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Abstract: With technological improvement such as ore exploration, robotics, and hydrodynamic
lifting, deep-sea mining has attracted more attention from governments, companies, and scientific
research institutions. Although its research and development has made great progress, there are still
many obstacles in its industrial development, such as environmental pollution and sustainability
development issues. This article analyses the research status of the sustainable development of
deep-sea mining from an overall perspective. Through a literature review, this paper also discusses
the application of the full life cycle assessment method to analyze environmental impact during the
entire process of deep-sea mining ore application. Overall, this paper summarizes the research gaps
that exist in the sustainable development of deep-sea mining, including the lack of sufficient quanti-
tative research, environmental baseline data research, cumulative environmental impact assessment,
resource recycling technology, and acceptable environmental impact range analysis. The significance
of this article is to point out the most urgent problems to be solved in the research direction of the
sustainable development of deep-sea mining in current academic circles. It has far-reaching potential
to promote the industrialization process of the entire deep-sea mining industry.

Keywords: deep-sea mining; sustainability; life cycle assessment; environmental baseline data;
environmental-social pressure

1. Introduction

Deep-sea mining can be defined as: the utilization of hydrodynamic or mechanical
methods to transport mineral ores from the seabed to the ocean surface and then transport
ores to the land-based processing plants by ships [1]. Although the concept of deep-sea
mining was proposed in the 1960s, its industrialization has still not been realized [2,3].
The environmental pollution and sustainable development issues of deep-sea mining have
become the biggest restraints on its improvement [4,5]. Figure 1 describes a schematic
diagram of one typical deep-sea mining project [6,7]. The structures involved consist of
seabed mining vehicles, a vertical lifting system, a production support vessel, bulk carriers,
a mineral ore processing and refining plant, etc., and Figure 1 also describes the various
environmental impacts to the seabed, water columns, and ocean surface.

Giurco and Cooper [8] utilized the mineral resources landscape approach to analyze
the sustainable development of mining activity from both global and local perspectives.
Considering social, ecological, technological, economic and governance aspects, the re-
search identified that the role of mineral recycling technology is overlooked in deep-sea
mining. Roche and Bice [9] qualitatively analyzed the key technologies for the sustain-
able development of seabed mining, gave more attention to the social impact. The social
impacts considered in this paper include social economy, human rights, the history and
experience of terrestrial mining activities, and the issues related to land use, ownership,
local traditional fishery industries, etc. The study reveals the importance of a valid and
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comprehensive set of assessment indicators for the sustainable development of deep-sea
mining. Carvalho [10] conducted research on the sustainable development of terrestrial
mining. The research concludes that most terrestrial mining activities need to be improved
to meet the requirements of the local community, as well as environmental health and
sustainable development objectives. The research emphasizes the function of environmen-
tal impact assessment (EIA), which could be used to estimate the gains, costs, losses and
consequences of mining activities. Glover et al. [11] analyzed deep-sea mining sustain-
ability from the view of ‘blue economy’, which considers the regulatory oversight setting
targets of taxonomic data delivery. The research utilizes a taxon-focused approach, which
is different from the traditional ecosystem-based management approach. Levin et al. [12]
carried out a systematic literature review on deep-sea mining sustainability challenges. The
research considers the environmental, legal and social aspects of sustainability evaluation.
It shows that the sustainable development of deep-sea mining has many research gaps,
and advocates slowing down the industrial exploitation of seabed minerals in the very
near future.
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Figure 1. Schematic diagram of a typical deep-sea mining project [6,7].

Through a systematic literature review, we show that the sustainable development
of deep-sea mining is a relatively new and immature topic. Most of work completed
only involves qualitative analysis and discussion. Most of the theories come from similar
industries such as terrestrial mining analysis and offshore oil and gas development. The
objective of this paper is to analyze the research status of the sustainable development of
deep-sea mining (mainly focusing on polymetallic nodule mining activities). It attempts to
discuss the application of the life cycle assessment method to analyze the environmental
impacts during the entire process of deep-sea mining ore application, and summarizes
the research gaps in this field. The paper is arranged as follows: Section 2 explains
the sustainability definition and motivation of deep-sea mining activities. In Section 3,
the life cycle assessment approach is applied to a deep-sea mining project to analyze its
environmental-social impact. Section 4 discusses the existing issues and challenges in
the sustainable development of deep-sea mining. Then, in Section 5, conclusions and
recommendations are given.
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2. Deep-Sea Mining Sustainability
2.1. Motivation of Deep-Sea Mining

Deep-sea mining is a mineral retrieval process from the seabed to the ocean surface;
then, the collected minerals are transported to land-based ore processing plants utilizing
seabed mining vehicles, vertical lifting equipment, production support vessels and bulk ves-
sels [5]. The major reason to propel deep-sea mining industrialization is the contradiction
between the increasing demand for high value-added ores for rapid economic development
and the shortage of terrestrial mineral reservation [13]. The deep ocean seabed has enough
ore reserves for the world to consume for hundreds, even thousands, of years. This is the
major motivation for deep-sea mining. The typical minerals for deep-sea mining consist of
polymetallic manganese nodules (most popularly focused), polymetallic sulphides, and
cobalt-rich ferromanganese crusts, located in different sea areas (see Figure 2) [14-17].
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Figure 2. Deep-sea mining target minerals’ distribution around the world [17].

2.2. Deep-Sea Mining Sustainability

A general definition of sustainability was given by United Nations [18] as ‘meeting
the needs of the present without compromising the ability of future generations to meet their
own needs’. The essence of sustainability research can be summarized as ‘the integration
of environmental health, social equity and economic vitality in order to create thriving, healthy,
diverse and resilient communities for this generation and generations to come. The practice of
sustainability recognizes how these issues are interconnected and requires a systems approach and an
acknowledgement of complexity’ [19]. From the initial focus on environmental pollution to the
current comprehensive interdisciplinary research, the concept of sustainable development
is evolving over time. Ma [1] summarized a definition for deep-sea mining sustainability
as: “The sustainability applied in this thesis on DSM transport plans is a comprehensive concept
connecting the ‘environmental sustainability’, ‘economic sustainability’, ‘biological sustainability’,
‘energy use sustainability’. The sustainability research of DSM transport plan is to assess different
DSM designs taking into consideration the technological, economic, environmental and social
aspects simultaneously and find a compromise or an optimal balance among all influencing aspects.”

The impacts on the deep-sea environment and ecology are the major concerns of
scholars and environmentalists regarding the potential risks of deep-sea mining. Among
them, biological resources, including animals, plants and microorganisms [20], have re-
ceived great attention and research as they could be used as impact indicators for ecological
damage [21]. Deep-sea mining biological impacts have various forms, for instance: (I) Sus-
pended particles blocking the breathing system of seabed organisms. (II) Low-frequency
noise and vibration hindering the communication of seabed organisms (such as hunting,
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courtship). (III) High concentrations of toxic heavy metals affecting the growth, maturation
cycle and spatial distribution of organisms. (IV) Redeposition of suspended particles and
tailings have the potential to bury benthic flora and fauna, which can be fatal to these or-
ganisms. (V) The change in the total organic carbon content and seawater-dissolved oxygen
may affect species’ diversity, quantity and total biomass within the nearby water columns.
(VI) Physical perturbation of seafloor habitats leads to the immediate death of static veg-
etation and animals with limited mobility. (VII) Light pollution from deep-sea mining
operations can interfere with the role of weak light in deep-sea ecological communities.
(VIII) Deep-sea mining activities may destroy undiscovered organisms and unknown sub-
stances, and these unknowns may determine human scientific and technological progress
and the treatment of diseases in the future. The global geological hazards, climate change
effects and ocean pollution caused by deep-sea mining activities are full of unknowns. In
addition to the biological impacts, other environmental impacts consist of the physical
destruction of benthic habitat, sediment plumes, geochemical impact, changes to total
organic carbon content, oxygen penetration depth, pore water, and tailings, greenhouse gas
emissions, toxic gas emissions, and noise-light pollution. All sub-environmental impacts
are interconnected, which is reflected in the subsea biological impacts [5,6,15,22,23].

