptions and dependence on foreign sources [7]. For instance,
the USA regularly updates its list of critical minerals, managed by the U.S. Geological
Survey (USGS) under the Department of the Interior. The most recent list, released in 2022,
includes 50 minerals [8]. Similarly, the European Union has established a list of strategic
and critical raw materials, with the latest edition being published in 2023. This fifth version
includes 16 strategic and 34 critical materials and material groups [9]. While the terms
“critical” and “strategic” materials are often used interchangeably, there exists only a subtle,
nuanced difference in their usage, as their designating criteria may overlap [10].

These critical materials are increasingly vulnerable to supply chain disruptions due to
limited sources, geopolitical tensions, and market monopolization [6]. The demand for them
continues to surge as societies transition to renewable energy and electric mobility [11–13].
To address shortages, policy-makers and industries are exploring legislative, technical, and
circular economy strategies [14].

Policy tools such as stockpiling and extended producer responsibility laws require
global coordination and funding, while reshoring production demands costly infrastructure
investments. Technical solutions, such as substituting critical materials or improving
material efficiency efforts, face challenges such as high costs and performance trade-offs.

Recycling and circular economy practices offer the most promise but are hindered by
technical complexity in material separation, low collection rates, inconsistent regulations,
and non-recyclable product designs [14]. Despite significant efforts to increase the share of
recycled raw materials, this approach alone is insufficient to meet the growing demand, as
the supply of recovered materials is inherently limited by the quantity that is originally
mined [12].

Traditional mining, therefore, remains essential, despite its considerable drawbacks,
such as environmental degradation (habitat destruction, pollution, and carbon emissions),
worker health risks, community displacement, and long-term land contamination. To
mitigate these impacts, sustainable practices must be implemented in this sector. Advanced
technologies, such as automation and water recycling, can improve waste management
efforts and ensure safer storage of tailings. Additionally, strengthening regulations, pro-
moting ecosystem restoration, and encouraging responsible resource extraction are crucial
steps. Reducing the carbon footprint of the mining sector will require greater reliance
on renewable energy, increased investment in green mining R&D, and closer industry
collaboration.

However, in the long term, the goals of sustainable development (particularly the
clean energy and green transportation transition and digital transformation goals) cannot
be met without expanding the supply base beyond terrestrial sources.

In this context, deep-sea mining emerges not just as an alternative but as a strategic
necessity. While it must be approached with strict environmental safeguards, its potential
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to unlock vast reserves of critical metals makes it indispensable for closing the looming
supply–demand gap sustainably. Emerging solutions (most notably the responsible ex-
ploitation of deep-sea mineral resources) are, therefore, being explored to diversify supply
sources without exacerbating the ecological and social harms historically associated with
mining [15].

While the exploration of terrestrial reserves of critical materials is severely limited,
deep-sea mining presents a promising alternative, since it reduces the dependence on
environmentally damaging land-based mining and plays a significant role in advancing
sustainable development [16].

Deep-sea polymetallic nodules present a promising alternative source of critical raw
materials essential for sustainable development. These nodules are abundant on the ocean
floor and contain high concentrations of critical raw metals such as cobalt, nickel, and
manganese. However, their extraction raises significant technological hurdles, economic
feasibility concerns, regulatory and legal barriers, environmental risks, and social opposition.

This tension gives rise to a sustainability paradox; namely, the conflict between secur-
ing minerals urgently needed to decarbonize economies, transition to renewable energy
systems, and support green technologies and the imperative to avoid irreparable harm
to marine ecosystems through deep-sea mining. At its core, this paradox highlights a
critical dilemma. The global push for green technologies requires vast quantities of metals
that are scarce, geopolitically contested, or ethically problematic to mine on land. While
deep-sea mining is proposed as a solution to these shortages, it threatens fragile marine
ecosystems that serve as biodiversity hotspots, carbon sinks, and regulators of planetary
processes such as nutrient cycling and climate stability. The contrary nature lies in the fact
that addressing one existential crisis (climate change) risks exacerbating another (ocean
degradation), thereby undermining the broader goal of sustainability. This paper explicitly
interrogates the paradox through five interconnected critical lenses—technology, environ-
ment, economy, policy, and society—to ensure that progress in any individual domain is
not evaluated in isolation but rather concerning its influence on and dependence upon
the others. These dimensions are deeply interwoven; for example, technological advances
must be accompanied by stringent environmental safeguards, economically viable models
require strong policy and governance structures, and public acceptance hinges on trans-
parent processes and equitable benefit-sharing. Only by addressing all five domains in
parallel can sustainable pathways for deep-sea mining be credibly identified. This inte-
grated assessment is essential to move beyond narrow cost–benefit calculations and toward
a systems-level understanding of sustainability.

Resolving this paradox demands balancing immediate material needs with long-
term ecological stewardship. For instance, deep-sea ecosystems, which take millennia
to recover, face destruction just as the world races to meet net-zero emissions targets by
2050. Additionally, exploiting the ocean floor, a resource deemed the common heritage
of humankind, for short-term gain challenges intergenerational equity goals. Therefore,
systemic solutions are essential, including reducing demand through recycling, material
substitution, and efficient resource use; enforcing robust environmental safeguards and
establishing marine protected areas; and prioritizing research to fully understand ecological
risks before scaling operations. Equally important are transparent economic assessments
that incorporate externalities and inclusive decision-making processes that respect the
rights and voices of coastal and Indigenous communities.

Consequently, deep-sea mining can only align with sustainability goals if rigorous
environmental protection, technological innovation, and comprehensive regulatory frame-
works are implemented. These frameworks must also embed equitable benefit-sharing
mechanisms to guarantee that economic gains do not accrue at the expense of vulnerable
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stakeholders or irreplaceable ecosystems. These measures must ensure that economic
benefits do not come at the expense of irreparable harm to the least-understood ecosystems
on Earth, thereby preserving their role in global ecological health.

While the prior literature has addressed the technological, environmental, and reg-
ulatory challenges of deep-sea mining, this paper uniquely frames these tensions as a
sustainability paradox intrinsic to the imperative of the green transition. It contributes
a novel framework that analyzes this paradox through five interdependent dimensions
(technology, environment, economy, governance, and society), which must progress syner-
gistically to enable viable and responsible operations. To our knowledge, no existing study
structurally integrates these dimensions as mutually reinforcing pillars or positions their
systemic interrelations as the foundation for sustainable decision-making in the context of
deep-sea mining.

Against this background, this paper aims to contribute, however modestly, to the
understanding of sustainable development by evaluating the role of deep-sea raw material
resources. It provides an overview of undersea mineral deposits, highlighting their compo-
sition, distribution, and potential advantages over land-based resources. Section 3 explores
the current and emerging deep-sea mining technologies, including nodule collection sys-
tems, vertical transport methods, surface processing techniques, environmental monitoring
tools, and alternative approaches that may mitigate the ecological impacts. The next section
examines the key challenges and limitations of deep-sea mining. In Section 5, potential
pathways for resolving the sustainability paradox are presented, focusing on prioritizing
land-based alternatives, enforcing strict environmental protection strategies, advancing
mining technologies, strengthening governance frameworks, and applying a precautionary
scientific approach. Finally, the conclusions summarize the findings and emphasize the
need for a balanced, responsible strategy that integrates deep-sea resource utilization with
ocean conservation and sustainable development objectives.

2. Undersea Mineral Deposits
Oceans and seas cover approximately 70% of the Earth’s surface. This vast expanse

not only plays a critical role in regulating the climate on our planet and supporting marine
ecosystems but also provides a wide array of resources essential for human survival and
development. For centuries, fisheries have been a vital source of food globally. In recent
decades, renewable energy sources from the oceans, such as wind, wave, and tidal energy,
have been extensively harnessed. However, the seabed holds great potential in the form of
mineral resources, including many critical materials crucial for sustainable development.
Among these mineral resources are polymetallic nodules, polymetallic sulfides, and cobalt-
rich ferromanganese crusts.

2.1. Polymetallic Nodules

Polymetallic nodules are mineral-rich, potato-shaped concretions (see Figure 1) that
form over millions of years on the ocean floor through the slow precipitation of metals
from seawater and sediment pore water. These nodules are composed predominantly of
manganese (25–30%) and iron (10–15%), along with economically significant concentrations
of nickel (~1.3%), copper (~1.1%), and cobalt (~0.2–0.3%) [17,18]. They also contain trace
amounts of rare earth elements, molybdenum, lithium, and other critical raw materials
essential for green technologies, such as electric vehicle batteries, wind turbines, and
renewable energy conversion systems [19].



Sustainability 2025, 17, 6580 5 of 34

 

Figure 1. Manganese nodules [20].

Unlike conventional land-based ores, polymetallic nodules often exhibit low levels of
toxic heavy elements such as arsenic, cadmium, and mercury, making them attractive from
an environmental processing standpoint. Recent technological advancements suggest that
the bulk of these nodules can be processed with minimal waste generation, supporting the
concept of near-zero waste metallurgy [21].

These nodules are found on abyssal plains at depths ranging from 4000 to 6000 m,
typically lying loose on or just below the sediment surface. Despite widely varying esti-
mates, it is universally acknowledged that the Clarion–Clipperton Zone (CCZ), located
in the northeastern Pacific Ocean between Hawaii and Mexico, is the most prominent
and extensively studied nodule deposit area. Spanning over 4.5 million km2, the CCZ
contains approximately 21–22 dry Gt of polymetallic nodules, from which an estimated
260 Mt of nickel, 230 Mt of copper, 44 Mt of cobalt, and a substantial quantity (around
6 Gt) of manganese could potentially be extracted [17,22]. Based on this estimate, the
tonnages of many critical metals in the CCZ nodules are greater than those found in global
terrestrial reserves [23]. Almost all of these metals are on the list of critical or strategic raw
materials [24,25].

Other notable regions with nodule occurrences include the Central Indian Ocean
Basin (CIOB), the Peru Basin, and the Cook Islands Exclusive Economic Zone (EEZ) in
the South Pacific [26]. Each of these areas hosts nodules with varying metal contents
and morphologies, influenced by local sedimentation rates, geochemistry, and biological
activity [24,27].

2.2. Polymetallic Sulfides

Polymetallic sulfides are geological formations found on the ocean floor (see Figure 2),
particularly around hydrothermal vent systems. These deposits are rich in valuable metals
such as copper, zinc, gold, and silver, often with higher metal grades than polymetallic nodules.

They are formed when mineral-rich fluids, heated by the mantle of the Earth, and
are expelled through hydrothermal vents. As these hot fluids mix with cold seawater,
metals precipitate and accumulate on the seabed, creating substantial deposits of sulfur
compounds and various metals. Polymetallic sulfide deposits are primarily located along
mid-ocean ridges, back-arc basins, and submarine volcanic arcs, with notable examples
including the East Pacific Rise, Galapagos Rift, and the Southwest Indian Ridge.
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Figure 2. Hydrothermally formed copper sulfides on the seabed [28].

2.3. Metal-Rich Crusts

Another significant type of deep-sea mineral deposit comprises metal-rich crusts,
particularly cobalt-rich ferromanganese crusts. These crusts develop over tens of millions
of years through the extremely slow precipitation of metal oxides from seawater onto
the hard rock surfaces of underwater seamounts, plateaus, and ridges. As these metal
compounds accumulate, they form hard, consolidated layers rich in iron and manganese
oxides, which also incorporate economically important metals such as cobalt, nickel, copper,
molybdenum, tellurium, platinum group elements, and rare earth elements [29].

Cobalt-rich crusts can contain up to 2% cobalt by weight, along with notable concentra-
tions of nickel (0.3–0.8%), platinum (up to 4 ppm), and rare earth metals. These grades often
surpass those of terrestrial ores currently being mined [30]. Such crusts are most abundant
in the Pacific Ocean, particularly in the northwestern and central regions, including the
Hawaiian Archipelago, the Marshall Islands, and the Magellan Seamount cluster [31,32].

Despite these challenges, cobalt-rich crusts have attracted increasing attention due
to their relatively shallow deposits, high concentrations of strategic metals (including
high-grade cobalt and rare earth elements), and widespread distribution, all of which make
them promising targets for future extraction efforts [32].

2.4. Comparison of Deep-Sea Mineral Deposit Mining

Among the above-mentioned types of deep-sea mineral resources, each offers a distinct
combination regarding the geological setting, metal content, extraction challenges, and
environmental implications.

Polymetallic nodules are particularly attractive due to the co-location of several eco-
nomically valuable metals within a single deposit. These nodules rest loosely on or just
beneath the soft sediments of the abyssal plains, allowing for their collection without
drilling or blasting. In contrast, polymetallic sulfides form solid chimneys and mounds
on rugged seafloor terrain, requiring mechanical cutting and posing a risk of releasing
acidic leachates harmful to local marine ecosystems. Cobalt-rich ferromanganese crusts,
which are strongly bonded to the rocky flanks of underwater mountains, also necessitate
advanced seafloor cutting or fragmentation technologies.

Depth also differentiates these deposits. While polymetallic nodules are typically
located at great depths of 4000 to 6000 m, polymetallic sulfides are found at 1000 to 3500 m
and cobalt-rich crusts occur in even shallower areas, ranging between 800 and 2500 m [29].
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While all forms of deep-sea mining carry ecological risks, the relative predictability and
uniformity of nodule fields, along with recent advancements in environmental monitoring
and sediment plume control, seem to make the management of the impacts more tractable
compared to the more ecologically sensitive and topographically complex sulfide and crust
sites [33].

This paper prioritizes polymetallic nodule mining not for its technical attributes but
as a critical case study to interrogate the “sustainability paradox”; namely, the competing
imperative for critical materials enabling sustainable development versus environmental,
economic, and governance pressures driving irreconcilable tensions in deep-sea mining
policy and practice.

3. Deep-Sea Mining Technologies
The deep-sea mining of polymetallic nodules requires specialized technologies to

operate in extreme oceanic conditions (high pressures, low temperatures, and complete
darkness) while minimizing the environmental impact. The key technologies involved can
be categorized into nodule collection systems (e.g., crawler-based collector, suction dredg-
ing, and bucket ladder systems), vertical transport mechanisms (e.g., hydraulic pumping,
air lift, and mechanical conveyor systems), and surface processing solutions (e.g., onboard
sorting and dehydration units). Additionally, environmental monitoring technologies such
as autonomous underwater vehicles (AUVs) and sediment plume modeling can help assess
the ecological impacts. Emerging approaches, including the use of robotic harvesters, elec-
tromagnetic collection, and biomining, offer alternative methods for sustainable extraction.
This section provides a detailed overview of these deep-sea mining technologies [34].

3.1. Nodule Collection Technologies

Over the past few decades, various deep-sea mineral collection technologies have been
explored, including the submarine drag bucket system, continuous line bucket system,
and shuttle vessel mining system. The submarine drag bucket system utilizes a series
of buckets dragged along the seafloor to collect nodules, although it causes significant
sediment disruption and seafloor scarring. The continuous line bucket system, which
operates with a continuous loop of buckets lifting nodules to the surface, shows improved
efficiency but struggles with issues related to high operational complexity, mechanical wear,
and significant energy consumption. The shuttle vessel system, where a collector gathers
nodules and transfers them to a surface vessel via shuttling units, reduces the need for
continuous lifting but suffers from limited scalability and logistical inefficiencies [35].

