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Abstract

The pros and cons of deep-sea mining (DSM) is currently hotly debated. Here, we assess
the environmental, economic, and social risks of DSM by comparing scenarios with and
without DSM involvement. The “Without” scenario relies solely on land-based mining and
circular economy solutions, while the “With” scenario incorporates DSM alongside circular
strategies, highlighting the dangers of heavy DSM dependence. Through literature review
and expert interviews, our study identifies key risk indicators across environmental, eco-
nomic, and social dimensions, forming a comprehensive assessment framework. Through
the application of qualitative data and fuzzy cognitive mapping, the analysis reveals that
environmental factors are the most influential (centrality: 1.46), followed by social (1.32)
and economic (1.0) factors. In the “With DSM” scenario, all indicators show increased
risks, with environmental factors, particularly “coastal state vulnerability,” experiencing a
13% rise. Social risks, including “violation of law,” “participatory rights,” “lack of effective
control,” and “degraded reputation,” increase by 8—11%, while economic risks, such as
“contractual violations,” “lack of special provision,” “knowledge gap on economic assis-
tance fund” and disputes among “multiple stakeholders,” see an 11% uptick. Our results
suggest that the risks DSM poses to deep-sea marine ecosystems are likely too signifi-
cant to justify its pursuit and advocates for circular economy solutions as viable alterna-
tives to mitigate environmental, social, and economic risks. We recommend that policies
should promote circular practices through resource recovery incentives.

Introduction

Deep-sea environments are among the most fragile and poorly understood on Earth, and they
are home to distinctive and inadequately investigated species that are crucial for the stabil-

ity and health of marine ecosystems [1]. Consequently, while deep-sea mining (DSM) could
contribute to the supply of critical metals for industries such as electronics, renewable energy,
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and automotive manufacturing [2], the anticipated environmental costs are significant [3,4].
A study on DSM of cobalt-rich crusts on the Rio Grande Rise highlights disturbances such as
substrate removal, increased suspended particulate matter, crushing by tailings, and toxicity
from released metals [5]. These impacts are expected to alter the ecosystem and its functioning
for decades to centuries. Climate models predict increased biomass for bigeye, skipjack, and
yellowfin tuna in the Clarion-Clipperton Zone (CCZ) due to climate change. Thus, interac-
tions between mining, fish populations, and climate change remain complex, however, these
shifts suggest potential for greater environmental and economic conflicts [6]. As a whole,
DSM is likely to significantly affect the delicate ecosystems and the services they provide,
including provisioning, supporting, regulating, and cultural services [7,8].

Economically, DSM entails significant expenses and risks associated with technological
advancement, operational logistics, and regulatory adherence in sometimes remote and chal-
lenging settings [9]. The development of specialized mining machinery and deep-sea technol-
ogies requires substantial capital investment, accompanied by considerable risks of technical
malfunction owing to the severe pressure and corrosive environment of the deep ocean [10].
Operational logistics exacerbate these issues, necessitating sophisticated support vessels, com-
prehensive maintenance, and proficient people, all of which escalate expenses [11]. Furthermore,
adherence to international and national regulatory frameworks may incur additional expenses
and delays, especially as DSM laws continue to develop [12]. In the CCZ, pilot projects encoun-
tered persistent delays attributable to technical and regulatory challenges [13,14]. These consid-
erations collectively classify DSM as a high-risk economic endeavor, with profitability dependent
on assumed increasing global demand for essential minerals and consistent regulatory frame-
works. Moreover, the financial viability of DSM projects is closely tied to global market condi-
tions, technological advancements, and regulatory frameworks that are still evolving [15].

Socially, DSM raises questions regarding equity, Indigenous rights, and the involvement of
local communities in decision-making processes [16]. Scholars argue that the distribution of
benefits and risks from DSM activities often mirrors existing global inequalities, dispropor-
tionately impacting local coastal communities and Indigenous populations who may derive
their livelihoods from the marine environment [17]. These groups frequently face marginal-
ization in decision-making processes despite being primary stakeholders affected by resource
extraction activities [18]. The failure to involve these communities meaningfully in consulta-
tions and benefit-sharing arrangements has raised concerns about violations of their social,
cultural, and economic rights [19]. Equally problematic is the limited transparency in DSM
decision-making, which often excludes local voices and limits opportunities for affected com-
munities to influence policies or practices [20]. To address these concerns, experts emphasize
the need for inclusive governance structures that recognize the rights and knowledge of local
communities which are essential to balance the economic potential of DSM with its social
responsibilities [21].