3. Life Cycle Assessment of a Deep-Sea Mining Project

As an upcoming emerging industry, deep-sea mining has great controversy in academia
and in industry. Some environmentalists, in particular, regard deep-sea mining as a huge
threat to deep-sea ecology and the global environment. On the other hand, as we all know,
the huge ore reserves in the deep ocean can directly solve the problem of the world’s ore
resource crisis. Thus, the world should look at deep-sea mining from an objective, fair,
and overall perspective [24-27]. Regarding deep-sea mining, the more urgent task is to
scientifically analyze the environmental impact of its entire life cycle, the caused global
and local problems, and also the research on environmental ecological restoration. The
environmental impacts of deep-sea mining need to be compared not only with terrestrial
mining, but also with certain marine natural disasters (such as the Tonga volcano eruption).
In this way, people could obtain a more comprehensive and intuitive understanding of
deep-sea mining, allowing us to truly understand the relatively green and environmentally
friendly mining modes [28-31].

To obtain a relative objective comment on deep-sea mining, life cycle assessment could
be utilized to analyze the environmental impact within the whole value chain from raw
mineral ore mining, processing, transporting, transferring to alloys with different proper-
ties, manufacturing different kinds of products (e.g., wind turbine blades and electrical car
batteries), and the final stage of material recycling and disposal [32,33]. The Metals Com-
pany compares terrestrial mining and seabed mining in terms of the perspective of mining
life cycle assessment [34]. It compares four stages: the prospecting—exploration stage, the
development stage, the mining and extraction stage, and the closure and reclamation stage
(see Table 1). The comparison shows that the time required in the prospecting—exploration
stage for the development of a deep-sea mining project is much shorter than for a terrestrial
mining project, while the operating environment of deep-sea mining is more complex in the
deep ocean, and the average project life is 20-30 years. As we all know, terrestrial mining
itself is also a polluting industry, and is carried out around the world. The importance of
the research is to prove either deep-sea mining or terrestrial mining as more sustainable for
the environment.

Table 1. Mining life cycle cost comparison between deep-sea mining projects and terrestrial mining
projects [34].

Stage Deep-Sea Mining Terrestrial Mining
. USD 20 million USD 1 million to USD 10 million dollars
Prospecting and
<1~2years 2~8 years

Exploration

Non-invasive, simple; can do parallel with development Locate economically viable ore deposits
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Table 1. Cont.

Stage

Deep-Sea Mining Terrestrial Mining

USD 1 billion dollars to manufacture (capital cost)
Development 4~6 years from discovery, including 3 years for environmental
impact assessment and 2 years to construct and deploy

Up to billions of dollars (capital cost)
5~10 years
Plan and execute on building mines and
supporting facilities

<USD 1 billion per year (operation cost) Hundreds of millions to billions of dollars per year

Mining .and 20~30 years (operation cost)
Extraction . . . 5~50 years
Ongoing collection operations at sea Ongoi P :
ngoing mining operation
Closure and Investigate ways of offset displacement of sea life and Restore the lands to the extent possible. Remove bridges,
Reclamation attachment surfaces roads, cover ground and tailings ponds

Notes: (1) The data of Table 1 is referenced from The Metals Company’s white paper [34]. (2) The stages of
prospecting and exploration, development, mining and extraction, closure and reclamation are referenced from
Superfund Research Centre, The University of Arizona. (3) The statistical data for terrestrial mining are from the
mining sites of U.S. Southwest areas. (4) The assessment data for deep-sea mining are from Deep Green Metals
Inc.’s technical report summary prepared by AMC Consultants Pty Ltd., Melbourne, Australia, for the Northeast
Pacific Ocean CCZ area’s manganese nodule mines at the depth of 3800-4200 m.

Figure 3 describes the full life cycle assessment of a deep-sea mining project [33,35].
The procedure of life cycle assessment method application can be divided into four
stages: goal and scope, data inventory, impact assessment, and interpretation—conclusion—
recommendation (see Figure 4). In this paper, the life cycle starts from the raw material’s
exploitation, then proceeds to material processing, product manufacturing, distribution,
and product use, and the last stage is product recycle-reuse-disposal. The raw material
collection happening on the seabed is carried out by seafloor mining vehicles. The mineral
processing consists of preliminary processing on the production support vessel and further
processing on the land-based processing plants. Then, these seabed minerals are made into
high carbon ferromanganese, disinfectant, electroplating materials, catalysts, and the other
types of products. According to their different characteristics, these products can be used
in electrical batteries, medical instruments, wind turbine blades, and the aerospace and
defense industries, such as for tank casings, etc. As the age of the product usage increases,
these products will eventually be recycled or disposed of [5,12,23,32-35]. The technologies
involved in the life cycle consist of seabed mineral collecting, sediment cutting, tailing
disposal, slurry processing, ore metallurgy, commodity manufacturing, shipment, retired
product reuse, recycling, and degradation. The related economic costs, environmental
pressures and subsequent reuse of recovered resources brought about by these technologies
will also be the focus of our future quantitative analysis of deep-sea mining ore application.
Analyzing the flow chart of the entire life cycle, it is obvious that deep-sea mining is a
polluting industry when the raw material mining, material processing, and distribution
stages are considered. However, at the same time, these rare metals can also be used in
clean energy production processes, such as wind power, in electric vehicles, and in the solar
industry. Therefore, whether a deep-sea mining project is environmental or not should
be determined by the trade-off between the generated pollution and the environmental
improvement made by the clean energy application [36-38].

Figure 5 describes the life cycle impact assessment criteria, including climate change,
sediment plume, habitat physical destruction, toxic substances, benthic fauna and flora
change, heavy metal concentration change, dissolved oxygen concentration change, sed-
iment pore water change, noise and vibration influence, light pollution, tailing disposal,
etc. These aspects could be used as environmental assessment indicators to present the
pollution intensity of deep-sea mining.
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Figure 5. Life cycle impact assessment of deep-sea mining project [23,32].

4. Sustainability Development in Deep-Sea Mining

Sharma [40] claimed the sustainable development of deep-sea mining should consider
economic, technical, technological, and environmental issues. Under several scenarios,
Sharma quantitatively analyzed the seabed physical disturbance rate, overall mining ef-
ficiency, waste treatment, and impact of mining on the environment. Glover et al. [11]
affirmed that deep-sea mining sustainability research prioritizes the emerging ‘blue economy’
condition. Sustainability research should consider both the economic benefit and natural
benefit to people. The research team also developed a taxon-focused method for deep
ocean conservation that ‘includes regulatory oversight to set targets for the delivery of taxonomic
data’. Santos et al. [41] coupled frontier technology development with a hazard assess-
ment to address the major challenge of deep-sea mining’s sustainable framework. This
research intends to deepen humans’ understanding of the deep sea through different kinds
of new technologies, so as to promote the rational and green mining mode of seabed ore re-
sources [41]. Kakee [42] and Childs [43] analyzed the urgency of environmental legislation
combined with the sustainable deep-sea mining working mode. Vatalis et al. [29] qualita-
tively analyze how to obtain a sustainable deep-sea mining model from the perspective of
the overall situation. The research emphasizes the need for deep-sea environmental impact
assessments to consider the key factors of assessment procedure, laws and regulations,
and interconnections with biodiversity. Carver et al. [44] emphasized the social, cultural
and political dimensions of the development of deep-sea mining sustainability. Roche and
Bice [9] also analyzed the social and community impact of deep-sea mining development.