3.1.1. Crawler-Based Systems for Nodule Collection

Crawler-based nodule collection systems (see Figure 3) are the most widely proposed
and promising technologies for the deep-sea mining of polymetallic nodules.
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Figure 3. Remotely operated crawler equipped with a hydraulic pumping system [36].

Their main part is an autonomous or remotely operated undersea vehicle designed
to move across the deep-sea floor, collecting polymetallic nodules while minimizing en-
vironmental disturbance. The tracked or wheeled vehicle (such as the collector designed
by the Allseas Group S.A. (Châtel-Saint-Denis, Switzerland), pictured in Figure 4 [37]) can
intelligently navigate on the soft and uneven seabed, using sensors and cameras to map
the terrain and optimize its movement.

 

Figure 4. Underwater deployment of the Allseas-designed pilot nodule collector [38].

The collection mechanism can be either hydraulic or mechanical. Hydraulic systems
employ water jets or suction pumps (utilizing suck-up collection or Coandă-effect-based
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technology, as shown in Figure 5) to lift the nodules, while mechanical collectors use
rotating drums, conveyor belts, or rakes to scoop them up [39].

 

Figure 5. Hydraulic nodule collection heads—suction and Coandă types [35].

Once gathered, the nodules are separated from excess sediment through onboard
screening systems, ensuring efficient material collection while controlling the sediment
dispersion. The nodules are then stored in a buffer system, allowing continuous collection
while synchronizing with the vertical transport system [40]. To mitigate the environmental
impact, these systems incorporate sediment plume management strategies, such as con-
trolled water jet propulsion or shielding mechanisms, reducing the disruption of marine
ecosystems [41]. Finally, the collected nodules are transferred to the surface vessel via
hydraulic pumping or air lift transport, where they are further processed and stored [37].

A great variety of deep-sea mining equipment systems have been extensively stud-
ied and developed by various research institutions, mining companies, and international
organizations as part of pilot projects and prototype testing. These systems offer a prac-
tical solution for large-scale nodule harvesting, as they can operate continuously on the
seabed with minimal human intervention. Several deep-sea mining trials have successfully
demonstrated the feasibility of crawler-based approaches [42,43].

However, these technologies are only at an experimental level, with no series-
manufactured devices available globally, relying instead on custom-built prototypes for
ongoing research and pilot projects. Despite their potential to play a critical role in future
seabed resource extraction, significant concerns persist regarding their large-scale use (de-
tailed in Section 4), highlighting the need for further research, technological refinement,
and regulatory development before widespread deployment.

3.1.2. Design Targets for Nodule Collection Systems

The design of a nodule collection system must balance the production capacity, ef-
ficiency, and environmental sustainability. A key factor is the pickup efficiency, which
measures the proportion of nodules successfully collected from a given area. Maximizing
this efficiency ensures optimal resource recovery. The production capacity must also meet
economic viability requirements, typically requiring annual yields ranging between 2.8 and
3.0 million tons of dry nodules [44].

The water flow is another crucial consideration, as both hydraulic and mechanical
collection methods rely on it for pick-up and separation. However, excessive water flow
can increase sediment plumes, making its minimization essential for reducing the environ-
mental impact. The environmental concerns extend beyond turbidity to include seafloor
disturbance and noise generation, both of which must be minimized to protect fragile
deep-sea ecosystems.

Seafloor interactions must be carefully managed to prevent clogging and excessive
soil collection, ensuring smooth operation. The reliability of the system is also a priority,
favoring designs with fewer active components to reduce the risk of failure and downtime.
Additionally, longevity is a key factor, requiring high-wear-resistant materials to extend
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the system’s operational lifespan. By considering these design principles, nodule collection
systems can facilitate efficient and sustainable deep-sea mining operations [44].

3.2. Vertical Transport Systems

Several transport technologies have also been proposed for lifting polymetallic nodules
from the seafloor to the surface, each with distinct advantages and limitations. The oldest
approach, involving mechanical conveyor systems (such as belt or bucket conveyors),
offers controlled and predictable transport with relatively lower energy consumption rates.
However, the mechanical complexity increases the risk of failure in the harsh deep-sea
environment. Air lift systems, which inject compressed air into the pipeline to create a
pressure differential, provide an energy-efficient alternative. Nevertheless, they are limited
by depth constraints and require precise control during air injection.

More advanced technology options involve hydraulic pumping systems, which utilize
high-pressure water flow to transport nodules through pipelines. These systems allow
for continuous operation and high transport capacity levels, making them reliable and
scalable for handling large volumes of nodules with fewer moving parts, thereby reducing
the maintenance concerns in deep-sea operations. They also have some drawbacks, as they
require significant energy inputs and can potentially generate significant sediment plumes.

3.3. Surface Processing and Handling

Surface processing and handling play a crucial role in ensuring the efficiency and
sustainability of deep-sea nodule mining operations. Once the nodules reach the surface,
onboard sorting and processing systems separate them from excess sediment, reducing
unnecessary material transport and optimizing storage efforts. These facilities may include
vibrating screens, hydrocyclones, or gravity-based separation methods to clean and classify
the nodules before further handling.

Additionally, desalination and dehydration units remove excess seawater from the
collected nodules, significantly improving the transport efficiency by reducing the mass
and volume. This step not only minimizes the energy required for shipping but also
mitigates the release of potentially harmful seawater discharge, lowering the environmental
impact. By integrating these processing techniques onboard mining vessels, the operational
efficiency is enhanced while ensuring compliance with environmental standards [45].

3.4. Environmental Monitoring Technologies

Environmental monitoring is crucial in deep-sea mining to assess and mitigate the im-
pacts on marine ecosystems. AUVs play a vital role by allowing the real-time monitoring of
seabed conditions and ecosystem interactions. Equipped with sensors and high-definition
cameras, AUVs can operate continuously, collecting data on the water quality, sediment
composition, and biological activity, thereby offering comprehensive insights into the
environmental effects of mining activities [46,47].

Sediment plume modeling and mitigation are essential for predicting and managing
the dispersal of particles disturbed during mining operations. Advanced computational
models simulate the plume behavior, enabling the development of strategies to minimize
the ecological disturbances. These models guide the design of monitoring programs and
inform the implementation of effective mitigation measures to protect marine life from the
adverse effects of sedimentation [48,49].

Biodiversity assessment tools, including AI-powered cameras and sensors, are em-
ployed to monitor marine life interactions with mining activities. These technologies
facilitate the tracking of species presence, behavior, and habitat use information, providing
data essential for evaluating the impacts of mining and informing conservation efforts. The
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integration of AI enhances the accuracy and efficiency of data analyses, supporting the
development of strategies to preserve marine biodiversity in the face of industrial activities.

Implementing these environmental monitoring technologies ensures that deep-sea
mining operations are conducted responsibly, with a focus on minimizing the harm to
ocean ecosystems and promoting sustainable resource extraction.

3.5. Alternative Mining Approaches

As the concerns over the environmental impacts of traditional deep-sea mining meth-
ods continue to rise (see Section 4.2), alternative approaches are being explored for enhanced
selectivity, to reduce sediment plumes, and to minimize the harm to marine ecosystems.

One such approach involves robotic harvesters, which utilize AI-driven robotic arms
to selectively pick up polymetallic nodules while leaving the sediment and fragile marine
life undisturbed [50]. These systems leverage advanced computer vision and machine
learning technologies to identify and extract nodules efficiently. While robotic harvesters
significantly reduce the environmental disturbance and prevent excessive seabed disrup-
tion, they face challenges related to their slower collection rates, high operational costs, and
complex maintenance requirements. Currently, these systems have reached a medium level
of technological readiness, with prototypes successfully tested in controlled environments,
although their large-scale deployment remains in its early stages [51]. Future advance-
ments in AI, robotics, and real-time adaptive decision-making could further improve their
efficiency and enable autonomous operations with minimal ecological impact.

While deep-sea generally mining relies on mechanical dredging systems that physi-
cally scrape the seabed, two non-contact extraction methods have emerged as promising
alternatives—electromagnetic harvesting and microwave- or radiofrequency-assisted col-
lection. These approaches leverage the intrinsic physical properties of polymetallic nodules
to enable selective recovery with minimal disturbance to the seabed.

Electromagnetic harvesting exploits the electrical conductivity of metal-rich nodules.
A pulsed electromagnetic field induces eddy currents within the nodules, generating a
repulsive Lorentz force that detaches them from surrounding sediments without direct
contact. This non-invasive technique shows high efficiency in nodule recovery and results
in significantly reduced sediment plume formation. However, its performance declines in
highly conductive clay sediments and when targeting nodules with low iron contents. In
contrast, microwave- or radiofrequency-assisted collection targets the dielectric properties
of the nodules. Rapidly heating hydrated metal oxides induces thermal fracturing at the
nodule–sediment interface, enabling easy detachment. This method is also effective in
clay-rich environments where electromagnetic harvesting underperforms. Nevertheless,
it requires thermal buffer zones to minimize heat transfer and protect sessile benthic
fauna [52].

These non-contact technologies do not eliminate the environmental impacts but offer
the potential to significantly reduce them. Despite their promise, both methods remain at
low to medium levels of technology readiness. Experimental studies have demonstrated
their feasibility, although their large-scale implementation is still lacking [17,53]. Contin-
ued research and development are essential to improve their technical performance and
assess the long-term ecological implications, ultimately enhancing their viability for future
deployment.

Biomining presents a transformative approach to deep-sea mineral extraction by
harnessing microbial bioleaching to recover valuable metals from seabed deposits [54]. This
method employs extremophilic microorganisms (such as Acidithiobacillus or Leptospirillum
species) that thrive in extreme undersea conditions and catalyze the oxidation of iron and
sulfur compounds in ores, releasing soluble metal ions (e.g., copper, zinc) into the solution
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for recovery [55,56]. Biomining can be implemented in situ (directly on the ocean floor,
where microbes interact with mineral-rich deposits under natural conditions) or ex situ
(where extracted materials are processed in controlled bioreactors aboard ships or on land).

Compared to conventional deep-sea mining, biomining offers significant environmen-
tal advantages, as it minimizes the mechanical disturbance of seafloor habitats, reduces
sediment plumes, and avoids the use of harsh chemicals. Furthermore, microbial systems
can be engineered for targeted metal recovery, enhancing both the specificity and efficiency.
Advances in synthetic biology and bioprocess engineering hold promise for scaling these
systems to commercial viability while mitigating the ecological impacts.

While biomining has been extensively researched and applied in terrestrial mining
operations, particularly for low-grade ores, its feasibility for deep-sea mining remains
largely experimental. The extreme conditions of the deep ocean (high pressure, low
temperature, and the absence of easily controllable bioreactor conditions) make large-
scale bioleaching challenging. Additionally, slow metal extraction rates, the need for highly
controlled conditions, and difficulties in scaling the process for industrial applications
further hinder its practical implementation.

Currently, biomining remains at a low technology readiness level, with only a few
pilot studies assessing its feasibility for deep-sea mining. Advances in bioengineering
and synthetic biology could optimize microbial strains for enhanced extraction efficiency,
potentially making biomining a viable, sustainable alternative to traditional metallurgical
techniques. However, the lack of field studies and the technological scalability issues mean
that commercial deep-sea biomining is not yet a realistic option. Future research is needed
to develop specialized microbial strains capable of functioning under deep-sea conditions
and to evaluate the environmental risks associated with bioleaching in marine ecosystems.

4. Challenges and Limitations of Deep-Sea Mining
As can be seen, deep-sea mining faces several significant barriers and limitations,

encompassing technological, environmental, economic, and regulatory challenges.

4.1. Technological Challenges

The technological challenges of deep-sea mining stem from the extreme conditions of
the ocean floor and the complexity of developing reliable, efficient, and environmentally
sustainable extraction systems. Operating at depths often exceeding 5000 m requires spe-
cialized equipment capable of withstanding immense pressure and low temperatures while
maintaining functionality over extended periods [18]. The current mining technologies, as
detailed in Section 3, face significant engineering hurdles, including wear and tear due to
abrasive sediments, potential clogging of hydraulic and pumping systems, and difficulties
in real-time monitoring and control [57].

Another major challenge relates to the power supply and energy efficiency, as deep-sea
mining operations require substantial energy, often relying on surface vessels to generate
and transmit power to sub-sea machinery, which introduces additional logistical con-
straints [58]. Autonomous and remotely operated systems must also integrate advanced
navigation, sensing, and communication technologies to function effectively in the deep-sea
environment, where real-time data transmission is hindered by water-induced signal atten-
uation [59]. Furthermore, material selection processes for mining equipment must consider
corrosion resistance due to prolonged exposure to seawater, adding to complexity to the
design and manufacturing process. Addressing these technological challenges will require
advancements in robotics, materials science, and energy-efficient extraction methods to
enable deep-sea mining operations that are both economically viable and environmentally
responsible [60].
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4.2. Environmental Concerns

The environmental concerns surrounding deep-sea mining are among the most urgent
planetary challenges, with habitat destruction posing a primary threat. The seabed, part of
the “Common Heritage of Mankind”, hosts an immense reservoir of biodiversity, with an
estimated one million oceanic species, most still undiscovered (see Figure 6).

   

Figure 6. Deep-sea animals [61,62].

Mining operations risk irreversibly damaging these fragile ecosystems, potentially
driving the extinction of endemic species and disrupting critical planetary processes, such
as climate regulation, fisheries productivity, and elemental cycling [63]. These impacts not
only threaten ecological stability but also undermine the intrinsic value of deep seas as a
shared global legacy for future generations.

Another major environment-related issue is the generation of sediment plumes, caused
by seabed disturbances and the discharge of fine particles into the water column during
processing. These plumes can spread over vast areas, smothering marine life, reducing
light penetration essential for photosynthesis, and degrading the water quality (as can be
seen in Figure 7) [64,65]. Such disruptions threaten filter feeders and other species that
struggle to adapt [66].

 

Figure 7. Sediment plume spreading behind a nodule collector vehicle [65].

The noise and vibrations generated by deep-sea mining equipment, remotely oper-
ated vehicles, and surface vessels pose further risks to marine ecosystems, particularly
species reliant on low-frequency sounds for communication, navigation, and hunting (see
Figure 8) [67].
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Figure 8. Impacts of deep-sea mining activities on marine wildlife and ecosystems [67].

Marine mammals, such as whales, are especially vulnerable, as mining noise can
interfere with their acoustic signals, leading to disorientation, strandings, and disrupted
migratory patterns. Moreover, continuous noise pollution induces chronic stress, alters
feeding and mating behaviors, and disrupts predator–prey dynamics, further destabilizing
marine ecosystems [68].

Chemical pollution is one of the most critical environmental risks related to deep-sea
mining. Even the small quantities of toxic heavy metals (e.g., mercury, lead, cadmium)
released during polymetallic nodule extraction can accumulate in marine organisms, bioac-
cumulating through the food web and threatening both biodiversity and commercially
important fish populations. Such contamination also poses serious risks to human health
via seafood consumption [69,70]. Additionally, mining activities disturb deep-sea sedi-
ments that have trapped harmful substances for millions of years, mobilizing these toxins
and allowing ocean currents to spread them beyond the mining sites.

It appears that not all environmental impacts of deep-sea mining are already known.
Recent research suggests that polymetallic nodules on the ocean floor may act as natural so-
called geo-batteries, influencing deep-sea oxygen dynamics by facilitating electron transfer
processes. Their removal could potentially disrupt anaerobic ecosystems that rely on these
mechanisms for biochemical balance [71,72].

Deep-sea mining could also amplify existing human-induced stressors, such as climate
change, pollution, and bottom trawling, leading to unpredictable ecological consequences.
For example, disturbing the seabed may release stored carbon, potentially accelerating
climate change.

The cumulative impact of these environmental disturbances remains highly uncertain
due to the limited baseline data on deep-sea biodiversity and ecosystem functions. Unlike
terrestrial ecosystems, which may recover over decades, deep-sea environments regenerate
at an extremely slow pace due to their unique biological and geological processes [73].
Many deep-sea species have long lifespans and low reproduction rates, making ecosystem
recovery efforts particularly difficult.

Further research and comprehensive international regulatory frameworks are urgently
needed to fully understand the environmental consequences of deep-sea mining and to de-
velop effective mitigation strategies. Unfortunately, the risks associated with these practices,
particularly biodiversity loss and ecosystem disruption, are still underrecognized, even
among industry and scientific experts [74]. Raising awareness and integrating scientific
insights into global policies are essential steps toward safeguarding marine ecosystems and
ensuring sustainable resource management [75].
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4.3. Economic Viability

The deep-sea polymetallic nodule deposits in the CCZ alone are estimated to hold an
immense value of approximately 8–16 trillion USD [23]. Despite this vast financial potential,
most economic assessments indicate that the viability of their extraction remains low.

As highlighted in Section 3, mining these nodules requires highly advanced equip-
ment and infrastructure, leading to substantial capital and operational expenses. Since the
necessary technologies are still immature and not widely implemented, the cost estimations
remain highly uncertain, making an accurate market analysis difficult to finalize. Addition-
ally, the financial feasibility of deep-sea mining is significantly influenced by fluctuating
global commodity prices and evolving legislative frameworks.

Despite these issues, a comparative operational and financial analysis will be pre-
sented next, highlighting the differences between deep-sea and traditional land mining
of manganese. In the first case, a single mining system is considered in the CCZ with
high-abundance nodules of 22 kg/m2, assuming an annual capacity target of 3 million tons
per annum of dry manganese nodules during the initial 20 years of exploration [76]. In
contrast, a preliminary economic assessment for a low-capital, long-life manganese mining
operation in North America is considered [77]. The provided financial and operational
metrics are included in Table 1.

Table 1. Metrics of the operational and financial analysis comparing deep-sea and land-based
manganese mining.

Metrics Deep-Sea Mining Land-Based Mining

Yearly production (mtpa) 3 0.068

Operation time (years) 20 47

Capital costs—CAPEX (millions USD) 4000 350

Operation costs—OPEX (USD/t) 16.66 122

Annual gross revenue (millions USD) 783.2 175

Payback period (years) 5.1 2

CAPEX ratio 5.11 2

Total gross revenue (million USD) 15,664 8319

Total net revenue (million USD) 14,664.4 7929.09

The yearly production refers to the annual volume of manganese mined, indicating
the scale of operations. The operation time is the duration over which the mining project
is expected to operate, impacting long-term financial planning efforts. The capital costs
represent the initial investment required to start the mining operations, affecting the
project’s financial feasibility. The operation costs are the ongoing expenses per ton of
manganese mined, influencing the profitability. The annual gross revenue is the yearly
income generated from selling the mined manganese, reflecting the project’s revenue
potential. The payback period is the time needed to recover the initial investment, which
is crucial for assessing the investment risk. The CAPEX ratio is the proportion of capital
expenditure to annual revenue, indicating the capital utilization efficiency. The total
gross revenue is the cumulative income over the project’s lifetime, showing the overall
revenue generation, while the total net revenue is the cumulative profit after deducting the
operational costs, highlighting the project’s profitability. These metrics helped in evaluating
the financial health and operational efficiency of the two considered mining projects.

The operational and financial comparison between the two mining plans reveals fun-
damentally different business models with distinct risk–reward profiles. The deep-sea
mining project plans to operate at a large industrial scale, producing 3 million tons annually
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(44 times the land-based output), enabling much lower operating costs (16.66 USD/t versus
122 USD/t for land-based). This cost advantage comes with substantial capital require-
ments, with a 4 billion USD CAPEX, representing an 11-fold greater initial investment
compared to the land-based project, reflected also in its higher CAPEX ratio (5.11 versus 2).
While the deep-sea operation may generate nearly double the total net revenue (around
14.7 billion USD versus 7.9 billion USD) over its shorter 20-year lifespan, its payback pe-
riod of 5.1 years suggests longer capital recovery timelines. In contrast, the land-based
mining project demonstrates superior capital efficiency, recovering its costs in just 2 years,
while operating for 47 years, although at significantly lower production volumes. The
most striking divergence appears in the revenue per ton; the land-based approach may
achieve approximately 2600 USD/t compared to just 261 USD/t for deep-sea mining. This
comparison suggests that deep-sea mining favors investors with substantial capital and
risk tolerance seeking volume-driven returns, while land-based operations offer lower-risk,
margin-focused opportunities with faster capital turnaround.

The costs of environmental restoration, potentially reaching 5.3–5.7 million USD/km2

for the CCZ, nearly one-third of the estimated mineral value of 15 million USD/km2 [78],
may become mandatory for future mining operations. These significant rehabilitation
expenses represent a major financial uncertainty and were not accounted for in the above
financial projections.

In summary, the financial projections for manganese nodule mining in the CCZ
indicate a positive return on investment only under ideal conditions. Economists warn
that deep-sea mining entails significant financial and environmental risks, as previously
discussed, which could severely impact the long-term profitability. These concerns have
made many investors and governments increasingly cautious, viewing deep-sea mining
as a high-risk venture fraught with unresolved legal, technological, and environmental
challenges.

4.4. Regulatory and Legal Barriers

Regulatory and legal challenges also pose significant barriers to the advancement of
deep-sea mining. Central to these challenges are unresolved issues surrounding jurisdic-
tion, resource ownership, and the equitable distribution of benefits, as both nations and
private entities vie for access to seabed mineral resources. The absence of a robust interna-
tional regulatory framework exacerbates these conflicts, leaving critical questions about
environmental protection, liability for ecological damage, and profit-sharing mechanisms
inadequately addressed. Without clear legal guidelines and enforceable standards, large-
scale commercial mining operations cannot proceed responsibly, resulting in a contentious
stalemate among governments, corporations, and environmental advocates.

4.4.1. Organizations and Initiatives

In recent decades, various organizations and initiatives have been established to
ensure the health of ocean ecosystems and the sustainable use of ocean resources for
current and future generations. These entities play key roles in the governance, research,
and sustainable management of ocean resources and the marine environment. Decision-
makers have long aimed to strike a balance between protecting fragile deep-sea ecosystems
and regulating mining activities in these areas.

The Intergovernmental Oceanographic Commission (IOC), established by UNESCO
in 1960, was the first groundbreaking initiative for advancing international collaboration in
ocean science. Its mission included promoting marine research and observation systems and
sustainable ocean resource management. Today, the IOC actively supports its 150 member
states in achieving global frameworks such as the UN Agenda 2030 [79], including the
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Sustainable Development Goals (SDGs) [80], the Paris Agreement on Climate Change [81],
and the Sendai Framework on Disaster Risk Reduction [82].

The United Nations Convention on the Law of the Sea (UNCLOS), which was adopted
in 1982, provides a thorough legal framework governing marine activities. It delineates mar-
itime zones, regulates navigational rights, and advocates for the sustainable management
of resources alongside the protection of the marine environment. UNCLOS also advances
marine scientific research, facilitates technology transfer, and provides mechanisms for
resolving maritime disputes, fostering global cooperation and equitable benefits.

A significant outcome of this international treaty was the establishment of the Inter-
national Seabed Authority (ISA), the single authority responsible for regulating mineral-
related activities on the seabed, ocean floor, and subsoil beyond national jurisdiction, areas
collectively referred to as the “Area”. These regions lie outside the sovereignty of any
country and must be managed as the common heritage of mankind to ensure equitable
benefit-sharing and environmental protection [83]. This organization exclusively grants ex-
ploration and mining licenses, ensuring the equitable distribution of benefits, particularly to
developing nations. It also enforces regulations to minimize environmental harm and pro-
mote sustainable practices that safeguard marine ecosystems and humanity. Moreover, the
ISA can also impose penalties or even suspend mining activities in cases of non-compliant
activities [83].

A more recent significant global initiative in this field, the UN Decade of Ocean
Science for Sustainable Development (2021–2030), aims to advance ocean science to support
sustainable development. It focuses on enhancing the scientific knowledge of ocean systems
through coordinated research, fostering cross-sector collaboration, and developing science-
based solutions to tackle challenges such as pollution and climate change. The special
measures include prioritizing capacity-building in developing nations and promoting ocean
literacy. The initiative also supports sustainable development by providing a scientific
foundation and actively contributing to the SDGs of the United Nations, particularly SDG
14 (Life Below Water) [80].

This framework also focuses on deep-sea mining, highlighting the importance of
collecting essential information about vulnerable ecosystems and species before any large-
scale mining begins. It stresses how crucial the ocean is to our planet and warns about the
risk of losing unique marine life forever. To make well-informed decisions about this new
area of exploration, the initiative calls for careful planning and independent research based
on solid evidence [84,85].

4.4.2. Actions Taken

In recent years, responsible organizations have taken significant steps to balance the
rapidly growing demand for seabed mineral resources with the imperative need to protect
deep-sea ecosystems. The most stress is obviously on the ISA.

Since the early 2000s, the ISA has been developing the so-called “Mining Code”, a set of
regulations for the prospecting, exploration, and exploitation of marine minerals. It focuses
on three key deep-sea resources—polymetallic nodules [86], polymetallic sulfides [87], and
cobalt-rich ferromanganese crusts [88]. These regulations were developed or updated in the
early 2010s. Furthermore, the ISA formulated diverse recommendations to assist potential
contractors and the member states [89].

As the field rapidly changed and evolved, the earlier regulations became outdated. In
2019, the ISA began drafting revised exploitation regulations, initially aiming for completion
by 2023. However, delays postponed the deadline to July 2025, despite considerable
negotiation efforts among the ISA member states, endangering the control over the deep-
sea mining of ISA.
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In the absence of revised regulations, member states are pursuing their interests in
different ways. Highly developed countries, eager to secure critical raw material resources,
are pressuring the ISA to accelerate the approval process for deep-sea mining. Meanwhile,
smaller nations located near exploration sites have raised concerns related to environmental
protection, safety, and economic interests, advocating for stricter safeguards.

Nauru, the world’s third smallest country by land area (only 21 km2), possesses
significant potential for deep-sea mining. In 2021, it invoked the “two year rule” under
UNCLOS, compelling the ISA to finalize regulations for proposed mining activities within
two years. If the deadline is not met, the ISA must provisionally approve applications
under existing guidelines [90–92]. Despite the lapse of more than two years, Nauru
has not initiated mining efforts, likely due to international pressure. This pioneering
action, however, accelerated discussions within the ISA, although the progress in finalizing
comprehensive regulations remains slow.

Nauru’s push for mining has raised alarms among the so-called conservationists, who
are concerned about the potential environmental consequences of deep-sea mining, which
was a central focus at the UN Ocean Conference in Lisbon in 2022. A strong coalition
was established, which aimed at establishing a moratorium on deep-sea mining activities
until there is a clearer understanding of the impacts on marine ecosystems [93]. The ISA
was officially informed about this requirement. This was the first serious, specialist-based
discussion on halting deep-sea mining [63].

Since then, more and more countries have joined this coalition, including Pacific
Island nations (such as Palau, Fiji, and Samoa, which could be the most affected by the
environmental consequences of deep-sea mining), member states of the European Union,
and several other countries, such as Canada, the United Kingdom, and Chile. Leading
environmental organizations, such as Greenpeace and the World Wildlife Fund (WWF),
share the same perspective regarding these issues. Prominent scientific bodies, marine biol-
ogists, and ecologists, as well as multinational firms such as Google, BMW, and Samsung,
have also publicly emphasized the need for caution and further research before advancing
with such activities [94]. Their consensus is firm; seabed mining should proceed only if the
marine environment is effectively protected through robust regulations. This framework
must incorporate precautionary and ecosystem-based approaches, ensure transparent and
science-driven management, and include stringent compliance measures supported by a
rigorous inspection mechanism [95].

While deep-sea mining in the Area is largely on hold due to outdated regulations,
some nations have initiated exploration activities in their national coastal waters, which fall
outside the ISA’s jurisdiction. The Cook Islands, heavily reliant on tourism and significantly
impacted by the COVID-19 pandemic, became the first to permit deep-sea mining in their
territorial waters to rebalance their economy [33]. In 2022, their government granted
licenses to three companies to explore a manganese nodule deposit of approximately 6.7 Gt,
the world’s largest documented collection of such resources. Currently, they are studying
whether mining can be performed sustainably and economically. Simultaneously, civil
resistance groups are raising environmental concerns about these activities [96].

Aligned with the Cook Islands, in 2024, the Norwegian parliament approved explo-
ration activities for deep-sea mining off the country’s coast. Norway’s coastal seabeds
are known to contain significant deposits of polymetallic nodules and sulfides. While not
among the world’s top reserves, these deposits are substantial, with estimates indicating
approximately 185 Mt of manganese, 45 Mt of zinc, 38 Mt of copper, 24 Mt of magnesium,
and 4.1 Mt of cobalt. Norway anticipates that by 2030, it can achieve independence from
imports of these critical materials through a combination of deep-sea mining and enhanced
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recycling efforts, enabling the country to meet its own industrial and green transition
demands sustainably.

The United States, Japan, and India seem ready to adopt a comparable strategy by
commencing mineral exploration efforts in their coastal seabeds, thereby circumventing the
necessity to await the ISA’s regulations for the Area. This proactive approach is primarily
driven by the increasing urgency related to significant shortages of critical materials, which
threaten the green transition and overall sustainable development initiatives in these
nations [97].

4.5. Negative Social Implications

Deep-sea mining faces growing criticism for its adverse social and ethical conse-
quences, which extend beyond the environmental risks.

4.5.1. Public Opposition

The global public opposition to deep-sea mining has been growing due to the increas-
ing awareness of its potential environmental and social consequences [98]. Environmental
organizations, scientists, and Indigenous communities have raised concerns about the
irreversible damage that mining could inflict on fragile deep-sea ecosystems, including
habitat destruction, biodiversity loss, and the disruption of critical oceanic processes. Many
activists argue that deep-sea mining should not proceed without a full understanding of
its long-term ecological impact, emphasizing the need for the precautionary principle in
marine resource management [99].

For example, the Metals Company (TMC), a Canadian firm and leading deep-sea
mining developer, faced backlash from scientists and NGOs such as Greenpeace and
Bloomberg Philanthropies over its deep-sea mining plans in the CCZ. Critics accused TMC
of downplaying ecological risks, exploiting regulatory loopholes via Nauru’s sponsorship,
and greenwashing its operations. Legal challenges and investor skepticism stalled the
project, also highlighting tensions between corporate mining ambitions and environmental
protection efforts [100].

Coastal and island communities in the Pacific, the epicenter of deep-sea mining
exploration, are deeply divided over whether to support or oppose seabed mining activities
near their shores. While some governments and stakeholders view mining as a path to
economic development (such as Nauru), others fear irreversible harm to marine ecosystems
and cultural heritage [101].