The sustainability of deep-sea mining is not only restricted in the ecological and envi-
ronmental field [9,11,29,40-44]. Current academic research on the sustainable development
of deep-sea mining covers technological, economic, environmental, and social aspects
(see Figure 6). Deep-sea mining impact will influence the atmosphere, land-based plant
surroundings, the benthic seabed, and water columns; the specific environment indicators
are shown in Figure 5 [5,23,32,45,46]. The economic aspect consists of the initial capital cost,
operation and maintenance cost, and investment payback period [47—49]. The technological
aspect is related to seabed mining vehicle technology, slurry lifting technology, production
support vessel technology, and bulk carrier transport technology [50,51]. The social aspect
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includes local community identity, employment, policies, and social infrastructure and
services [8,9,44,52]. Economic, technological, environmental, and social impacts are all
significant; it is meaningless to study one of them alone for the sustainable development of
deep-sea mining. We should focus more energy and time on research into the quantitative
relationship between these factors.
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Figure 6. Sustainable development of deep-sea mining.

Table 2 lists the deep-sea mining sustainable development publications within the past
ten years. We consulted the “Web of Science’, ‘Google Scholar’ and ‘Scopus’ databases to review
the literature related to deep-sea mining sustainability. The keywords that were used in
our search were ‘deep-sea mining’, ‘sustainability development’, ‘sustainability assessment’, and
‘deep-sea resources exploitation’. Based on the keyword searches, roughly 90 publications
were identified, and among those, 30 publications were finally chosen (exclusion criteria
included: publication was too old, not consistent with the research purpose, not a formal
publication from a journal or conference, language not in English) to contribute to this
article’s discussion about useful research methods, definitions, frameworks, structures,
and data.
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Table 2. Summary of past 10 years’ publications on sustainable development of deep-sea mining.

Deep-Sea Mining Sustainable

Development Components Methods

Publications Results, Comments and Suggestions

Social
Ecological

Technological Economic

(8]

Mineral resources; Landscape method;
Qualitative analysis.

Draw a map of stakeholder concerns
for deep-sea mining in Australia;
Dematerialization and recycling

Governance are underrated.
It may lead to employment
competitions, economy and
Social Comparison with terrestrial mining; work practices;
Environmental [9] Life cycle assessment; Increase the individual’s awareness of
Economic Qualitative analysis. human rights;
Social-environmental impacts should
be solved prioritized.
. The EIA should cover the whole
Social . . . .. .
. Comparison with terrestrial mining life cycle;
Technological A . 2.
. [10] activities; Reinforce the mining procedure;
Environmental . . ;
. Qualitative analysis, Laws and regulations need
Economic ;
to improved.
Sustainable deep-sea mining
Economic [11] Taxon-focused approach; development should not only rely on
Biological Qualitative analysis. the modern ecosystem-based
management approach.
The application of circular economy
Social . . for deep-sea mining exploitation
. Literature review; . .
Economic [12] . . would achieve many benefits for
) Qualitative analysis. .
Environmental regulatory, technological and
environmental improvement.
Deep-sea mining is an
emerging activity;
Social It lacks sufficient human,
Economic 28] Qualitative analysis; material resources;
Legal Case analysis. Monitoring system is necessary to
Governance ensure compliance;
Research on the environmental
impact is not sufficient.
. Expert-driven systematic conservation Establishment of marine
Technological .
. planning; protected areas;
Economic [53] . . . . .
Ecological Geospatial analysis; Biological and ecological act as the
& Expert opinion. deep-sea mining impact indicators.
Social Comparison of concept application of
Environmental [54] Circular economy concept; circular economy, environmental
Engineering Qualitative analysis. science, and
Management sustainable development.
. Advocating the application of
Social . . .
. Deep-sea observing; deep-sea observing method to obtain
Economic [55] L . .
. Qualitative analysis. a sustainable deep ocean
Environmental -
exploitation mode,
. . R h of chall facing fut
Technological UN Sustainable development goals as esearch of chaenges facing future
. S mineral supply;
Environmental [56] the research direction; . .
. o . Emphasis on the mineral
Social Qualitative analysis.

recycling industry.
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Table 2. Cont.

Deep-Sea Mining Sustainable

Publications Methods Results, Comments and Suggestions
Development Components
Sustainability development of
Biological deep-sea fisheries; g
Economic [57] Comparison of fish data with economic Deep-sea commercial fishing has not

International governance

drivers and governance contexts;
Qualitative analysis.

been realized yet.

Social . e
ocla Research of dynamics of changes for Progress for sustainability is being
Governance [58] L. S A
. mining sustainability development. made; however, reform is still needed.
Environmental
Description and asse ssr‘nen't of key Emphasis on the importance of social
governance and institutional .
. . 11 and local community in the
Social arrangements for social license to . .
[59] . mining activity;
Governance operation; A S
I . Social license for operation is just a
Comprehens1ve literature review; R .
L. . start which needs further analysis.
Qualitative analysis.
Sustainability should not only
. . . consider the benefits of the current
Economic Associated mitigation .
. . . generation, but also
Biological [60] hierarchy method; L
Governance Qualitative analysis future generations;
’ The biodiversity loss due to deep-sea
mining is poorly understood.
. Comparison with terrestrial mining;
Environmental . ..
- . Identify the current deep-sea mining
Legal Comprehensive literature review; s
. [61] o . sustainability research gaps;
Economic Qualitative analysis. P .
. Highlighting the importance of
Societal c .o
interdisciplinary research.
. Literat iew; . .
Economic Herature review, Discussion of the rare-earth element
) Qualitative analysis; .
Environmental [62] . . . demand and renewed importance of
. Comparison with terrestrial . .
Technological L o deep-sea mining.
mining activities.
Social
Economic . . Environmental impact is researched
. Literature review; , L. ..
Political [63] L . at ‘center stage’ in deep-sea mining
Qualitative analysis. o
Legal sustainability development.
Environmental
‘Situated understandings of the
Literature review; interplay between control, care, and
Technological Control, care, and conviviality conviviality can help realize
Societal [64] application for sustainability that does not reproduce
Social-environmental sustainable development; the centralizing, control driven logic
Qualitative analysis. of Modern technocratic
development’ [64]
Quantitative analysis; Deep-sea mining sustainable
Environmental . . natysis; development should consider the
. Advection—diffusion model; . .
Technological [1,65,66] .. . . technological, environmental and
. Deep-sea mining benefit calculation . . . .
Economic economic coupling relationship to
model, etc. . L .
obtain an objective assessment index.
Environmental Literature review; Compared. to deep-sea mining
. . technological research, that of
Social [67] Spatial overlay approach; . )
o . environmental social and governance
Governance Qualitative analysis. . .
is less sufficient.
Economic . . Baseline data are lacking;
. Narrative literature review; . . . <
Environmental [68] L . Indicators in deep-sea mining
Qualitative analysis. o -
Governance sustainability are conflicting.
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Table 2. Cont.

Deep-Sea Mining Sustainable

Development Components

Publications Methods Results, Comments and Suggestions

Economic
Political . . The sustainability indicators are
Literature review; . . .
Governance [69] Qualitative analysis various, and sometimes contradictory;
Legal ysIs. A lot of still exist uncertainties.
Ecological
Advocating collaboration of both
international and
Governance .
Legal national stakeholders;
%8 [70] Qualitative comparison analysis. Advocating with regional and
Environmental . L
Social national academic institutions;
Developing a long-term research
program is necessary.
‘There are significant, but not
insurmountable, challenges to
Social overcome before the deep-sea mining
Env1ronme.ntal [71] Qualitative analysis. mdustr.y is recpgmzed as
Technological economically viable or as a
Governance sustainable industry that can make a
positive contribution to Pacific Island
communities’ [71]
“Assess whether the applicable legal
frameworks at different levels attach
sufficient importance to these
traditional dimensions and to the
. human and societal aspects of seabed
Social [72] Qualitative analysis (mineral) resource management’;
Ecological ysts. & 4

‘Identify best practices and formulate
recommendations with regard to the
current regulatory frameworks and
seabed resource
management approaches’.

Note: Deep-Sea Mining Sustainability Development Components: the information in this column indicates which
sustainability assessment parameters the paper addresses, such as environmental, ecological, technical, legal, and
economic aspects.

Analyzing Table 2 shows that the application of sustainable development in other fields,
such as terrestrial mining and oil and gas industries, has been well established [24,25,30].
However, the sustainable development of deep-sea mining still presents many uncertainties
and research gaps [1,8-12,53-71].

e Rare quantitative studies on the sustainable development of deep-sea mining

Most of the theories and models applied to the sustainable development of deep-sea
mining are extended from related industries [24,25,30,31]. This may also be because, of-
ficially, until now, deep-sea mining has not been industrialized. Moreover, sustainable
development research is also a subject with a wide range of disciplines, involving technol-
ogy, economy, the environment, and social ecology [40]. Many calculation and simulation
results cannot be verified. Therefore, most of the research on the sustainable development
of deep-sea mining is qualitative analysis.

e Not sufficient research on environmental baseline data

Environmental impact is a major component of the sustainable development of deep-
sea mining. Environmental baseline data collection and monitoring determines the success
of the entire project from the very beginning [46]. In the United Nations Convention of
the Law of the Sea Article 145-196 and ISA deep-sea mining exploration code Part IV
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Regulation 28, deep-ocean environmental baseline data measurement and monitoring
is repeated more than once to emphasize their important research significance [73,74].
In 2021, the deep-sea mining research team from Linkoping University gave a narrative
review on deep-sea mining activities. The research concluded that, currently, the deep
ocean environmental baseline data are still lacking [68]. It is very difficult to complete a
comprehensive and scientific environmental impact assessment report on deep-sea mining.
It is precisely because of this that this document is highly valued by the International Seabed
Authority and international environmental protection institutions (mostly NGOs) [23,32].

e  Missing relationship coupling research among these assessment indicators

To obtain a comprehensive and scientific sustainability degree of deep-sea mining,
the first priority is to find a series of representative assessment indicators. Some of these
indicators are independent, and some of them have contradictory relationships [69]. For
instance, sediment plume is one of the major environmental impact indicators which
poses a great threat to seafloor life. The source of a sediment plume could be physical
collection and cutting operation by a seafloor mining vehicle. It could also be submarine
tailing disposal from the production support vessel. The leakage of the vertical lifting pipe
system is another sediment plume source. Therefore, how to find a series of representative
indicators while avoiding the repeated consideration of certain factors is a problem that
needs to be solved urgently.

o  Deep-sea mining commercialization

The locations of deep-sea mining can be divided into exclusive economic development
zones and international seabed areas. The international sea area is not only managed by
the International Seabed Authority, but is also subject to the constraints of international
conventions such as the International Convention on the Law of the Sea. The technology
of deep-sea mining is relatively mature, and now the biggest threshold restricting the
industrialization of deep-sea mining is environmental pollution [75-77]. Many Pacific
island countries do not have complete environmental and technical regulations to regulate
deep-sea mining activities, and it is easy to issue deep-sea mining licenses in their own
exclusive economic zones under the temptation of economic interests. This also brings
trouble to neighboring countries, such as New Zealand and Australia. Because the environ-
mental impact of deep-sea mining will never be limited only within the disturbed sea area,
its direct environmental impact may be dozens of times the disturbed area of the seabed,
and even cause potential global environmental pollution [78-82]. Therefore, the industrial
exploitation of deep-sea mining is more likely to be carried out in the exclusive economic
zone of less developed countries [83-85].

e  Cumulative environmental impacts

Cumulative impact research is another way to obtain a comprehensive environmental
impact assessment. This concept represents more than just the superimposed environ-
mental pressures brought about by deep-sea mining activities over time and space. It
also represents the environmental pressure after superimposed coupling between different
sub-environmental impacts of deep-sea mining is considered. Clark et al. [46] summarizes
three key elements when implementing a deep-sea mining cumulative impact assessment:
‘1) Multiple sources of impact (either different types of mining operation, or different sectors such
as fishing); 2) Additive or interactive processes (repetition leading to accumulation of impacts); 3)
Different types of cumulative effects’. A systematic literature review shows that, currently,
there is no quantitative research to solve the deep-sea mining cumulative environmental
impact problem. Smit and Spaling [22] categorized the research methodologies of cumu-
lative environmental impact as analytical methods and planning methods (see Table 3).
These methods could also be applied in deep-sea mining cumulative environmental impact
analysis in the future.
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Table 3. Cumulative environmental impact research method category [22].

Analytical Methods Planning Methods
Category Main Features Category Main Features
Spatial analysis Map spatial changes over time Multi-criteria evaluation Use of a priori criteria to

evaluate alternatives

Network analysis

Identify the core structure and

Optimize alternative objective
Programming models functions subject to

interactions of a system o .
specified constraints

Biogeographic analysis

Analyze structure and function of

Use ecological criteria to specify
Land suitability evaluation location and intensity of

landsca nit .
scape w potential land uses

Interactive analysis

Sum additive and interactive effects,
and identify higher-order effects

Logic framework to

Process guidelines conduct CEA

Ecological modelling

Model behavior of an environmental

system or system components

Expert opinion

Problem solving using
professional expertise

o  Resource recycling

The total amount of resources on the earth is limited, but the consumption of human
economic development increases year by year. Researchers have proposed to meet part of
the demand for mineral resources through recycling [86-88]. One of the limitations of this
technology is that the recycling rate of rare metal resources is very low. A lot of resources are
disposed of as garbage due to backward technology [89], although this state has gradually
changed, driven by the shortage of resources and the high price of minerals. Research
scholars are paying attention to many rare metals, such as dysprosium and neodymium, to
realize the objective of recycled metals to meet the demand of the future consumption [86].
Compared with the first-time exploitation of natural resources, the environmental impact
of resource recycling is smaller and more controllable [90]. Therefore, the recycling of rare
metals is considered to be one of the most feasible and environmentally friendly methods to
solve the resource shortage crisis. Scholars estimate that in the next few decades, precious
metal recycling is very likely to meet future demand [86-92].

e  Accepted environmental impact intensity analysis

Current academic circles have completed a lot of research in the field of the environ-
mental impact of deep-sea mining, but there are also many small problems. One of the
most obvious problems is that there are few studies quantifying the scope of acceptable en-
vironmental impacts of deep-sea mining. However, this research is the most pressing issue
for all deep-sea mining stakeholders at present [1,4,21,46,84]. Currently, the International
Seabed Authority only issues a series of seabed mineral exploration regulations and draft
exploitation codes, which only list the definition, scope, stakeholders, and recommenda-
tions for environmental protection. If a deep-sea mining multinational company cannot
provide a comprehensive and scientific quantitative analysis report on environmental
impact according to the specific mining location and deep-sea mining technology, and
quantitatively give the acceptable impact range of the deep-sea environment, it would be
difficult for the International Seabed Authority to issue a license for the exploitation of
seabed minerals within the international seabed area [68,93,94].

o  Environment recovery research

Thus far, deep-sea mining is still in the stage of academic research and resource
exploration. Subsequent environmental restoration (after deep-sea mining operations)
studies should also be properly arranged in advance [60,68,95-97]. Based on the systematic
literature review analysis, all research in this field is qualitative and there is no experimental
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research or quantitative analysis to solve this issue. With reference to the environmental
pollution research of terrestrial mining and the environment restoration of deep-sea oil
and gas exploitation, it is applicable to implement the artificial interventions such as
physical precipitation and flocculation methods, electrochemical precipitation methods
and microbial accelerated decomposition methods to accelerate the recovery process of the
deep-sea environment [60,68,95-97].