The region’s evolving debate underscores the global tensions between resource extrac-
tion and sustainability. Grassroots movements and new scientific evidence are driving a
powerful counter-narrative centered on environmental justice, cultural preservation, and
skepticism of corporate promises.

At the national level, Palau, Fiji, and Samoa are leading the opposition by confronting
mining corporations, Pacific countries that are pro-deep-sea mining, and the industry-
friendly ISA, challenging environmental threats to marine ecosystems, risks to vital fisheries,
and what they deem neo-colonial resource exploitation, while demanding moratoriums,
stricter regulations, and sustainable alternatives [99,102]. China’s deep-sea mining explo-
ration licenses in the Indian Ocean sparked protests from India and Sri Lanka, who raised
sovereignty concerns over operations near their EEZs and warned of ecological threats to
critical regional fisheries [103]. The dispute also highlighted growing tensions between
resource exploitation and the rights of the coastal states, with both countries accusing
China of disregarding the environmental risks and maritime boundaries in its pursuit of
seabed minerals.
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Additionally, many members of the public express concern that accelerating deep-sea
mining efforts may delay or displace investments in circular economy solutions such as
recycling, material substitution, and demand reduction. They argue that framing seabed
mining as essential for the green transition risks creating a false sense of necessity, un-
dermining more sustainable and less intrusive pathways. Critics further warn that this
framing may amount to a form of “greenwashing”, where an environmentally harmful
activity is misrepresented as environmentally beneficial. By marketing deep-sea mining
as indispensable, proponents may obscure its potential for irreversible ecological damage
while promoting it as a green technology. This not only risks misleading the public and
policy-makers but may also erode the momentum for truly sustainable strategies aligned
with long-term planetary health [104]. There is also widespread skepticism about the
adequacy of global governance frameworks, the transparency of licensing processes, and
the lack of inclusive participation from civil society [105,106].

These concerns are amplified by the perception that decisions are being driven by
powerful state and corporate actors without sufficient consultation with or consent from
those most affected. The limited scientific knowledge about deep-sea ecosystems has
further intensified this public unease, as many fear that irreversible damage could occur
before the full ecological consequences are even understood [107].

The public opinions on deep-sea mining remain divided and continue shifting as new
studies emerge. This scientific uncertainty is keeping the issue in flux as policy-makers
weigh competing priorities.

4.5.2. Ethical Concerns

Beyond public protests, deeper ethical questions have emerged concerning the long-
term implications and moral legitimacy of deep-sea mining. These primarily revolve
around intergenerational equity and the rights of Indigenous communities [108]. Extracting
mineral resources from the seabed risks depriving future generations of potential ecological
and scientific discoveries, as deep-sea ecosystems remain largely unexplored. Many species
inhabiting these environments have yet to be studied, and disrupting their habitats could
lead to irreversible losses of biodiversity and valuable biological knowledge. Critics argue
that the rush to exploit these resources prioritizes short-term economic gain over long-term
planetary stewardship, contradicting principles of sustainability and responsible resource
management.

Additionally, Indigenous communities, particularly in the Pacific, have strongly op-
posed deep-sea mining due to their profound cultural and spiritual connections to the
ocean. For many Indigenous groups, the sea is not just a source of sustenance but a sacred
entity intertwined with their identity and traditions. They view industrial seabed mining as
a violation of their ancestral stewardship and a threat to their way of life. Resistance from
these communities has fueled broader discussions on environmental justice, highlighting
concerns that deep-sea mining benefits a few powerful stakeholders while disregarding the
voices and rights of those who depend on healthy marine ecosystems. As the debates over
deep-sea mining continue, ethical considerations remain at the forefront, emphasizing the
need for inclusive decision-making that respects both present and future generations.

4.5.3. Social Inequity

Deep-sea mining presents significant risks related to social inequity, as its economic
benefits are likely to be concentrated among large corporations and wealthy nations, while
the ecological and economic burdens fall disproportionately on small island states and
coastal communities [99]. The extraction of seabed minerals requires advanced technology
and substantial financial investment, which are largely controlled by developed countries
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and multinational corporations. As a result, the profits and job opportunities are expected
to benefit these powerful stakeholders, while the nations sponsoring such mining activities
may see only minimal financial returns. Meanwhile, the communities that rely on marine
ecosystems for their livelihoods face the greatest risks, with limited means to mitigate or
recover from the potential damage.

Some of the most immediate threats posed by deep-sea mining are its potential impacts
on fisheries and tourism, two industries that sustain millions of people, particularly in the
targeted regions [109]. The destruction of seabed habitats and the creation of sediment
plumes and pollution from mining activities could disrupt fish populations, leading to
declining catches and losses of income for fishing communities. Similarly, the degradation
of marine environments could harm the tourism industry, an essential economic pillar for
many island nations. These disruptions may further exacerbate poverty and economic
instability, disproportionately affecting those who are least responsible for and least capable
of addressing the consequences of deep-sea mining. As the discussions around this industry
continue, addressing these deep-rooted social inequities will be critical in determining
whether seabed resource extraction can be pursued in a just and sustainable manner.

4.6. Research Priorities and Strategic Challenges for the Future of Deep-Sea Mining

The future of deep-sea mining hinges on overcoming significant technological, reg-
ulatory, and environmental challenges. Advancements in mining technology, including
more efficient and less invasive extraction methods, will be crucial in reducing the eco-
logical damage and improving the economic viability. At the same time, the establish-
ment of stronger regulatory frameworks, guided by scientific research and international
cooperation, is essential to ensure that deep-sea mining is conducted responsibly. Com-
prehensive environmental impact assessments must be prioritized to fully understand
the potential consequences of disturbing deep-sea ecosystems and to develop effective
mitigation strategies.

However, making informed and responsible decisions about the future of deep-sea
mining requires addressing several critical research gaps. One of the foremost challenges is
the limited scientific understanding of deep-sea ecosystems, where the mining activities
will take place. These environments remain among the least explored on the planet, and the
potential ecological impacts of seafloor disturbances, such as sediment plumes, biodiversity
losses, and the destruction of fragile, habitat-forming organisms, are still poorly understood.
Long-term ecological monitoring and comprehensive baseline studies are urgently needed
to assess the resilience and recovery capacity of these unique ecosystems. Furthermore,
the effects of deep-sea mining on carbon sequestration and oceanic biogeochemical cycles
require thorough investigation, as the disruption of these processes could have wider
climate implications.

In parallel, technological uncertainties remain a major barrier. While some mining
prototypes have been tested, the absence of full-scale commercial operations means that
the actual technical feasibility, durability, and efficiency of underwater mining systems
under high pressure levels and corrosive conditions are unproven. Reliable solutions for
sediment control, waste management, and environmental mitigation are still in the early
stages of development and require further testing through pilot projects supported by
transparent reporting.

Economic modeling under uncertainty is also a pressing research need. The current
financial projections often rely on optimistic assumptions about resource prices and equip-
ment performance, while neglecting the volatility of global markets, the hidden costs of
environmental damage, and the financial risks associated with legal delays or public oppo-
sition. Realistic, integrated cost–benefit analyses that factor in environmental externalities
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and long-term liabilities are essential to assess whether deep-sea mining offers a net benefit
compared to alternatives such as land-based mining, recycling, and material substitution.

In addition, the governance and legal frameworks continue to lag behind the techno-
logical progress, creating a regulatory vacuum that hinders responsible investment and
causes weakened environmental oversight. The ISA has yet to finalize binding regulations
for mining beyond national jurisdictions, and more research is needed to develop effective
legal models, inclusive stakeholder engagement strategies, and transparent policy instru-
ments. Social science perspectives are equally important, particularly in understanding
the ethical concerns, public attitudes, and potential impacts on communities, especially
small, developing island states, which may be most vulnerable to the consequences of
seabed mining.

Further research into deep-sea biodiversity and sediment dynamics, as well as alterna-
tive resource strategies such as urban mining, biomining, and the use of advanced recycling
technologies, may offer more sustainable and socially acceptable pathways. Without clear
environmental safeguards, robust governance, and financial conditions that justify the
risks, deep-sea mining may continue to face strong resistance. Ultimately, the future of
the industry depends on bridging these critical knowledge gaps and achieving a careful
balance between global resource needs and long-term sustainability, ensuring that the
economic gains do not come at the irreversible expense of marine ecosystems and the rights
of future generations.

5. Pathways to Resolve the Paradox
Without any doubt, the technologies and legislation for deep-sea mining are not

prepared for wide-scale exploration efforts. Therefore, to resolve the deep-sea mining sus-
tainability paradox, measures must prioritize land-based solutions first. Only if terrestrial
efforts prove insufficient should cautious, regulated deep-sea extraction be considered.

5.1. Land-First Priority

To meet the surging demand for critical materials essential for the green transition,
societies must prioritize two interconnected strategies—reducing critical raw material
consumption and boosting recycling rates, both reinforced by robust legislative frameworks
such as the European Union’s Raw Materials Initiative and Critical Raw Materials Act.

Engineers play a central role in curbing consumption by optimizing or totally reducing
the use of the most critical materials in product designs and adopting waste-free manufac-
turing technologies such as 3D printing [110]. Additionally, replacing scarce materials with
sustainable alternatives further alleviates pressure on finite resources [6].

A significantly expanded approach to energy-efficient recycling and material substitu-
tion could complement existing efforts by substantially reducing or delaying the need for
deep-sea mining. These strategies focus on recovering critical metals from existing sources
while developing alternatives to resource-intensive materials.

Urban mining, which extracts metals from electronic waste, batteries, and industrial
scrap, has demonstrated remarkable efficiency, often yielding higher metal concentrations
than primary ores. Modern lithium ion battery recycling processes, for example, can
recover over 90% of the cobalt, nickel, lithium, and manganese, dramatically decreasing the
reliance on virgin materials [111]. Complementary techniques such as hydrometallurgical
processing and bioleaching involve the use of chemical solvents or microbial action to
extract valuable metals from waste streams and low-grade ores, presenting more sustainable
alternatives to conventional mining [112,113]. Direct recycling methods offer additional
promise by enabling the reuse of components such as permanent magnets and battery
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materials with minimal reprocessing, preserving their functional properties while reducing
energy consumption [114].

To fully realize these recycling benefits, a fundamental shift toward “design for dis-
assembly” (DfD) principles is essential [115]. This approach requires moving away from
permanent bonding techniques such as welding and the use of adhesives in favor of mod-
ular designs that allow easy component separation. Standardizing materials and parts
across industries would further streamline automated sorting and recovery processes. The
implementation of digital product passports (embedded data carriers containing mate-
rial compositions and disassembly instructions) could significantly enhance the recycling
efficiency.

Alongside enhanced maintenance and upgrade practices to prolong product lifespans,
the aforementioned strategies should be bolstered by effective end-of-life collection systems
to achieve high recovery rates [97].

Material substitution strategies provide another critical pathway for reducing deep-sea
mining dependence. The rapid adoption of cobalt-free battery chemistries has already be-
gun transforming the electric vehicle industry [116]. Similar progress in electrical machine
design, including rare-earth-free alternatives such as synchronous reluctance and switched
reluctance motors, is reducing the demand for critical minerals [4]. Even conventional
materials such as copper are being substituted where possible, with aluminum increasingly
being used in wiring applications to ease the pressure on copper supplies.

While these approaches may not completely eliminate the need for primary resource
extraction, they collectively represent a powerful strategy for minimizing the reliance on
environmentally sensitive deep-sea mining operations. By scaling up these technologies
alongside supportive policy frameworks, we can create crucial breathing space to develop
more sustainable long-term solutions for material sourcing.

Despite progress being made in reducing consumption rates, the use of newly mined
materials remain unavoidable to meet the growing demand. Sustainable mining practices
are critical to this phase, including revitalizing closed mines with greener methods and
exploring new deposits under strict environmental and ethical safeguards.

By integrating all of these measures, societies can reconcile material demands with
planetary boundaries, ensuring a sustainable pathway for the green transition.

5.2. Deep-Sea Mining

Deep-sea mining is generally regarded as a viable option only after terrestrial alter-
natives have been fully optimized and found to be insufficient, and even then it must be
contingent on stringent environmental safeguards, including proven methods to protect
marine biodiversity and restore disturbed seabed ecosystems [117].

As already stated, before any commercial operations commence, it is essential to
establish environmental strategies, resolve critical technological challenges, and implement
comprehensive international regulations. These measures will ensure ecological account-
ability, equitable benefit-sharing, and transparent monitoring. Until these conditions are
met, a precautionary pause on deep-sea mining is essential to prioritize planetary health
over short-term economic gains.

5.2.1. Environmental Protection Strategies

Ensuring sustainable deep-sea mining primarily requires a comprehensive approach
that incorporates environmental protection measures at every stage of the mining process,
before, during, and after operations. As the deep-sea environment is a fragile and largely
unexplored ecosystem, precautionary strategies are mandatory to minimize the ecological
damage and promote long-term sustainability [118].
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Pre-Mining Phase

Before any mining activity begins, a thorough environmental impact assessment (EIA)
must be conducted to evaluate the potential ecological risks. These assessments should be
based on extensive baseline studies that document the biodiversity, ecosystem functions,
and deep-sea carbon storage mechanisms in the targeted mining areas [119].

Additionally, strategic environmental management plans should be developed, includ-
ing setting up protected areas where mining is prohibited to preserve critical habitats and
maintain biodiversity hotspots [120]. The adoption of the precautionary principle, which
mandates that mining should only proceed if significant environmental risks are mitigated,
is also crucial [121].

Exploration Phase

During the exploration phase, environmental monitoring efforts must be integrated
into resource assessment activities [122]. Low-impact exploration techniques, such as the
use of remotely operated vehicles (ROVs) and AUVs, should be used to map the seabed
and analyze mineral deposits with minimal disruption to the marine environment.

To ensure habitat preservation, exploration activities should follow strict biodiversity
guidelines, including the collection of data on species distribution, sediment stability, and
ecosystem connectivity. This information can help define no mining zones in ecologically
sensitive regions, ensuring that deep-sea life is safeguarded from large-scale disturbances.

Operational Phase

Once deep-sea mining begins, the priority is to reduce the ecological footprint of the
extraction processes. Several key measures must be implemented.

Sediment plume management is crucial [123]. Technologies such as controlled suction
systems and localized sediment return mechanisms should be used to minimize disper-
sion [49].

Additionally, selective and controlled extraction should be prioritized, with mining
technologies developed to target only specific mineral-rich areas while avoiding unneces-
sary destruction of the surrounding environment [124]. This includes the use of precision
robotic mining tools instead of large-scale dredging.

Carbon cycle preservation is also vital, as deep-sea sediments play a crucial role in
long-term carbon sequestration [125]. The mining operations should ensure that the distur-
bance to the stored carbon is minimized, potentially through compensatory environmental
programs or carbon offset strategies. Furthermore, waste and chemical management fac-
tors must be addressed, with the mining operations avoiding the introduction of harmful
chemicals into deep-sea environments [126]. Closed-loop processing systems should be
developed to prevent the release of toxic waste.

Post-Mining Phase

After the mining operations are completed, habitat restoration and biodiversity recov-
ery efforts should be undertaken.