5. Conclusions

Although the study of deep-sea mining has a long history, there are still many restric-
tions and limitations on its industrial exploitation due to unknown environmental baseline
and monitoring data, ecological-social impact, and the uncertainty of environmental threats
posed by the proposed technologies. The life cycle assessment approach is discussed here
to analyze deep-sea mining sustainability in comparison with terrestrial mining activities.
In future research, the author will apply the whole life cycle assessment method to quantify
and compare the environmental pollution caused by deep-sea mining and terrestrial mining
to evaluate which mining mode is more environmentally friendly. The main purpose of
this article is to discuss the research status of the sustainable development of deep-sea
mining and summarize the existing research gaps, including the lack of environmental
baseline data, environmental data detection systems and equipment, quantitative research
on cumulative environmental impact, and lack of analysis and research on the acceptable
degree of environmental pollution. The significance of this paper is to clarify the research
status and research gaps of deep-sea mining in the field of sustainable development re-
search. It is also hoped that, through this article, the academic community can adjust their
direction of research appropriately and promote the industrialization of deep-sea mining
in an efficient manner.

Author Contributions: W.M. wrote the draft; Y.S., K.Z., X.L. and Y.D. reviewed the article. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Hainan University High-Level Talents Research Start-Up
Funding (to W.M.) [grant number KYQD(ZR)-22060], the International Association of Maritime
Universities [research project number 20220304], and the National Fund Committee Key Project
[research project number 52231012].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ma, W.; Schott, D.; van Rhee, C. Numerical calculations of environmental impacts for deep-sea mining activities. Sci. Total Environ.
2019, 652, 996-1012. [CrossRef] [PubMed]

2. FHlipse, ].E. An Engineering Approach to Ocean Mining. In Offshore Technology Conference; OnePetro: Houston, Texas, USA, 1969.

3. Mero, J.L. The Mineral Resources of the Sea; Oceanography Series, 1; Elsevier: Amsterdam, The Netherlands, 1965; p. 312.

4. Clark, M.R. The Development of Environmental Impact Assessments for Deep-Sea Mining. In Environmental Issues of Deep-Sea
Mining; Springer: Cham, Switzerland, 2019; pp. 447-469.

5. Miller, K.A.; Thompson, K.E; Johnston, P.; Santillo, D. An Overview of Seabed Mining Including the Current State of Development,
Environmental Impacts, and Knowledge Gaps. Front. Mar. Sci. 2018, 4, 418. [CrossRef]

6.  Volkmann, S.E.; Lehnen, F. Production key figures for planning the mining of manganese nodules. Mar. Georesour. Geotechnol.
2017, 36, 360-375. [CrossRef]

7. Jones, D.O.B.; Amon, D.J.; Chapman, A.S.A. Mining deep-ocean mineral deposits: What are the ecological risks? Elements 2018,
14, 325-330. [CrossRef]

8.  Giurco, D.; Cooper, C. Mining and sustainability: Asking the right questions. Miner. Eng. 2012, 29, 3-12. [CrossRef]

9.  Roche, C.; Bice, S. Anticipating social and community impacts of deep sea mining. In Deep Sea Minerals and the Green Economy;
Secretariat of the Pacific Community: Suva, Fiji, 2013; pp. 59-80.

10. Carvalho, EP. Mining industry and sustainable development: Time for change. Food Energy Secur. 2017, 6, 61-77. [CrossRef]

11.  Glover, A.G.; Wiklund, H.; Chen, C.; Dahlgren, T.G. Point of view: Managing a sustainable deep-sea ‘blue economy’ requires

knowledge of what actually lives there. Elife 2018, 7, e41319. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2018.10.267
http://www.ncbi.nlm.nih.gov/pubmed/30586835
http://doi.org/10.3389/fmars.2017.00418
http://doi.org/10.1080/1064119X.2017.1319448
http://doi.org/10.2138/gselements.14.5.325
http://doi.org/10.1016/j.mineng.2012.01.006
http://doi.org/10.1002/fes3.109
http://doi.org/10.7554/eLife.41319

J. Mar. Sci. Eng. 2022, 10, 1508 15 of 17

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Levin, L.A.; Amon, D.J.; Lily, H. Challenges to the sustainability of deep-seabed mining. Nat. Sustain. 2020, 3, 784-794. [CrossRef]
Amann, H. Technological trends in ocean mining. Philosophical Transactions of the Royal Society of London. Ser. A Math. Phys.
Sci. 1982, 307, 377-403.

Ellefmo, S.L. Conceptual 3D Modeling and Direct Block Scheduling of a Massive Seafloor Sulfide Occurrence. In Perspectives on
Deep-Sea Mining; Springer: Cham, Switzerland, 2022; pp. 465-496.

Collins, P.C.; Croot, P; Carlsson, J.; Colaco, A.; Grehan, A.; Hyeong, K.; Kennedy, R.; Mohn, C.; Smith, S.; Yamamoto, H.; etal. A
primer for the Environmental Impact Assessment of mining at seafloor massive sulfide deposits. Mar. Policy 2013, 42, 198-209.
[CrossRef]

Kennedy, T. The Paradox of Deep-Sea Mining. Available online: https://www.chinausfocus.com/energy-environment/the-
paradox-of-deep-sea-mining (accessed on 13 May 2022).

Hein, J.R.; Mizell, K.; Koschinsky, A.; Conrad, T.A. Deep-ocean mineral deposits as a source of critical metals for high- and
green-technology applications: Comparison with land-based resources. Ore Geol. Rev. 2013, 51, 1-14. [CrossRef]

United Nations. Academic Impact. Sustainability. Available online: https://www.un.org/en/academic-impact/sustainability
(accessed on 25 August 2022).

UCLA. Sustainability is the Balance between the Environment, Equity and Economy. Available online: https://www.sustain.ucla.
edu/what-is-sustainability / (accessed on 25 August 2022).

Drazen, ].C.; Smith, C.R,; Gjerde, K.M.; Haddock, S.H.; Carter, G.S.; Choy, C.A.; Clark, M.R.; Dutrieux, P; Goetze, E.; Hauton, C.;
et al. Opinion: Midwater ecosystems must be considered when evaluating environmental risks of deep-sea mining. Proc. Natl.
Acad. Sci. 2020, 117, 17455-17460. [CrossRef] [PubMed]

Ma, W.; Du, Y;; Liu, X.; Shen, Y. Literature review: Multi-criteria decision-making method application for sus-tainable deep-sea
mining transport plans. Ecol. Indic. 2022, 140, 109049. [CrossRef]

Smit, B.; Spaling, H. Methods for cumulative effects assessment. Environ. Impact Assess. Rev. 1995, 15, 81-106. [CrossRef]
Durden, ].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]

Rana, M.S.; Vinoba, M.; AlHumaidan, F.S. Sustainability Challenges in Oil and Gas Development in the Middle East and North
Africa. Curr. Sustain. Energy Rep. 2017, 4, 232-244. [CrossRef]

Ben Naceur, K. How the Oil and Gas Industry Is Contributing to Sustainability. J. Pet. Technol. 2019, 71, 38-39. [CrossRef]
Lucas, S.; Soler, L.-G.; Irz, X.; Gascuel, D.; Aubin, J.; Cloatre, T. The environmental impact of the consumption of fishery and
aquaculture products in France. . Clean. Prod. 2021, 299, 126718. [CrossRef]

Jones, ].B. Environmental impact of trawling on the seabed: A review. N. Z. J. Mar. Freshw. Res. 1992, 26, 59-67. [CrossRef]
Waiti, D.; Lorrenij, R. Sustainable management of deep sea mineral activities: A case study of the development of national
regulatory frameworks for the Republic of the Marshall Islands. Mar. Policy 2018, 95, 388-393. [CrossRef]

Vatalis, K.I; Platias, S.; Charalampides, G. Planning Sustainable Deep Sea Mining. Mater. Proc. 2021, 5, 9.

Sueyoshi, T.; Wang, D. Sustainability development for supply chain management in U.S. petroleum industry by DEA environ-
mental assessment. Energy Econ. 2014, 46, 360-374. [CrossRef]

Ghorbani, Y.; Kuan, S.H. A review of sustainable development in the Chilean mining sector: Past, present and future. Int. J. Min.
Reclam. Environ. 2016, 31, 137-165. [CrossRef]

Mangena, S.; Brent, A. Application of a Life Cycle Impact Assessment framework to evaluate and compare environmental
performances with economic values of supplied coal products. . Clean. Prod. 2006, 14, 1071-1084. [CrossRef]

Alvarenga, R.; Préat, N.; Duhayon, C.; Dewulf, J. Prospective life cycle assessment of metal commodities obtained from deep-sea
polymetallic nodules. J. Clean. Prod. 2021, 330, 129884. [CrossRef]

The Metals Company. White Paper—Where Should Metals for the Green Transition Come From? Available online: https:
/ /metals.co/research/ (accessed on 6 June 2022).

GAO. Science & Tech Spotlight—Deep-Sea Mining. Available online: https://www.gao.gov/products/gao-22-105507 (accessed
on 6 June 2022).

Vandenbergh, M.P; Steinemann, A.C. The carbon-neutral individual. NYUL Rev. 2007, 82, 1673.

Gossling, S. Carbon neutral destinations: A conceptual analysis. J. Sustain. Tour. 2009, 17, 17-37. [CrossRef]

Muradov, N.Z.; Veziroglu, T.N. “Green” path from fossil-based to hydrogen economy: An overview of car-bon-neutral technolo-
gies. Int. |. Hydrog. Energy 2008, 33, 6804—6839. [CrossRef]

Chau, C.-K,; Leung, T.M.; Ng, W.Y. A review on Life Cycle Assessment, Life Cycle Energy Assessment and Life Cycle Carbon
Emissions Assessment on buildings. Appl. Energy 2015, 143, 395—413. [CrossRef]

Sharma, R. Deep-Sea Mining: Economic, Technical, Technological, and Environmental Considerations for Sustainable Develop-
ment. Mar. Technol. Soc. |. 2011, 45, 28-41. [CrossRef]

Santos, M.; Jorge, P.; Coimbra, J.; Vale, C.; Caetano, M.; Bastos, L.; Iglesias, I.; Guimaraes, L.; Reis-Henriques, M.; Teles, L.; et al.
The last frontier: Coupling technological developments with scientific challenges to improve hazard assessment of deep-sea
mining. Sci. Total Environ. 2018, 627, 1505-1514. [CrossRef] [PubMed]

Kakee, T. Deep-sea mining legislation in Pacific Island countries: From the perspective of public participation in approval
procedures. Mar. Policy 2020, 117, 103881. [CrossRef]

Childs, J. Greening the blue? Corporate strategies for legitimising deep sea mining. Politi-Geogr. 2019, 74, 102060. [CrossRef]


http://doi.org/10.1038/s41893-020-0558-x
http://doi.org/10.1016/j.marpol.2013.01.020
https://www.chinausfocus.com/energy-environment/the-paradox-of-deep-sea-mining
https://www.chinausfocus.com/energy-environment/the-paradox-of-deep-sea-mining
http://doi.org/10.1016/j.oregeorev.2012.12.001
https://www.un.org/en/academic-impact/sustainability
https://www.sustain.ucla.edu/what-is-sustainability/
https://www.sustain.ucla.edu/what-is-sustainability/
http://doi.org/10.1073/pnas.2011914117
http://www.ncbi.nlm.nih.gov/pubmed/32641506
http://doi.org/10.1016/j.ecolind.2022.109049
http://doi.org/10.1016/0195-9255(94)00027-X
http://doi.org/10.1016/j.marpol.2017.10.013
http://doi.org/10.1007/s40518-017-0091-3
http://doi.org/10.2118/0319-0038-JPT
http://doi.org/10.1016/j.jclepro.2021.126718
http://doi.org/10.1080/00288330.1992.9516500
http://doi.org/10.1016/j.marpol.2017.03.025
http://doi.org/10.1016/j.eneco.2014.09.022
http://doi.org/10.1080/17480930.2015.1128799
http://doi.org/10.1016/j.jclepro.2004.04.012
http://doi.org/10.1016/j.jclepro.2021.129884
https://metals.co/research/
https://metals.co/research/
https://www.gao.gov/products/gao-22-105507
http://doi.org/10.1080/09669580802276018
http://doi.org/10.1016/j.ijhydene.2008.08.054
http://doi.org/10.1016/j.apenergy.2015.01.023
http://doi.org/10.4031/MTSJ.45.5.2
http://doi.org/10.1016/j.scitotenv.2018.01.221
http://www.ncbi.nlm.nih.gov/pubmed/30857112
http://doi.org/10.1016/j.marpol.2020.103881
http://doi.org/10.1016/j.polgeo.2019.102060

J. Mar. Sci. Eng. 2022, 10, 1508 16 of 17

44.

45.
46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

Carver, R.; Childs, J.; Steinberg, P.; Mabon, L.; Matsuda, H.; Squire, R.; McLellan, B.; Esteban, M. A critical social perspective on
deep sea mining: Lessons from the emergent industry in Japan. Ocean Coast. Manag. 2020, 193, 105242. [CrossRef]

Sharma, R. Environmental Issues of Deep-Sea Mining. Procedia Earth Planet. Sci. 2015, 11, 204-211. [CrossRef]

Clark, M.R,; Durden, ].M.; Christiansen, S. Environmental Impact Assessments for deep-sea mining: Can we improve their future
effectiveness? Mar. Policy 2019, 114, doi. [CrossRef]

The Economics of Deep-Sea Mining; Donges, J.B. (Ed.) Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012.
Cameron, H.; Georghiou, L.; Perry, J.; Wiley, P. The economic feasibility of deep-sea mining. Eng. Costs Prod. Econ. 1981, 5,
279-287. [CrossRef]

Van Nijen, K.; Van Passel, S.; Brown, C.G.; Lodge, M.W.; Segerson, K.; Squires, D. The development of a payment regime for
deep-sea miningactivities in the area through stakeholder participation. Int. J. Mar. Coast. Law 2019, 34, 571-601. [CrossRef]
Ribeiro, M.C.; Ferreira, R.; Pereira, E.; Soares, J. Scientific, technical and legal challenges of deep sea mining. A vision for
Portugal—Conference report. Mar. Policy 2018, 114, 103338. [CrossRef]