Since polymetallic nodules, which serve as habitats for deep-sea organisms, cannot
be replaced naturally within human timeframes, artificial substrate structures should
be introduced to promote recolonization [127]. Additionally, setting aside previously
mined regions as protected recovery zones can help facilitate the gradual return of marine
species [128]. Continuous research studies on these zones using underwater drones, sensor
networks, and satellite data will be mandatory to assess the long-term impacts of mining
and determine the effectiveness of restoration efforts. The adaptive management strategies
should be adjusted based on these findings.
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By adopting these strategies, deep-sea mining can align more closely with global
sustainability goals while ensuring the long-term health of marine ecosystems. How-
ever, without these measures, the risk of irreparable damage to deep-sea biodiversity and
ecological processes remains high.

5.2.2. Technological and Operational Developments

Developing low-impact mining technologies is critical to minimizing the ecological
harm in deep-sea environments [39,129]. Precision nodule collection systems, such as
advanced robotic harvesters equipped with AI-driven sensors (see Figure 9), can selectively
target polymetallic nodules while avoiding fragile seabed habitats [130].

 

Figure 9. Robot driven by AI-powered computer vision system for collecting deep-sea nodules [130].

These systems leverage real-time data to adjust operations related to their move-
ment, suction pressure, or gripper positioning, minimizing disturbances [131]. For in-
stance, adjustable spiral-flow hydraulic suction heads lift nodules while preserving sedi-
ments [132], and precision robotic grippers allow extraction in complex terrains without
collateral damage.

The use of swarm robotics, deploying small, coordinated robots, could further min-
imize the footprint of mining by replacing the large and disruptive underwater mining
machinery [133].

As stated above, sediment plume containment remains a major challenge, as disturbed
particles can smother marine life and spread toxic metals. Minimizing these impacts
during deep-sea mining requires the combination of engineering solutions, environmental
monitoring, and adaptive management strategies.

One of the most advanced approaches involves the use of precise sediment collection
and re-injection systems. With this method, the sediment dislodged during mining is
collected and re-deposited near the original excavation site rather than being allowed to
disperse into the mid-water column. This strategy, often called near-bottom discharge,
helps limit plume spread and retains the sediment within its native ecological zone, thereby
reducing the risk of long-distance ecological disruption [134].
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In parallel, the design of mining equipment plays a crucial role in minimizing plume
generation. Low-disturbance vehicles, such as suction-based collectors and track-mounted
systems that distribute weight evenly, reduce the extent to which the seafloor is disturbed
and limit the amount of sediment resuspension [135]. Some proposed solutions also include
the use of physical barriers, such as sediment curtains, which are already frequently used
in marine construction and dredging operations [136]. These are designed to contain
the plume within a localized area by slowing down water movement and encouraging
particles to settle quickly. Although promising, these containment technologies are still
largely experimental due to the complexities of operating such systems under high-pressure
deep-sea conditions.

Recent trials have demonstrated that integrating real-time plume monitoring with
adaptive mining equipment can radically reduce the sediment dispersion [137].

The role of AI-powered tools is critical in ensuring environmentally responsible mining.
AI-driven predictive models can optimize mining paths to avoid ecologically sensitive
areas, such as coral colonies or hydrothermal vent ecosystems, minimizing the disruption
to marine biodiversity [138]. Additionally, AUVs equipped with high-resolution cameras
and machine learning algorithms can map mining sites with centimeter-scale precision (see
Figure 10). These technologies enable the identification of biodiversity hotspots, which can
then be excluded from mining operations to preserve fragile ecosystems [139].

 

Figure 10. Mapping manganese nodules on the seafloor in the CCZ in a 2015 expedition with an
ROV KIEL 6000 (GEOMAR—Helmholtz Centre for Ocean Research Kiel, Kiel, Germany) remotely
operated vehicle [140].

Despite progress being made, scaling these technologies also requires resolving energy
constraints [141] and ensuring long-term durability in corrosive, high-pressure condi-
tions [142].

Collaboration between engineers, ecologists, and regulators is essential to align the
technological advancements with planetary stewardship goals. However, at this moment,
the greatest challenge facing deep-seabed mining research and development is the shortage
of both monetary and human resources. This includes the limited number of individuals
with the necessary expertise and insufficient funding to carry out the required work [74].

5.2.3. Regulatory and Governance Frameworks

All involved parties unanimously recognize that more effective regulation and gover-
nance frameworks than what currently exists are essential to ensuring that deep-sea mining
is conducted in a way that minimizes environmental harm while promoting equitable
economic benefits. Given the fragile and largely unexplored nature of deep-sea ecosystems,
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more stringent legal and institutional frameworks must be established to oversee mining
activities, enforce environmental protection, and uphold ethical resource distribution.

Unfortunately, the ISA currently lacks fully clear and comprehensive regulations
specifically governing deep-sea mining, which significantly limits the advancements in
this field [89]. Therefore, as quickly as possible, the ISA must take several critical steps to
address the challenges and opportunities associated with deep-sea mining [143]. These
actions are essential to ensure that deep-sea mining, if it proceeds, is conducted responsibly,
sustainably, and in alignment with global environmental and ethical standards.

First and foremost, the ISA must finalize and adopt comprehensive regulations for
the exploitation of deep-sea mineral resources. These regulations should go beyond the
existing exploration frameworks and address key issues such as environmental protection
standards, monitoring and enforcement mechanisms, liability for environmental damage,
and benefit-sharing mechanisms for all member states, particularly developing countries.
Without clear rules, commercial mining could proceed in a regulatory vacuum, risking
irreversible harm to marine ecosystems [144].

In addition to establishing regulations, the ISA must prioritize the precautionary
principle, ensuring that mining activities do not proceed without a thorough understanding
of their environmental impacts. This includes establishing the already mentioned marine
protected areas to safeguard biodiversity hotspots, requiring robust EIAs before any mining
activity is approved, and setting strict limits on the scale and scope of mining operations to
minimize ecological disruption [145].

Transparency and inclusivity are also critical. The ISA should ensure that its decision-
making processes are transparent and inclusive by engaging a wide range of stakeholders,
including scientists, environmental organizations, industry representatives, and member
states. Draft regulations, meeting minutes, and scientific data should be made publicly
accessible, and developing countries must have a meaningful voice in decision-making,
particularly in benefit-sharing discussions. Transparency builds trust and ensures that the
interests of all stakeholders, including future generations, are considered.

Scientific research is another priority. The ISA must invest in funding and collaboration
to fill critical knowledge gaps about deep-sea ecosystems and the potential impacts of
mining. This includes supporting independent research on deep-sea biodiversity, ecosystem
functions, and the long-term effects of mining, as well as developing baseline data to assess
environmental changes caused by mining activities. Informed decision-making requires a
solid scientific foundation, which is currently lacking in many deep-sea environments [146].

5.2.4. Scientific Precaution and Informed Decision-Making

Implementing a precautionary approach to deep-sea mining is crucial to preventing
irreversible ecological damage. Given the vast knowledge gaps regarding deep-sea ecosys-
tems, advocating for moratoriums until comprehensive baseline studies are conducted
is essential. These studies should assess biodiversity, ecosystem functions, and potential
long-term disturbances caused by mining activities.

Additionally, prioritizing independent research on the ecological impacts of deep-sea
mining will provide unbiased data to inform decision-making and regulatory frameworks.
Without a thorough understanding of these environments, proceeding with large-scale
extraction poses significant risks to marine biodiversity and the broader oceanic system.

6. Conclusions
The growing demand for critical materials essential to the green transition and sus-

tainable development has intensified concerns over supply shortages, prompting the
exploration of deep-sea mining as a potential solution. Undersea mineral deposits hold
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vast reserves of key elements required for clean energy technologies, electric vehicles,
and advanced industrial applications. However, while deep-sea mining presents an op-
portunity to diversify material sources and reduce the reliance on geopolitically unstable
supply chains, it also introduces significant environmental, technical, economic, and social
challenges that must be carefully addressed.

Technological advancements related to nodule collection, vertical transport, and sur-
face processing have made deep-sea mining increasingly viable, yet major uncertainties
remain regarding its environmental footprint and financial feasibility. There is the risk
of irreversible damage to the fragile and largely unexplored deep-sea ecosystems from
mining activities, and the current regulatory frameworks, led by the ISA, lack clarity and
comprehensive enforcement mechanisms. Moreover, the economic viability remains uncer-
tain due to the high operational costs, fluctuating commodity prices, and competition with
land-based mining and recycling initiatives.

To navigate this sustainability paradox, a balanced approach is required, one that
prioritizes responsible resource extraction while safeguarding marine ecosystems. The
pathways to solutions include the development of stricter regulatory and governance struc-
tures, advancements in environmentally conscious mining technologies, and a commitment
to precautionary scientific research. Land-based solutions such as improved recycling and
substitution efforts and more efficient material use should be prioritized wherever possible,
while deep-sea mining, if pursued, must adhere to rigorous environmental protection
standards, sustainable operational models, and equitable economic benefit-sharing.

Ultimately, deep-sea mining must be approached with caution, ensuring that tech-
nological progress does not come at the expense of ocean conservation. Only through a
holistic, science-driven, and ethically sound strategy can deep-sea mining contribute to a
truly sustainable future, balancing the urgent need for critical materials with the long-term
health of our planet’s marine environments.

It is important to note that all conclusions presented in this paper are based solely
on a synthesis of the published literature and do not represent personal viewpoints or
advocacy positions.

Funding: This research received no external funding.

Data Availability Statement: No original research data were created during this study; the presented
data are available through the cited sources.

Acknowledgments: This paper benefited from the linguistic and stylistic enhancements provided by
Microsoft Copilot, ensuring clarity, grammatical accuracy, and consistency.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Kirkby, J.; O’Keefe, P.; Timberlake, L. Sustainable Development: An Introduction. In The Earthscan Reader in Sustainable Development;

Routledge: Abingdon-on-Thames, UK, 2023; pp. 1–14.
2. Martins, L.S.; Guimarães, L.F.; Junior, A.B.B.; Tenório, J.A.S.; Espinosa, D.C.R. Electric car battery: An overview on global demand,

recycling and future approaches towards sustainability. J. Environ. Manag. 2021, 295, 113091. [CrossRef] [PubMed]
3. Bednarski, L. Lithium: The Global Race for Battery Dominance and the New Energy Revolution; Hurst Publishers: London, UK, 2021.
4. Jula, P.A.; Mákszem, B.; Gaidamac, T.; Popa, D.-C.; Szabó, L. Tackling risks in the supply chain of rare earth-based permanent

magnets used in electrical generators. In Proceedings of the International Conference on Clean Electrical Power (ICCEP’2023),
Terrasini, Italy, 27–29 June 2023; pp. 852–857. [CrossRef]

5. Szabó, L. A survey on modular variable reluctance generators for small wind turbines. IEEE Trans. Ind. Appl. 2019, 55, 2548–2557.
[CrossRef]

6. Popa, D.-C.; Szabó, L. Overcoming Catch-22 for rare earth metals in green transition: Solutions in electrical machine manufacturing.
Renew. Sustain. Energy Rev. 2025, 207, 114917. [CrossRef]

https://doi.org/10.1016/j.jenvman.2021.113091
https://www.ncbi.nlm.nih.gov/pubmed/34171777
https://doi.org/10.1109/ICCEP57914.2023.10247488
https://doi.org/10.1109/TIA.2019.2891730
https://doi.org/10.1016/j.rser.2024.114917


Sustainability 2025, 17, 6580 29 of 34

7. Artudean, D.; Aitonean, N.; Pârcălab, M.; Popa, D.-C.; Szabó, L. Strategic Resource Challenges in the Development of Smart
Cities. In Proceedings of the International Conference on Automation, Quality and Testing, Robotics (AQTR’2024), Cluj-Napoca,
Romania, 16–18 May 2024; IEEE: New York, NY, USA, 2024. [CrossRef]

8. U.S. Geological Survey. 2022 Final List of Critical Minerals. Available online: https://www.govinfo.gov/content/pkg/FR-2022-0
2-24/pdf/2022-04027.pdf (accessed on 21 February 2025).

9. European Commission. Proposal for a Regulation of the European Parliament and of the Council Establishing a Framework for Ensuring a
Secure and Sustainable Supply of Critical Raw Materials; European Commission: Brussels, Belgium, 2023. Available online: https:
//eur-lex.europa.eu/resource.html?uri=cellar:903d35cc-c4a2-11ed-a05c-01aa75ed71a1.0001.02/DOC_2&format=PDF (accessed
on 25 May 2025).

10. Chu, S. Critical Materials Strategy; Diane Publishing: Darby, PA, USA, 2011.
11. Vandycke, N.; Viegas, J.M. Sustainable Mobility in a Fast-changing World: From Concept to Action; Sustainable Development Goals

Series; Palgrave Macmillan: London, UK, 2022.
12. Golroudbary, S.R.; Lundström, M.; Wilson, B.P. Synergy of green energy technologies through critical materials circularity. Renew.

Sustain. Energy Rev. 2024, 191, 114180. [CrossRef]
13. Li, C.; Mogollón, J.M.; Tukker, A.; Dong, J.; von Terzi, D.; Zhang, C.; Steubing, B. Future material requirements for global

sustainable offshore wind energy development. Renew. Sustain. Energy Rev. 2022, 164, 112603. [CrossRef]
14. Klemeš, J.J.; Foley, A.; You, F.; Aviso, K.; Su, R.; Bokhari, A. Sustainable energy integration within the circular economy. Renew.

Sustain. Energy Rev. 2023, 177, 113143. [CrossRef]
15. Hmouda, A.M.; Orzes, G.; Sauer, P.C. Sustainable supply chain management in energy production: A literature review. Renew.

Sustain. Energy Rev. 2024, 191, 114085. [CrossRef]
16. Paulikas, D.; Katona, S.; Ilves, E.; Ali, S.H. Deep-sea nodules versus land ores: A comparative systems analysis of mining and

processing wastes for battery-metal supply chains. J. Ind. Ecol. 2022, 26, 2154–2177. [CrossRef]
17. Hein, J.R.; Koschinsky, A.; Kuhn, T. Deep-ocean polymetallic nodules as a resource for critical materials. Nat. Rev. Earth Environ.

2020, 1, 158–169. [CrossRef]
18. Sharma, R. Deep-Sea Mining. Resource Potential, Technical and Environmental Considerations; Springer: Cham, Switzerland, 2017.
19. Kalungi, P.; Yao, Z.; Huang, H. Aspects of nickel, cobalt and lithium, the three key elements for Li-ion batteries: An overview on

resources, demands, and production. Materials 2024, 17, 4389. [CrossRef] [PubMed]
20. Grobe, H. Manganese Nodules from the Baltic Sea. Available online: https://commons.m.wikimedia.org/wiki/File:Manganese-

nodule-02_hg.jpg (accessed on 4 March 2025).
21. Mittal, N.; Anand, S. Techno-economic perspective on processing of polymetallic ocean nodules. In Environmental Issues of

Deep-Sea Mining: Impacts, Consequences and Policy Perspectives; Sharma, R., Ed.; Springer: Cham, Switzerland, 2019; pp. 547–566.
22. Cronan, D.S. Cobalt-Rich Crusts: Recognition and Preliminary Evaluations. In Deep-Sea Minerals Developments in the 20th Century;

Springer: Berlin/Heidelberg, Germany, 2024; pp. 43–47.
23. Hein, J.R.; Mizell, K. Deep-Ocean Polymetallic Nodules and Cobalt-Rich Ferromanganese Crusts in the Global Ocean. In The

United Nations Convention on the Law of the Sea, Part XI Regime and the International Seabed Authority: A Twenty-Five Year Journey;
Ascencio-Herrera, A., Nordquist, M.H., Eds.; Brill: Leiden, The Netherlands, 2022; pp. 177–197.

24. Kuhn, T.; Wegorzewski, A.; Rühlemann, C.; Vink, A. Composition, Formation, and Occurrence of Polymetallic Nodules. In
Deep-Sea Mining: Resource Potential, Technical and Environmental Considerations; Sharma, R., Ed.; Springer: Cham, Switzerland, 2017;
pp. 23–63.

25. Borkovcová, K.; Novák, P. Possibilities of a direct synthesis of aluminum alloys with elements from deep-sea nodules. Materials
2022, 15, 4467. [CrossRef] [PubMed]

26. Subin Raj, V.; Sarun Lal, M.; Gowri, R.; Ramesh, S.; Ramesh, N.; Ramesh, R.; Deepak, V.; Vadivelan, A.; Ramadass, G. Assessment
of polymetallic nodules in the Central Indian Ocean Basin: Factors influencing distribution patterns through high-resolution
autonomous underwater vehicle (AUV) survey. Geo-Mar. Lett. 2025, 45, 7. [CrossRef]

27. Cronan, D.S. Deep-Sea Mining: Historical Perspectives. In Perspectives on Deep-Sea Mining: Sustainability, Technology, Environmental
Policy and Management; Sharma, R., Ed.; Springer Nature: Cham, Switzerland, 2022; pp. 4–13.

28. Fouquet, Y. SERPENTINE Cruise, RV Pourquoi Pas? Geo-Ocean. Available online: https://campagnes.flotteoceanographique.fr/
campagnes/7030030/ (accessed on 8 March 2025).

29. Petersen, S.; Krätschell, A.; Augustin, N.; Jamieson, J.; Hein, J.R.; Hannington, M.D. News from the seabed–Geological character-
istics and resource potential of deep-sea mineral resources. Mar. Policy 2016, 70, 175–187. [CrossRef]

30. Glasby, G.P. Manganese: Predominant Role of Nodules and Crusts. In Marine Geochemistry; Schulz, H.D., Zabel, M., Eds.; Springer
Science & Business Media: Berlin, Germany, 2006; pp. 371–427.

31. Okamoto, N.; Usui, A. Regional distribution of Co-rich ferromanganese crusts and evolution of the seamounts in the Northwestern
Pacific. Mar. Georesources Geotechnol. 2014, 32, 187–206. [CrossRef]

https://doi.org/10.1109/AQTR61889.2024.10554230
https://www.govinfo.gov/content/pkg/FR-2022-02-24/pdf/2022-04027.pdf
https://www.govinfo.gov/content/pkg/FR-2022-02-24/pdf/2022-04027.pdf
https://eur-lex.europa.eu/resource.html?uri=cellar:903d35cc-c4a2-11ed-a05c-01aa75ed71a1.0001.02/DOC_2&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:903d35cc-c4a2-11ed-a05c-01aa75ed71a1.0001.02/DOC_2&format=PDF
https://doi.org/10.1016/j.rser.2023.114180
https://doi.org/10.1016/j.rser.2022.112603
https://doi.org/10.1016/j.rser.2022.113143
https://doi.org/10.1016/j.rser.2023.114085
https://doi.org/10.1111/jiec.13225
https://doi.org/10.1038/s43017-020-0027-0
https://doi.org/10.3390/ma17174389
https://www.ncbi.nlm.nih.gov/pubmed/39274778
https://commons.m.wikimedia.org/wiki/File:Manganese-nodule-02_hg.jpg
https://commons.m.wikimedia.org/wiki/File:Manganese-nodule-02_hg.jpg
https://doi.org/10.3390/ma15134467
https://www.ncbi.nlm.nih.gov/pubmed/35806593
https://doi.org/10.1007/s00367-024-00794-1
https://campagnes.flotteoceanographique.fr/campagnes/7030030/
https://campagnes.flotteoceanographique.fr/campagnes/7030030/
https://doi.org/10.1016/j.marpol.2016.03.012
https://doi.org/10.1080/1064119X.2013.877110


Sustainability 2025, 17, 6580 30 of 34

32. Ren, J.; He, G.; Deng, X.; Deng, X.; Yang, Y.; Yao, H.; Yang, S. Metallogenesis of Co-rich ferromanganese nodules in the
northwestern Pacific: Selective enrichment of metallic elements from seawater. Ore Geol. Rev. 2022, 143, 104778. [CrossRef]

33. Farran, S. Deep-sea mining and the potential environmental cost of ‘going green’ in the Pacific. Environ. Law Rev. 2022, 24,
173–190. [CrossRef]

34. Szabó, L.; Artudean, D.; Jula, P.A. Unlocking Critical Materials for Sustainable Electric Technologies through Deep-Sea Mining. In
Proceedings of the International Conference on Engineering of Modern Electric Systems (EMES’2025), Oradea, Romania, 29–30
May 2025; IEEE: New York, NY, USA, 2025. [CrossRef]

35. Zhang, X.; Zuo, Y.; Wei, J.; Sha, F.; Yuan, Z.; Liu, X.; Xi, M.; Xu, J. A review on underwater collection and transportation equipment
of polymetallic nodules in deep-sea mining. J. Mar. Sci. Eng. 2024, 12, 788. [CrossRef]

36. File: Mining Implications Figure.Svg. Available online: https://commons.wikimedia.org/wiki/File:Mining_implications_figure.
svg (accessed on 28 February 2025).

37. Baron, R.P. TMC and Allseas Achieve Historic Milestone: Nodules Collected from the Seafloor and Lifted to the Production
Vessel Using 4 Km Riser During Pilot Trials in the Clarion Clipperton Zone for First Time Since the 1970s. Available online: https:
//investors.metals.co/news-releases/news-release-details/tmc-and-allseas-achieve-historic-milestone-nodules-collected (ac-
cessed on 9 March 2025).

38. Launching the Pilot Nodule Collector Vehicle. Available online: https://ml.globenewswire.com/Resource/Download/db48778
4-f0a0-46c7-bc54-4bb2aa333dfa (accessed on 6 March 2025).

39. Cheng, Y.; Dai, Y.; Zhang, Y.; Yang, C.; Liu, C. Status and prospects of the development of deep-sea polymetallic nodule-collecting
technology. Sustainability 2023, 15, 4572. [CrossRef]

40. Liu, B.; Wang, X.; Zhang, X.; Liu, J.; Rong, L.; Ma, Y. Research status of deep-sea polymetallic nodule collection technology. J. Mar.
Sci. Eng. 2024, 12, 744. [CrossRef]

41. Guo, X.; Fan, N.; Liu, Y.; Liu, X.; Wang, Z.; Xie, X.; Jia, Y. Deep seabed mining: Frontiers in engineering geology and environment.
Int. J. Coal Sci. Technol. 2023, 10, 23. [CrossRef]

42. Cui, W.; Lian, L.; Pan, G. Frontiers in deep-sea equipment and technology. J. Mar. Sci. Eng. 2023, 11, 715. [CrossRef]
43. Ma, W.; Zhang, K.; Du, Y.; Liu, X.; Shen, Y. Status of sustainability development of deep-sea mining activities. J. Mar. Sci. Eng.

2022, 10, 1508. [CrossRef]
44. De Bruyne, K.; Stoffers, H.; Flamen, S.; De Beuf, H.; Taymans, C.; Smith, S.; Van Nijen, K. A Precautionary Approach to Developing

Nodule Collector Technology. In Perspectives on Deep-Sea Mining: Sustainability, Technology, Environmental Policy and Management;
Sharma, R., Ed.; Springer: Cham, Switzerland, 2022; pp. 137–165.

45. A Battery in a Rock. Polymetallic Nodules Are the Cleanest Path Toward Electric Vehicles. Available online: https://metals.co/
nodules (accessed on 28 February 2025).

46. Bazzarello, L. Underwater Surveillance with Maritime Unmanned Systems: Usage of Artificial Intelligence Against the Threat of
Mines. Ph.D. Thesis, University of Pisa, Pisa, Italy, 2023. Available online: https://etd.adm.unipi.it/theses/available/etd-120120
23-104328/unrestricted/TesiBazzarello.pdf (accessed on 21 February 2025).

47. Agarwala, N. Using robotics to achieve ocean sustainability during the exploration phase of deep seabed mining. Mar. Technol.
Soc. J. 2023, 57, 130–150. [CrossRef]

48. Jones, D.O.; Arias, M.B.; Van Audenhaege, L.; Blackbird, S.; Boolukos, C.; Bribiesca-Contreras, G.; Copley, J.T.; Dale, A.; Evans,
S.; Fleming, B.F. Long-term impact and biological recovery in a deep-sea mining track. Nature 2025, 642, 112–118. [CrossRef]
[PubMed]

49. van Smirren, J.; Banks, A.; Foster, T.; Clarke, M.; Marsh, L.; Allen, K. Observing deep water sediment plumes using mobile and
seabed deployed instrumentation. In Proceedings of the Offshore Technology Conference (OTC’2024), Houston, TX, USA, 6–8
May 2024; p. D021S023R006. [CrossRef]

50. Li, T.; Tian, Y.; Xue, Y. Predicting the Future Development Trends of Intelligent Deep-sea Super-large Ocean Ranches Empowered
by AI. Eng. Solut. Mech. Mar. Struct. Infrastruct. 2024, 1, 9.

51. Ali, A.; Rani, M.S.; Pandiyan, S.; Shaheen, H. Exploring the Depths-Comprehensive Insights into Deep Sea Mining and Its
Implications for Ecosystems, Technologies, and Sustainability. In Technological Advancements for Deep Sea Ecosystem Conservation
and Exploration; Vignesh, U., Parvathi, R., Eds.; IGI Global Scientific Publishing: Hershey, PA, USA, 2025; pp. 149–174.

52. Guo, Y. Resolving critical raw materials supply crisis with microwave/RF-assisted collection of seafloor nodules. IEEE Microw.
Mag. 2025, 26, 83–94. [CrossRef]

53. Du, K.; Xi, W.; Huang, S.; Zhou, J. Deep-sea mineral resource mining: A historical review, developmental progress, and insights.
Min. Metall. Explor. 2024, 41, 173–192. [CrossRef]

54. Kaksonen, A.H.; Petersen, J. The future of biomining: Towards sustainability in a metal-demanding world. In Biomining
Technologies: Extracting and Recovering Metals from Ores and Wastes; Johnson, D.B., Bryan, C.G., Schlömann, M., Roberto, F.F., Eds.;
Springer: Cham, Switzerland, 2023; pp. 295–314.

55. Shu, W.-S.; Huang, L.-N. Microbial diversity in extreme environments. Nat. Rev. Microbiol. 2022, 20, 219–235. [CrossRef] [PubMed]

https://doi.org/10.1016/j.oregeorev.2022.104778
https://doi.org/10.1177/14614529221114947
https://doi.org/10.1109/EMES65692.2025.11045575
https://doi.org/10.3390/jmse12050788
https://commons.wikimedia.org/wiki/File:Mining_implications_figure.svg
https://commons.wikimedia.org/wiki/File:Mining_implications_figure.svg
https://investors.metals.co/news-releases/news-release-details/tmc-and-allseas-achieve-historic-milestone-nodules-collected
https://investors.metals.co/news-releases/news-release-details/tmc-and-allseas-achieve-historic-milestone-nodules-collected
https://ml.globenewswire.com/Resource/Download/db487784-f0a0-46c7-bc54-4bb2aa333dfa
https://ml.globenewswire.com/Resource/Download/db487784-f0a0-46c7-bc54-4bb2aa333dfa
https://doi.org/10.3390/su15054572
https://doi.org/10.3390/jmse12050744
https://doi.org/10.1007/s40789-023-00580-x
https://doi.org/10.3390/jmse11040715
https://doi.org/10.3390/jmse10101508
https://metals.co/nodules
https://metals.co/nodules
https://etd.adm.unipi.it/theses/available/etd-12012023-104328/unrestricted/TesiBazzarello.pdf
https://etd.adm.unipi.it/theses/available/etd-12012023-104328/unrestricted/TesiBazzarello.pdf
https://doi.org/10.4031/MTSJ.57.1.15
https://doi.org/10.1038/s41586-025-08921-3
https://www.ncbi.nlm.nih.gov/pubmed/40139245
https://doi.org/10.4043/35057-MS
https://doi.org/10.1109/MMM.2025.3534600
https://doi.org/10.1007/s42461-023-00909-9
https://doi.org/10.1038/s41579-021-00648-y
https://www.ncbi.nlm.nih.gov/pubmed/34754082


Sustainability 2025, 17, 6580 31 of 34

56. Štyriaková, D.; Štyriaková, I.; Šuba, J.; Baláž, P.; Abramowski, T. Bioleaching test of polymetallic nodule samples from the IOM
exploration area. Minerals 2022, 12, 1373. [CrossRef]

57. Leng, D.; Shao, S.; Xie, Y.; Wang, H.; Liu, G. A brief review of recent progress on deep sea mining vehicle. Ocean Eng. 2021, 228,
108565. [CrossRef]

58. Williksen, F.S.Q. A Study of Deep Sea Mining Electrical Power System Topologies. Ph.D. Thesis, Norwegian University of Science
and Technology, Trondheim, Norway, 2017. Available online: https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/
2452623/17043_FULLTEXT.pdf (accessed on 13 February 2025).

59. Ullah, I.; Ali, F.; Sharafian, A.; Ali, A.; Naeem, H.Y.; Bai, X. Optimizing underwater connectivity through multi-attribute
decision-making for underwater IoT deployments using remote sensing technologies. Front. Mar. Sci. 2024, 11, 1468481.
[CrossRef]

60. Chen, X.; Chen, Y.; Wu, X.; Zhu, P.; Yang, L. Optimizing energy efficiency in deep-sea mining: A study on swirling flow
transportation of double-size mineral particles. Energies 2024, 17, 4240. [CrossRef]

61. French, R. Museums Victoria Photo: Batfish (Coelophrys micropa). Available online: https://museumsvictoria.com.au/media/
18534/boggle-eye-batfish.jpeg (accessed on 9 March 2025).

62. Dalbéra, J.-P. L’exposition Abysses au Museum (Paris). Available online: https://www.flickr.com/photos/dalbera/2272136582
/sizes/l/ (accessed on 6 March 2025).

63. McCauley, D.; Amon, D. The Risks of Deep-Sea Mining Are Not Fully Understood—Here’s Why That Matters. Available
online: https://www.weforum.org/stories/2022/07/take-a-deep-dive-into-how-deep-sea-mining-could-threaten-our-oceans/
(accessed on 16 February 2024).

64. Peacock, T.; Ouillon, R. The fluid mechanics of deep-sea mining. Annu. Rev. Fluid Mech. 2023, 55, 403–430. [CrossRef]
65. Muñoz-Royo, C.; Ouillon, R.; El Mousadik, S.; Alford, M.H.; 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.
[CrossRef] [PubMed]

66. Vanreusel, A.; Hilario, A.; Ribeiro, P.A.; Menot, L.; Arbizu, P.M. Threatened by mining, polymetallic nodules are required to
preserve abyssal epifauna. Sci. Rep. 2016, 6, 26808. [CrossRef] [PubMed]

67. Deep Sea Mining. Available online: https://www.arcticwwf.org/threats/deep-sea-mining/ (accessed on 4 March 2025).
68. Williams, R.; Erbe, C.; Duncan, A.; Nielsen, K.; Washburn, T.; Smith, C. Noise from deep-sea mining may span vast ocean areas.