Volkmann, S.E.; Kuhn, T.; Lehnen, F. A comprehensive approach for a techno-economic assessment of nodule mining in the deep
sea. Miner. Econ. 2018, 31, 319-336. [CrossRef]

Wakefield, ].R.; Myers, K. Social cost benefit analysis for deep sea minerals mining. Mar. Policy 2018, 95, 346-355. [CrossRef]
Wedding, L.M.; Friedlander, A.M; Kittinger, ].N.; Watling, L.; Gaines, S.D.; Bennett, M.; Hardy, S.M.; Smith, C.R. From principles
to practice: A spatial approach to systematic conservation planning in the deep sea. Proc. R. Soc. B Biol. Sci. 2013, 280, 20131684.
[CrossRef] [PubMed]

Sauvé, S.; Bernard, S.; Sloan, P. Environmental sciences, sustainable development and circular economy: Al-ternative concepts for
trans-disciplinary research. Environ. Dev. 2016, 17, 48-56. [CrossRef]

Levin, L.A.; Bett, B.J.; Gates, A.; Heimbach, P.; Howe, B.; Janssen, F.; McCurdy, A.; Ruhl, H.A.; Snelgrove, P.; Stocks, K.I.; et al.
Global Observing Needs in the Deep Ocean. Front. Mar. Sci. 2019, 6, 241. [CrossRef]

Ali, S.; Giurco, D.; Arndt, N.; Nickless, E.; Brown, G.; Demetriades, A.; Durrheim, R.; Enriquez, M. A ; Kinnaird, J.; Littleboy, A;
et al. Mineral supply for sustainable development requires resource governance. Nature 2017, 543, 367-372. [CrossRef]

Norse, E.A.; Brooke, S.; Cheung, WW.; Clark, M.R.; Ekeland, L; Froese, R.; Gjerde, K.M.; Haedrich, R.L.; Heppell, S.S.; Morato, T.;
et al. Sustainability of deep-sea fisheries. Mar. Policy 2012, 36, 307-320. [CrossRef]

Franks, D.M. Mountain Movers: Mining, Sustainability and the Agents of Change; Routledge: London, UK, 2015.

Prno, J.; Slocombe, D.S. Exploring the origins of ‘social license to operate” in the mining sector: Perspectives from governance and
sustainability theories. Resour. Policy 2012, 37, 346-357. [CrossRef]

Niner, H.].; Ardron, J.A.; Escobar, E.G.; Gianni, M.; Jaeckel, A.; Jones, D.O.B.; Levin, L.A.; Smith, C.R.; Thiele, T.; Turner, PJ.; et al.
Deep-sea mining with no net loss of biodiversity-an impossible aim. Front. Mar. Sci. 2018, 5, 53. [CrossRef]

Koschinsky, A.; Heinrich, L.; Boehnke, K.; Cohrs, J.C.; Markus, T.; Shani, M.; Singh, P.; Smith Stegen, K.; Werner, W. Deep-sea
mining: Interdisciplinary research on potential environmental, legal, economic, and societal implications. Integr. Environ. Assess.
Manag. 2018, 14, 672-691. [CrossRef]

Abramowski, T.; Stoyanova, V. Deep-sea Polymetallic nodules: Renewed interest as resources for environmentally sustainable
development. In Proceedings of the International Multididciplinary Scientific GeoConference: SGEM, Surveying Geology and
Mining Ecology Management, Albena, Bulgaria, 17-23 June 2012; Volume 1, p. 515.

Sparenberg, O. A historical perspective on deep-sea mining for manganese nodules, 1965. Extr. Ind. Soc. 2019, 6, 842-854.
Arora, S.; Van Dyck, B.; Sharma, D.; Stirling, A. Control, care, and conviviality in the politics of technology for sustainability.
Sustain. Sci. Pract. Policy 2020, 16, 247-262. [CrossRef]

Ma, W,; van Rhee, C.; Schott, D. A numerical calculation method of environmental impacts for the deep-sea miningindustry-a
review. Environ. Sci. Process. Impacts 2018, 20, 454-468. [CrossRef] [PubMed]

Ma, W.; Schott, D.; Lodewijks, G. A Research Procedure to Obtain a Green Transport Plan for Deep-sea miningSystems. In
Proceedings of the 27th International Ocean and Polar Engineering Conference, San Francisco, CA, USA, 25-30 June 2017.
Kung, A.; Svobodova, K.; Lébre, E.; Valenta, R.; Kemp, D.; Owen, J.R. Governing deep-sea miningin the face of uncertainty. J.
Environ. Manag. 2021, 279, 111593. [CrossRef] [PubMed]

Hallgren, A.; Hansson, A. Conflicting Narratives of Deep Sea Mining. Sustainability 2021, 13, 5261. [CrossRef]

Le Meur, PY,; Arndt, N.; Christmann, P.; Geronimi, V. Deep-sea mining prospects in French Polynesia: Gov-ernance and the
politics of time. Mar. Policy 2018, 95, 380-387. [CrossRef]

Bourrel, M.; Swaddling, A.; Atalifo, V.; Tawake, A. Building in-country capacity and expertise to ensure good governance of the
deep sea minerals industry within the Pacific region. Mar. Policy 2018, 95, 372-379. [CrossRef]

Roche, C.; Feenan, ]. Drivers for the development of deep sea minerals in the Pacific. In Deep Sea Minerals: Deep Sea Minerals and
the Green Economy; Secretariat of the Pacific Community: Noumea, France, 2013; pp. 22-40.

Tilot, V.; Willaert, K.; Guilloux, B.; Chen, W.; Mulalap, C.Y.; Gaulme, E; Bambridge, T.; Peters, K.; Dahl, A. Traditional
dimensions of seabed resource management in the context of Deep-sea miningin the Pacific: Learning from the socio-ecological
interconnectivity between island communities and the ocean realm. Front. Mar. Sci. 2021, 8, 257. [CrossRef]

UNCLOS. United Nations Conventions on the Law of the Sea. Available online: https://www.un.org/depts/los/convention_
agreements/texts/unclos/unclos_e.pdf (accessed on 7 March 2022).


http://doi.org/10.1016/j.ocecoaman.2020.105242
http://doi.org/10.1016/j.proeps.2015.06.026
http://doi.org/10.1016/j.marpol.2018.11.026
http://doi.org/10.1016/0167-188X(81)90019-7
http://doi.org/10.1163/15718085-13441100
http://doi.org/10.1016/j.marpol.2018.11.001
http://doi.org/10.1007/s13563-018-0143-1
http://doi.org/10.1016/j.marpol.2016.06.018
http://doi.org/10.1098/rspb.2013.1684
http://www.ncbi.nlm.nih.gov/pubmed/24197407
http://doi.org/10.1016/j.envdev.2015.09.002
http://doi.org/10.3389/fmars.2019.00241
http://doi.org/10.1038/nature21359
http://doi.org/10.1016/j.marpol.2011.06.008
http://doi.org/10.1016/j.resourpol.2012.04.002
http://doi.org/10.3389/fmars.2018.00053
http://doi.org/10.1002/ieam.4071
http://doi.org/10.1080/15487733.2020.1816687
http://doi.org/10.1039/C7EM00592J
http://www.ncbi.nlm.nih.gov/pubmed/29493682
http://doi.org/10.1016/j.jenvman.2020.111593
http://www.ncbi.nlm.nih.gov/pubmed/33221043
http://doi.org/10.3390/su13095261
http://doi.org/10.1016/j.marpol.2016.07.020
http://doi.org/10.1016/j.marpol.2017.03.022
http://doi.org/10.3389/fmars.2021.637938
https://www.un.org/depts/los/convention_agreements/texts/unclos/unclos_e.pdf
https://www.un.org/depts/los/convention_agreements/texts/unclos/unclos_e.pdf

J. Mar. Sci. Eng. 2022, 10, 1508 17 of 17

74.
75.
76.
77.
78.
79.
80.
81.