Science 2022, 377, 157–158. [CrossRef] [PubMed]
69. Hauton, C.; Brown, A.; Thatje, S.; Mestre, N.C.; Bebianno, M.J.; Martins, I.; Bettencourt, R.; Canals, M.; Sanchez-Vidal, A.; Shillito,

B. Identifying toxic impacts of metals potentially released during deep-sea mining—A synthesis of the challenges to quantifying
risk. Front. Mar. Sci. 2017, 4, 368. [CrossRef]

70. Sitlhou, L.; Chakraborty, P. Comparing deep-sea polymetallic nodule mining technologies and evaluating their probable impacts
on deep-sea pollution. Mar. Pollut. Bull. 2024, 206, 116762. [CrossRef] [PubMed]

71. Sweetman, A.K.; Smith, A.J.; de Jonge, D.S.; Hahn, T.; Schroedl, P.; Silverstein, M.; Andrade, C.; Edwards, R.L.; Lough, A.J.;
Woulds, C.; et al. Evidence of dark oxygen production at the abyssal seafloor. Nat. Geosci. 2024, 17, 737–739. [CrossRef]

72. Hautala, L. Deep Sea “Dark Oxygen” Poses Questions for Mining. Metallic Seafloor Nodules May Play a Vital Role in Marine
Ecosystems. IEEE Spectr. 2024, 61, 10–11. [CrossRef]

73. Aguzzi, J.; Thomsen, L.; Flögel, S.; Robinson, N.J.; Picardi, G.; Chatzievangelou, D.; Bahamon, N.; Stefanni, S.; Grinyó, J.; Fanelli,
E. New technologies for monitoring and upscaling marine ecosystem restoration in deep-sea environments. Engineering 2024, 34,
195–211. [CrossRef]

74. Amon, D.J.; Gollner, S.; Morato, T.; Smith, C.R.; Chen, C.; Christiansen, S.; Currie, B.; Drazen, J.C.; Fukushima, T.; Gianni, M.
Assessment of scientific gaps related to the effective environmental management of deep-seabed mining. Mar. Policy 2022, 138,
105006. [CrossRef]

75. Lins, L.; Zeppilli, D.; Menot, L.; Michel, L.N.; Bonifácio, P.; Brandt, M.; Pape, E.; Rossel, S.; Uhlenkott, K.; Macheriotou, L.; et al.
Toward a reliable assessment of potential ecological impacts of deep-sea polymetallic nodule mining on abyssal infauna. Limnol.
Oceanogr. Methods 2021, 19, 626–650. [CrossRef]

76. Singh, T.R.P. A Comparative Economic Scenario of Nodule Mining in Pacific and Indian Oceans, Associated Challenges and Their
Prospects. In Deep-Sea Mining and the Water Column. Advances, Monitoring and Related Issues; Sharma, R., Ed.; Springer Nature:
Cham, Switzerland, 2024; pp. 571–587.

77. Manganese X PEA Outlines Battery Hill Mine with $486m NPV, 25% IRR. Available online: https://www.mining.com/manganese-
x-pea-outlines-battery-hill-mine-with-us486m-npv-25-irr/ (accessed on 16 April 2025).

78. Planet Tracker. Deep Sea Mining, Financial Risk & Reward, Greenwashing, Policy, Equity. In The Sky High Cost of Deep Sea
Mining; Planet Tracker: London, UK, 2023. Available online: https://planet-tracker.org/wp-content/uploads/2023/06/Deep-
Sea-Mining.pdf (accessed on 16 April 2025).

https://doi.org/10.3390/min12111373
https://doi.org/10.1016/j.oceaneng.2020.108565
https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/2452623/17043_FULLTEXT.pdf
https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/2452623/17043_FULLTEXT.pdf
https://doi.org/10.3389/fmars.2024.1468481
https://doi.org/10.3390/en17174240
https://museumsvictoria.com.au/media/18534/boggle-eye-batfish.jpeg
https://museumsvictoria.com.au/media/18534/boggle-eye-batfish.jpeg
https://www.flickr.com/photos/dalbera/2272136582/sizes/l/
https://www.flickr.com/photos/dalbera/2272136582/sizes/l/
https://www.weforum.org/stories/2022/07/take-a-deep-dive-into-how-deep-sea-mining-could-threaten-our-oceans/
https://doi.org/10.1146/annurev-fluid-031822-010257
https://doi.org/10.1126/sciadv.abn1219
https://www.ncbi.nlm.nih.gov/pubmed/36129971
https://doi.org/10.1038/srep26808
https://www.ncbi.nlm.nih.gov/pubmed/27245847
https://www.arcticwwf.org/threats/deep-sea-mining/
https://doi.org/10.1126/science.abo2804
https://www.ncbi.nlm.nih.gov/pubmed/35857571
https://doi.org/10.3389/fmars.2017.00368
https://doi.org/10.1016/j.marpolbul.2024.116762
https://www.ncbi.nlm.nih.gov/pubmed/39098134
https://doi.org/10.1038/s41561-024-01480-8
https://doi.org/10.1109/MSPEC.2024.10705386
https://doi.org/10.1016/j.eng.2023.10.012
https://doi.org/10.1016/j.marpol.2022.105006
https://doi.org/10.1002/lom3.10448
https://www.mining.com/manganese-x-pea-outlines-battery-hill-mine-with-us486m-npv-25-irr/
https://www.mining.com/manganese-x-pea-outlines-battery-hill-mine-with-us486m-npv-25-irr/
https://planet-tracker.org/wp-content/uploads/2023/06/Deep-Sea-Mining.pdf
https://planet-tracker.org/wp-content/uploads/2023/06/Deep-Sea-Mining.pdf


Sustainability 2025, 17, 6580 32 of 34

79. United Nations. Transforming Our World: The 2030 Agenda for Sustainable Development; United Nations: New York, NY, USA, 2015.
Available online: https://undocs.org/en/A/RES/70/1 (accessed on 12 February 2025).

80. Pedersen, C.S. The UN sustainable development goals (SDGs) are a great gift to business! Procedia CIRP 2018, 69, 21–24. [CrossRef]
81. United Nations. The Paris Agreement; United Nations: New York, NY, USA, 2015. Available online: https://unfccc.int/sites/

default/files/english_paris_agreement.pdf (accessed on 22 February 2025).
82. UN Office for Disaster Risk Reduction. What Is the Sendai Framework for Disaster Risk Reduction? UN Office for Disaster Risk

Reduction: New York, NY, USA, 2015. Available online: https://www.undrr.org/media/16176/download (accessed on 21
February 2025).

83. Lodge, M. The International Seabed Authority and deep seabed mining. UN Chron. 2017, 54, 44–46. [CrossRef]
84. Ryabinin, V.; Barbière, J.; Haugan, P.; Kullenberg, G.; Smith, N.; McLean, C.; Troisi, A.; Fischer, A.; Aricò, S.; Aarup, T. The UN

decade of ocean science for sustainable development. Front. Mar. Sci. 2019, 6, 470. [CrossRef]
85. Intergovernmental Oceanographic Commission of UNESCO. The United Nations Decade of Ocean Science for Sustainable Development

(2021–2030): Implementation Plan; Intergovernmental Oceanographic Commission of UNESCO: Paris, France, 2021. Available
online: https://unesdoc.unesco.org/ark:/48223/pf0000377082 (accessed on 23 February 2025).

86. International Seabed Authority (ISA). Decision of the Council of the International Seabed Authority Relating to Amendments to the
Regulations on Prospecting and Exploration for Polymetallic Nodules in the Area and Related Matters; International Seabed Authority
(ISA): Kingston, Jamaica, 2013. Available online: https://www.isa.org.jm/wp-content/uploads/2022/04/isba-19c-17_0-2.pdf
(accessed on 21 February 2025).

87. International Seabed Authority (ISA). Decision of the Assembly of the International Seabed Authority Relating to the Regulations on
Prospecting and Exploration for Polymetallic Sulphides in the Area; International Seabed Authority (ISA): Kingston, Jamaica, 2010.
Available online: https://www.isa.org.jm/wp-content/uploads/2022/04/isba-16a-12rev1_0.pdf (accessed on 21 February 2025).

88. International Seabed Authority (ISA). Decision of the Assembly of the International Seabed Authority Relating to the Regulations on
Prospecting and Exploration for Cobalt-Rich Ferromanganese Crusts in the Area; International Seabed Authority (ISA): Kingston,
Jamaica, 2012. Available online: https://www.isa.org.jm/wp-content/uploads/2022/04/isba-18a-11_0.pdf (accessed on 21
February 2025).

89. The Mining Code: Recommendations. Available online: https://www.isa.org.jm/mining-code-recommendations/ (accessed on
12 February 2025).

90. Blanchard, C.; Harrould-Kolieb, E.; Jones, E.; Taylor, M.L. The current status of deep-sea mining governance at the International
Seabed Authority. Mar. Policy 2023, 147, 105396. [CrossRef]

91. Matcha, G. The new age of mining: ISA’s vision of the deep seabed mining. Penn State J. Law Int. Aff. 2024, 12, 101–127.
92. Willaert, K. Under pressure: The impact of invoking the two year rule within the context of deep sea mining in the area. Int. J.

Mar. Coast. Law 2021, 36, 505–513. (In English) [CrossRef]
93. Ali, S.H. Environmental governance and moratoria debates on sea nodules mining. Mar. Technol. Soc. J. 2021, 55, 108–109.

[CrossRef]
94. Murdock, R. Deep Sea Mining and the Green Transition. Available online: https://hir.harvard.edu/deep-sea-mining-and-the-

green-transition/ (accessed on 19 February 2025).
95. Canada’s Position on Seabed Mining in Areas Beyond National Jurisdiction. Available online: https://www.canada.ca/en/

global-affairs/news/2023/07/canadas-position-on-seabed-mining-in-areas-beyond-national-jurisdiction.html (accessed on 9
March 2024).

96. Mika, T. Deep Sea Dilemma: Cook Islanders Weigh the Cost of Mineral Riches. Available online: https://www.cookislandsnews.
com/internal/features/in-depth/deep-sea-dilemma-cook-islanders-weigh-the-cost-of-mineral-riches/ (accessed on 21 February
2025).

97. Popa, D.-C.; Szabó, L. Securing Rare Earth Permanent Magnet Needs for Sustainable Energy Initiatives. Materials 2024, 17, 5442.
[CrossRef] [PubMed]

98. Ali, S.H. Deep-sea mining opponents: There’s no free lunch when it comes to clean energy. Nature 2024, 626, 480. [CrossRef]
[PubMed]

99. Hallgren, A.; Hansson, A. Conflicting narratives of deep sea mining. Sustainability 2021, 13, 5261. [CrossRef]
100. Kasanawaqa, V.; Namuaira, A.; Mara, S. Deep-sea mining in Pacific small island developing states: The role of civil society

organizations. In Handbook of Civil Society and Social Movements in Small States; Briguglio, L., Briguglio, M., Bunwaree, S., Slatter,
C., Eds.; Routledge: London, UK, 2023; pp. 93–104.

101. Diver, C. The Pacific Islands region and seabed mining. In Routledge Handbook of Seabed Mining and the Law of the Sea; Tassin, V.,
Ed.; Routledge: London, UK, 2023; pp. 314–323.

102. Hvinden, I.S. To mine or not to mine the deep seabed? The relative influence of competing NGO views in defining “serious harm”
to the marine environment. Marit. Stud. 2024, 23, 11. [CrossRef]

https://undocs.org/en/A/RES/70/1
https://doi.org/10.1016/j.procir.2018.01.003
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://www.undrr.org/media/16176/download
https://doi.org/10.18356/ea0e574d-en
https://doi.org/10.3389/fmars.2019.00470
https://unesdoc.unesco.org/ark:/48223/pf0000377082
https://www.isa.org.jm/wp-content/uploads/2022/04/isba-19c-17_0-2.pdf
https://www.isa.org.jm/wp-content/uploads/2022/04/isba-16a-12rev1_0.pdf
https://www.isa.org.jm/wp-content/uploads/2022/04/isba-18a-11_0.pdf
https://www.isa.org.jm/mining-code-recommendations/
https://doi.org/10.1016/j.marpol.2022.105396
https://doi.org/10.1163/15718085-bja10068
https://doi.org/10.4031/MTSJ.55.6.11
https://hir.harvard.edu/deep-sea-mining-and-the-green-transition/
https://hir.harvard.edu/deep-sea-mining-and-the-green-transition/
https://www.canada.ca/en/global-affairs/news/2023/07/canadas-position-on-seabed-mining-in-areas-beyond-national-jurisdiction.html
https://www.canada.ca/en/global-affairs/news/2023/07/canadas-position-on-seabed-mining-in-areas-beyond-national-jurisdiction.html
https://www.cookislandsnews.com/internal/features/in-depth/deep-sea-dilemma-cook-islanders-weigh-the-cost-of-mineral-riches/
https://www.cookislandsnews.com/internal/features/in-depth/deep-sea-dilemma-cook-islanders-weigh-the-cost-of-mineral-riches/
https://doi.org/10.3390/ma17225442
https://www.ncbi.nlm.nih.gov/pubmed/39597266
https://doi.org/10.1038/d41586-024-00404-1
https://www.ncbi.nlm.nih.gov/pubmed/38351335
https://doi.org/10.3390/su13095261
https://doi.org/10.1007/s40152-023-00345-x


Sustainability 2025, 17, 6580 33 of 34

103. Agarwala, N. Advances by China in deep Seabed mining and its security implications for India. Aust. J. Marit. Ocean Aff. 2021,
13, 94–112. [CrossRef]

104. de Freitas Netto, S.V.; Sobral, M.F.F.; Ribeiro, A.R.B.; Soares, G.R.d.L. Concepts and forms of greenwashing: A systematic review.
Environ. Sci. Eur. 2020, 32, 19. [CrossRef]

105. Alam, L.; Pradhoshini, K.P.; Flint, R.A.; Sumaila, U.R. Deep-sea mining and its risks for social-ecological systems: Insights from
simulation-based analyses. PLoS ONE 2025, 20, e0320888. [CrossRef] [PubMed]

106. Deep-Sea Mining Risks Leads Study to Urge Shift to Circular Solutions. Available online: https://oceans.ubc.ca/2025/04/14
/deep-sea-mining-risks-leads-study-to-urge-shift-to-circular-solutions/ (accessed on 21 June 2025).

107. Dingwall, J. International Law and Corporate Actors in Deep Seabed Mining; Oxford University Press: Oxford, UK, 2021.
108. Morgera, E. Participation of Indigenous peoples in decision making over deep-seabed mining. Am. J. Int. Law 2024, 118, 93–97.

[CrossRef]
109. Howard, P.; Parker, G.; Jenner, N.; Holland, T. An Assessment of the Risks and Impacts of Seabed Mining on Marine Ecosystems;

Fauna and Flora International: Cambridge, UK, 2020; Volume 336. Available online: https://www.fauna-flora.org/wp-content/
uploads/2023/05/FFI_2020_The-risks-impacts-deep-seabed-mining_Report.pdf (accessed on 27 February 2025).

110. Szabó, L.; Fodor, D. The key role of 3D printing technologies in the further development of electrical machines. Machines 2022, 10,
330. [CrossRef]

111. Rezaei, M.; Nekahi, A.; Feyzi, E.; MR, A.K.; Nanda, J.; Zaghib, K. Advancing the Circular Economy by Driving Sustainable Urban
Mining of End-of-Life Batteries and Technological Advancements. Energy Storage Mater. 2025, 75, 104035. [CrossRef]

112. Cerrillo-Gonzalez, M.d.M.; Villen-Guzman, M.; Vereda-Alonso, C.; Rodriguez-Maroto, J.M.; Paz-Garcia, J.M. Towards sustainable
lithium-ion battery recycling: Advancements in circular hydrometallurgy. Processes 2024, 12, 1485. [CrossRef]

113. Nnaemeka, I.C.; Nonso, U.C.; Ikechukwu, O.M.; Anezichukwu, A.F.; Ikechukwu, N.A.; Chukwudi, E.B.; Chisom, M.K.;
Ifeanyichukwu, O.T.; Chinelo, O.S. Examining the efficiency of microbe-assisted metal extraction: A review of bio-
hydrometallurgical leaching techniques. Hybrid Adv. 2025, 9, 100407. [CrossRef]

114. Larouche, F.; Tedjar, F.; Amouzegar, K.; Houlachi, G.; Bouchard, P.; Demopoulos, G.P.; Zaghib, K. Progress and status of
hydrometallurgical and direct recycling of Li-ion batteries and beyond. Materials 2020, 13, 801. [CrossRef] [PubMed]

115. El Jalbout, S.; Keivanpour, S. Development of a body of knowledge for design for disassembly and recycling of high-tech products:
A case study on lithium-ion batteries. J. Ind. Prod. Eng. 2024, 41, 19–39. [CrossRef]

116. Mallick, S.; Patel, A.; Paranthaman, M.P.; Mugumya, J.H.; Kim, S.; Rasche, M.L.; Jiang, M.; Lopez, H.; Gupta, R.B. An overview of
various critical aspects of low-cobalt/cobalt-free Li-ion battery cathodes. Sustain. Energy Fuels 2025, 9, 724–738. [CrossRef]

117. Sharma, R. (Ed.) Perspectives on Deep-Sea Mining: Sustainability, Technology, Environmental Policy and Management; Springer Nature:
Cham, Switzerland, 2022.

118. Wang, C.; Liu, D.; Chen, J.; Li, C.; Yu, Y. Preliminary assessment of environmentally friendly mining options based on various
mineral resources—A case study of the Clarion-Clipperton fracture zone in Pacific. Sustainability 2024, 16, 7872. [CrossRef]

119. Durden, J.M.; Lallier, L.E.; Murphy, K.; Jaeckel, A.; Gjerde, K.; Jones, D.O. Environmental Impact Assessment process for deep-sea
mining in ‘the Area’. Mar. Policy 2018, 87, 194–202. [CrossRef]

120. Harvey, M.S.; Ralph, G.M.; Polidoro, B.A.; Maxwell, S.M.; Carpenter, K.E. Identifying key biodiversity areas as marine conserva-
tion priorities in the greater Caribbean. Biodivers. Conserv. 2021, 30, 4039–4059. [CrossRef]

121. Jaeckel, A. Strategic environmental planning for deep seabed mining in the area. Mar. Policy 2020, 114, 103423. [CrossRef]
122. Paterson, G.L.J. Deep Sea Mining: Environmental Monitoring Assessment Challenges; International Seabed Authority (ISA): Kingston,

Jamaica, 2020. Available online: https://www.isa.org.jm/wp-content/uploads/2022/12/GPaterson-1.pdf (accessed on 21
February 2025).

123. Spearman, J.; Taylor, J.; Crossouard, N.; Cooper, A.; Turnbull, M.; Manning, A.; Lee, M.; Murton, B. Measurement and modelling
of deep sea sediment plumes and implications for deep sea mining. Sci. Rep. 2020, 10, 5075. [CrossRef] [PubMed]

124. Ju, J.; Feng, Y.; Li, H.; Xue, Z.; Ma, R.; Li, Y. Research advances, challenges and perspectives for recovering valuable metals from
deep-sea ferromanganese minerals: A comprehensive review. Sep. Purif. Technol. 2023, 315, 123626. [CrossRef]

125. Orcutt, B.N.; Bradley, J.A.; Brazelton, W.J.; Estes, E.R.; Goordial, J.M.; Huber, J.A.; Jones, R.M.; Mahmoudi, N.; Marlow, J.J.;
Murdock, S. Impacts of deep-sea mining on microbial ecosystem services. Limnol. Oceanogr. 2020, 65, 1489–1510. [CrossRef]

126. Vare, L.L.; Baker, M.C.; Howe, J.A.; Levin, L.A.; Neira, C.; Ramirez-Llodra, E.Z.; Reichelt-Brushett, A.; Rowden, A.A.; Shimmield,
T.M.; Simpson, S.L. Scientific considerations for the assessment and management of mine tailings disposal in the deep sea. Front.
Mar. Sci. 2018, 5, 17. [CrossRef]

127. Cuvelier, D.; Gollner, S.; Jones, D.O.; Kaiser, S.; Arbizu, P.M.; Menzel, L.; Mestre, N.C.; Morato, T.; Pham, C.; Pradillon, F. Potential
mitigation and restoration actions in ecosystems impacted by seabed mining. Front. Mar. Sci. 2018, 5, 467. [CrossRef]

128. Jones, D.O.; Ardron, J.A.; Colaço, A.; Durden, J.M. Environmental considerations for impact and preservation reference zones for
deep-sea polymetallic nodule mining. Mar. Policy 2020, 118, 103312. [CrossRef]

https://doi.org/10.1080/18366503.2021.1871810
https://doi.org/10.1186/s12302-020-0300-3
https://doi.org/10.1371/journal.pone.0320888
https://www.ncbi.nlm.nih.gov/pubmed/40153411
https://oceans.ubc.ca/2025/04/14/deep-sea-mining-risks-leads-study-to-urge-shift-to-circular-solutions/
https://oceans.ubc.ca/2025/04/14/deep-sea-mining-risks-leads-study-to-urge-shift-to-circular-solutions/
https://doi.org/10.1017/aju.2024.12
https://www.fauna-flora.org/wp-content/uploads/2023/05/FFI_2020_The-risks-impacts-deep-seabed-mining_Report.pdf
https://www.fauna-flora.org/wp-content/uploads/2023/05/FFI_2020_The-risks-impacts-deep-seabed-mining_Report.pdf
https://doi.org/10.3390/machines10050330
https://doi.org/10.1016/j.ensm.2025.104035
https://doi.org/10.3390/pr12071485
https://doi.org/10.1016/j.hybadv.2025.100407
https://doi.org/10.3390/ma13030801
https://www.ncbi.nlm.nih.gov/pubmed/32050558
https://doi.org/10.1080/21681015.2023.2262467
https://doi.org/10.1039/D4SE01206B
https://doi.org/10.3390/su16177872
https://doi.org/10.1016/j.marpol.2017.10.013
https://doi.org/10.1007/s10531-021-02291-8
https://doi.org/10.1016/j.marpol.2019.01.012
https://www.isa.org.jm/wp-content/uploads/2022/12/GPaterson-1.pdf
https://doi.org/10.1038/s41598-020-61837-y
https://www.ncbi.nlm.nih.gov/pubmed/32193479
https://doi.org/10.1016/j.seppur.2023.123626
https://doi.org/10.1002/lno.11403
https://doi.org/10.3389/fmars.2018.00017
https://doi.org/10.3389/fmars.2018.00467
https://doi.org/10.1016/j.marpol.2018.10.025


Sustainability 2025, 17, 6580 34 of 34

129. Kang, Y.; Liu, S. The development history and latest progress of deep-sea polymetallic nodule mining technology. Minerals 2021,
11, 1132. [CrossRef]

130. Eureka 1 Autonomous Underwater Vehicle: A Landmark in Sustainable Harvesting. Available online: https://impossiblemetals.
com/technology/eureka-1-autonomous-underwater-vehicle-a-landmark-in-sustainable-harvesting/ (accessed on 2 March 2025).

131. Zhang, Y.; Dai, Y.; Zhu, X. Numerical investigation of recommended operating parameters considering movement of polymetallic
nodule particles during hydraulic lifting of deep-sea mining pipeline. Sustainability 2023, 15, 4248. [CrossRef]

132. Zhao, G.; Xiao, L.; Yue, Z.; Liu, M.; Peng, T.; Zhao, W. Performance characteristics of nodule pick-up device based on spiral flow
principle for deep-sea hydraulic collection. Ocean Eng. 2021, 226, 108818. [CrossRef]

133. Gallucci, M. Autonomous Robots Could Mine the Deep Seafloor. Pliant Energy Says Its C-Ray Robot Could be a Less Invasive
Tool for Ocean Mining. Available online: https://spectrum.ieee.org/autonomous-robots-could-mine-the-deep-seafloor (accessed
on 2 March 2025).

134. Sha, F.; Xi, M.; Wen, Z.; Chen, X.; Zuo, Y.; Xu, J.; Zhang, M.; Niu, H. A review on plumes generation and evolution mechanism
during deep-sea polymetallic nodules mining. Ocean Eng. 2024, 298, 117188. [CrossRef]

135. Jiang, M.; Chen, B.; Li, K. Analysis of Fluid Suction Characteristics of Polyhedral Particles in Deep-Sea Hydraulic Collection
Method. J. Mar. Sci. Eng. 2024, 12, 1543. [CrossRef]

136. Eke, C.; Frank, U.; Ahaji, V.; Ezeh, P.; Amadi, C.; Okeke, O. Dredging of Harbours and Rivers: Review of Practices and Associated
Environmental Impacts. IIARD Int. J. Geogr. Environ. Manag. 2023, 9, 22–36. [CrossRef]

137. Mons, I.; Mansfeld, A.; Boulais, O.; Veedu, V.; Mrozewski, S.; Elshahawi, H. Distributed real-time plume monitoring for deep
sea mineral extraction. In Proceedings of the Offshore Technology Conference (OTC’2022), Houston, TX, USA, 2–5 May 2022;
p. D021S019R003.

138. Chen, Q.; Yang, J.; Zhao, W.; Tao, L.; Mao, J.; Lu, C. AI-based dynamic avoidance in deep-sea mining. Ocean Eng. 2024, 311,
118945. [CrossRef]

139. Almeida, J.; Ferreira, A.; Matias, B.; Dias, A.; Martins, A.; Silva, F.; Oliveira, J.; Sousa, P.; Moreira, M.; Miranda, T. Air and
underwater survey of water enclosed spaces for vamos! project. In Proceedings of the MTS/IEEE OCEANS’16 Conference,
Monterey, CA, USA, 19–23 September 2016; IEEE: New York, NY, USA, 2016.

140. Cuff, M. Deep-Sea Life Is Still Recovering from Mining Activity 40 Years Ago. Available online: https://www.newscientist.com/
article/2469747-deep-sea-life-is-still-recovering-from-mining-activity-40-years-ago/ (accessed on 2 March 2025).

141. Zhang, Q.; Chen, X.; Luan, L.; Sha, F.; Liu, X. Technology and equipment of deep-sea mining: State of the art and perspectives.
Earth Energy Sci. 2024, 1, 65–84. [CrossRef]

142. Wu, Y.; Zhao, W.; Wang, L. State of the art and current trends on the metal corrosion and protection strategies in deep sea. J. Mater.
Sci. Technol. 2024, 215, 192–213. [CrossRef]

143. The Mining Code: Draft Exploitation Regulations. Available online: https://www.isa.org.jm/the-mining-code/draft-
exploitation-regulations-2/ (accessed on 9 March 2025).

144. International Seabed Authority (ISA). The Contribution of the International Seabed Authority to the Achievement of the 2030 Agenda for
Sustainable Development; International Seabed Authority (ISA): Kingston, Jamaica, 2020. Available online: https://www.isa.org.
jm/wp-content/uploads/2021/02/ISA_Contribution_to_the_SDGs_2021.pdf (accessed on 27 February 2025).

145. International Seabed Authority (ISA). Environmental Impact Assessments. International Seabed Authority (ISA): Kingston,
Jamaica. Available online: https://www.isa.org.jm/protection-of-the-marine-environment/environmental-impact-assessments/
(accessed on 25 February 2025).

146. International Seabed Authority (ISA). Action Plan for Marine Scientific Research in Support of the United Nations Decade
of Ocean Science for Sustainable Development. International Seabed Authority (ISA): Kingston, Jamaica. Available online:
https://www.isa.org.jm/wp-content/uploads/2022/07/ISA_MSR_Action_Plan.pdf (accessed on 21 February 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/min11101132
https://impossiblemetals.com/technology/eureka-1-autonomous-underwater-vehicle-a-landmark-in-sustainable-harvesting/
https://impossiblemetals.com/technology/eureka-1-autonomous-underwater-vehicle-a-landmark-in-sustainable-harvesting/
https://doi.org/10.3390/su15054248
https://doi.org/10.1016/j.oceaneng.2021.108818
https://spectrum.ieee.org/autonomous-robots-could-mine-the-deep-seafloor
https://doi.org/10.1016/j.oceaneng.2024.117188
https://doi.org/10.3390/jmse12091543
https://doi.org/10.56201/ijgem.v9.no5.2023.pg22.36
https://doi.org/10.1016/j.oceaneng.2024.118945
https://www.newscientist.com/article/2469747-deep-sea-life-is-still-recovering-from-mining-activity-40-years-ago/
https://www.newscientist.com/article/2469747-deep-sea-life-is-still-recovering-from-mining-activity-40-years-ago/
https://doi.org/10.1016/j.ees.2024.08.002
https://doi.org/10.1016/j.jmst.2024.07.026
https://www.isa.org.jm/the-mining-code/draft-exploitation-regulations-2/
https://www.isa.org.jm/the-mining-code/draft-exploitation-regulations-2/
https://www.isa.org.jm/wp-content/uploads/2021/02/ISA_Contribution_to_the_SDGs_2021.pdf
https://www.isa.org.jm/wp-content/uploads/2021/02/ISA_Contribution_to_the_SDGs_2021.pdf
https://www.isa.org.jm/protection-of-the-marine-environment/environmental-impact-assessments/
https://www.isa.org.jm/wp-content/uploads/2022/07/ISA_MSR_Action_Plan.pdf

	Introduction 
	Undersea Mineral Deposits 
	Polymetallic Nodules 
	Polymetallic Sulfides 
	Metal-Rich Crusts 
	Comparison of Deep-Sea Mineral Deposit Mining 

	Deep-Sea Mining Technologies 
	Nodule Collection Technologies 
	Crawler-Based Systems for Nodule Collection 
	Design Targets for Nodule Collection Systems 

	Vertical Transport Systems 
	Surface Processing and Handling 
	Environmental Monitoring Technologies 
	Alternative Mining Approaches 

	Challenges and Limitations of Deep-Sea Mining 
	Technological Challenges 
	Environmental Concerns 
	Economic Viability 
	Regulatory and Legal Barriers 
	Organizations and Initiatives 
	Actions Taken 

	Negative Social Implications 
	Public Opposition 
	Ethical Concerns 
	Social Inequity 

	Research Priorities and Strategic Challenges for the Future of Deep-Sea Mining 

	Pathways to Resolve the Paradox 
	Land-First Priority 
	Deep-Sea Mining 
	Environmental Protection Strategies 
	Technological and Operational Developments 
	Regulatory and Governance Frameworks 
	Scientific Precaution and Informed Decision-Making 


	Conclusions 
	References