82.
83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

ISA. ISBA Exploration Code 2013ISAB/19/C/17, 2010ISBA/16/A/12Rev.1, 2012ISBA /18/ A /International Seabed Authority.
Available online: https:/ /isa.org.jm/files/files/documents/isba-19c-17_0.pdf (accessed on 8 March 2022).

Campbell, L.M.; Gray, N.J.; Fairbanks, L.; Silver, ].J.; Gruby, R.L.; Dubik, B.A.; Basurto, X. Global oceans gov-ernance: New and
emerging issues. Annu. Rev. Environ. Resour. 2016, 41, 517-543. [CrossRef]

Dong, L.; Tong, X.; Li, X.; Zhou, J.; Wang, S.; Liu, B. Some developments and new insights of environmental problems and deep
mining strategy for cleaner production in mines. . Clean. Prod. 2018, 210, 1562-1578. [CrossRef]

Minerals, D.S. Deep Sea Minerals and the Green Economy; Secretariat of the Pacific Community: Noumea, France, 2013.

Murray, L. Plundering the deep blue sea. Eng. Technol. 2019, 14, 40-43. [CrossRef]

Wijkman, PM. Managing the global commons. Int. Organ. 1982, 36, 511-536. [CrossRef]

El-Baghdadi, M. The Binding Nature of the Disputes Settlement Procedure in the Third UN Convention on the Law of the Sea:
The International Seabed Authority. J. Min. L. Pol’y 1990, 6, 173.

Hunter, J.; Singh, P.; Aguon, J. Broadening common heritage: Addressing gaps in the deep-sea miningregulatory regime. Harv.
Environ. Law Rev. 2018, 16, 1-12.

Maurin, C. Deep Seabed Minerals: A New Frontier in The Pacific Region. Policy Brief 2013, 121, 1-3.

Silverstein, D. Proprietary Protection for Deepsea Mining Technology in Return for Technology Transfer: New Ap-proach to the
Seabeds Controversy. J. Pat. Off. Soc. 1978, 60, 135.

Jones, D.O.; Durden, ].M.; Murphy, K.; Gjerde, K.M.; Gebicka, A.; Colaco, A.; Morato, T.; Cuvelier, D.; Billett, D.S. Existing
environmental management approaches relevant to deep-sea mining. Mar. Policy 2019, 103, 172-181. [CrossRef]

Filho, W.L.; Abubakar, I.R.; Nunes, C.; (Joost) Platje, J.; Ozuyar, P.G.; Will, M.; Nagy, G.J.; Al-Amin, A.Q.; Hunt, ].D.; Li, C. Deep
Seabed Mining: A Note on Some Potentials and Risks to the Sustainable Mineral Extraction from the Oceans. J. Mar. Sci. Eng.
2021, 9, 521. [CrossRef]

Alonso, E.; Sherman, A.M.; Wallington, T.J.; Everson, M.P.; Field, ER.; Roth, R.; Kirchain, R.E. Evaluating Rare Earth Element
Availability: A Case with Revolutionary Demand from Clean Technologies. Environ. Sci. Technol. 2012, 46, 3406-3414. [CrossRef]
Swain, B. Recovery and recycling of lithium: A review. Sep. Purif. Technol. 2017, 172, 388-403.

Cassman, K.G.; Dobermann, A.; Walters, D.T.; Yang, H. Meeting Cereal Demand While Protecting Natural Resources and
Improving Environmental Quality. Annu. Rev. Environ. Resour. 2003, 28, 315-358. [CrossRef]

Massari, S.; Ruberti, M. Rare earth elements as critical raw materials: Focus on international markets and future strategies. Resour.
Policy 2013, 38, 36—43. [CrossRef]

Li, J.; Peng, K,; Wang, P.; Zhang, N.; Feng, K.; Guan, D.; Meng, J.; Wei, W.; Yang, Q. Critical Rare-Earth Elements Mismatch Global
Wind-Power Ambitions. One Earth 2020, 3, 116-125. [CrossRef]

Auerbach, R.; Bokelmann, K.; Stauber, R.; Gutfleisch, O.; Schnell, S.; Ratering, S. Critical raw materials—Advanced recycling
technologies and processes: Recycling of rare earth metals out of end of life magnets by bioleaching with various bacteria as an
example of an intelligent recycling strategy. Miner. Eng. 2019, 134, 104-117. [CrossRef]

Jowitt, S.M.; Werner, T.T.; Weng, Z.; Mudd, G.M. Recycling of the rare earth elements. Curr. Opin. Green Sustain. Chem. 2018, 13,
1-7. [CrossRef]

Ardito, G.; Rovere, M. Racing the clock: Recent developments and open environmental regulatory issues at the International
Seabed Authority on the eve of deep-sea mining. Mar. Policy 2022, 140, 105074. [CrossRef]

Kirkham, N.R.; Gjerde, K.M.; Wilson, A.M.W. DEEP-SEA mining: Policy options to preserve the last fron-tier-lessons from
Antarctica’s mineral resource convention. Mar. Policy 2020, 115, 103859. [CrossRef]

Da Ros, Z.; Dell’Anno, A.; Morato, T.; Sweetman, A K.; Carreiro-Silva, M.; Smith, C.J.; Papadopoulou, N.; Corinaldesi, C.;
Bianchelli, S.; Gambi, C.; et al. The deep sea: The new frontier for ecological restoration. Mar. Policy 2019, 108, 10364. [CrossRef]
Billett, D.5.M.; Jones, D.O.B.; Weaver, P.P. Improving environmental management practices in deep-sea mining. In Environmental
Issues of Deep-Sea Mining; Springer: Cham, Switzerland, 2019; pp. 403—446.

Van Dover, C.; Arnaud-Haond, S.; Gianni, M.; Helmreich, S.; Huber, J.; Jaeckel, A.; Metaxas, A.; Pendleton, L.; Petersen, S.;
Ramirez-Llodra, E.; et al. Scientific rationale and international obligations for protection of active hydrothermal vent ecosystems
from deep-sea mining. Mar. Policy 2018, 90, 20-28. [CrossRef]


https://isa.org.jm/files/files/documents/isba-19c-17_0.pdf
http://doi.org/10.1146/annurev-environ-102014-021121
http://doi.org/10.1016/j.jclepro.2018.10.291
http://doi.org/10.1049/et.2019.0202
http://doi.org/10.1017/S0020818300032628
http://doi.org/10.1016/j.marpol.2019.01.006
http://doi.org/10.3390/jmse9050521
http://doi.org/10.1021/es203518d
http://doi.org/10.1146/annurev.energy.28.040202.122858
http://doi.org/10.1016/j.resourpol.2012.07.001
http://doi.org/10.1016/j.oneear.2020.06.009
http://doi.org/10.1016/j.mineng.2018.12.022
http://doi.org/10.1016/j.cogsc.2018.02.008
http://doi.org/10.1016/j.marpol.2022.105074
http://doi.org/10.1016/j.marpol.2020.103859
http://doi.org/10.1016/j.marpol.2019.103642
http://doi.org/10.1016/j.marpol.2018.01.020

	Introduction 
	Deep-Sea Mining Sustainability 
	Motivation of Deep-Sea Mining 
	Deep-Sea Mining Sustainability 

	Life Cycle Assessment of a Deep-Sea Mining Project 
	Sustainability Development in Deep-Sea Mining 
	Conclusions 
	References