Since 2017, the International Seabed Authority (ISA) has been developing a Mining Code
to regulate seabed mineral extraction beyond national jurisdictions. Environmental regula-
tions are playing an increasingly significant role in these negotiations, influencing key aspects
such as spatial planning strategies, contract approval procedures and environmental impact
assessment guidelines [22]. Recent discussions at the ISA Council Meeting in March 2024
highlighted questions regarding the integration of environmental issues into DSM regulations
and contractual frameworks [23]. The debates emphasized the necessity of exploring measures
to address environmental externalities, recognizing that environmental considerations are
essential for sustainable development rather than merely regulatory obligations. However,
the extent to which these measures will have a meaningful impact on regulatory outcomes
remains uncertain.
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The concept of the circular economy has gained prominence as a sustainable approach,
offering alternatives to address the broader environmental challenges, including those posed
by DSM [15,24]. Continuous advancements in material efficiency and resource substitution
have already decreased the amount of minerals needed for battery technology.
Lithium-iron-phosphate batteries are an example of such batteries because they do not require
nickel or cobalt, which are now in high demand but this demand is likely to decline with
time [15]. While this raises doubts about the immediate necessity of DSM, it is recognized
that further research is required to substantiate these claims. The circular economy paradigm
increases resource efficiency through recycle, reuse, and sustainable management practices to
minimize waste and reduce environmental footprints [25,26]. Circular economy approaches
also influence mineral demand and supply by reducing the total annual demand for miner-
als because (i) they prolong the lifespans of infrastructure and services, allowing extracted
minerals to be used in society for a longer period of time; and (ii) they control the timing and
quantity of material recovery, allowing these materials to re-enter the production process
as replacements for primary raw materials [24]. As a result, urban mining, which recovers
metals from discarded electronic and industrial waste [27,28] can act as a more sustainable
and resource-efficient alternative to DSM. Advances in recycling technologies have made it
possible to extract valuable metals such as cobalt, nickel, and rare earth elements from e-waste
[29,30]. Therefore, integrating circular economy principles into metal supply strategies has
the potential to eliminate the need for DSM and its related hazards, boosting environmental
sustainability and socioeconomic resilience.

Previous research has largely focused on isolated aspects of DSM, such as environmental,
social, or economic risks, or explored the theoretical benefits of circular economy strategies.
However, these studies often lack a comprehensive approach that integrates these perspec-
tives to assess policy implications, particularly within the context of DSM. The present study
addresses these gaps by evaluating the potential impacts of DSM on social-ecological systems
while contrasting them with the benefits offered by circular economy strategies. Through the
adoption of an integrated framework that encompasses environmental, socio-economic, and
governance dimensions, the research aims to provide valuable insights for policy and manage-
ment decisions on whether to pursue or forgo DSM activities. Simas et al. [24] asserts that “the
future is circular,” and highlight the potential of reducing the demand for seven important raw
minerals that can be supplied by DSM by 58% between now and 2050 through the adoption
of new technologies, circular economy models, demand reduction techniques, and improved
recycling. An Environmental Justice Foundation report also highlighted how DSM could
impede the shift to a circular economy by redirecting investments away from sustainable
solutions [15]. Building on the assumption that future metal demands could be reduced by up
to 58% through “circular solutions” including circular economy practices, new technologies,
and recycling, the current study offers a strategic assessment to inform sustainable resource
management and promote alternative solutions that minimize ecological and social risks.

Materials and methods
Identifying indicators

The planning and execution of this research involved a first phase of literature review aimed at
finding indicators to determine the risks associated with DSM activities based on the current
state of the DSM industry. The search focused on peer-reviewed articles, reports and online
databases available on Google, which yielded approximately 70 articles, forming the bases

for the analysis. The indicators were carefully chosen to capture both direct and indirect

risks associated with DSM activities, encompassing immediate operational impacts as well as
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long-term consequences for various stakeholders and ecosystems. Those that were measurable
or assessed with standard qualitative and quantitative methods in literature were considered,
to ensure data validity. On the other hand, indicators from any unsupported evidence of
literature and those with significant overlap or redundancy with other selected indicators were
excluded.

The indicators were categorized into three major classes: i) environmental indicators:
assessing the likely impacts of DSM on the environment; ii) economic indicators: evaluating
cost factors in mining, including capital and operational expenditures, as well as environmen-
tal costs; and iii) social indicators: focusing on social aspects, including potential and conflict-
ing interests of Indigenous communities. Environmental indicators were selected based on
their ability to measure both immediate ecosystem disruption and long-term environmental
consequences. Through this, we identified 8 environmental indicators, i.e., biodiversity risk;
vulnerability to coastal states; pollution; troublesome sea life; knowledge gaps; greenwashing
argument; ambiguous guidelines; and habitat risk. Detailed descriptions of each of these are
provided in S1 Table in S1 File. Economic indicators were chosen to reflect both micro and
macro-economic implications, ranging from direct operational costs and profitability risks to
broader impacts on existing industries and national economies. We identified 12 economic

indicators consisting of the following: private profit over public good; risk on commercial
fisheries; ecological cost; technological cost; loss and profitability risks; tourism; royalty pay-
ment regimes; knowledge gap on EAF; terrestrial mining vs DSM; multiple shareholders; lack
of special provision; and contractual violations. We provide detailed descriptions of each of
these indicators in S2 Table in S1 File. Social indicators were selected to capture the complex
interplay between DSM operations and societal well-being. Total 8 social indicators were iden-
tified, including: political implications; social stigma; food security and safety; lack of effective
control; violation of the law; degraded reputation; livelihood and employment loss; and partic-
ipatory rights. Detailed descriptions of each of these are provided in S3 Table in S1 File.

S4 diagram in S1 File illustrates the interconnected risks associated with DSM across envi-
ronmental, economic, and social dimensions, highlighting the importance of a comprehensive
assessment framework. Environmental indicators are crucial as they address the potential for

irreversible damage to deep-sea ecosystems, emphasizing the need for conservation measures
and adherence to global sustainability goals. Economic indicators are essential for evaluat-

ing the feasibility of DSM operations, particularly considering their implications for existing
maritime industries and the economies of developing maritime nations. Equally important are
social indicators, which provide insights into the broader social implications of DSM, includ-
ing community well-being, governance, and employment. This integrated framework offers

a structured approach to understanding and evaluating the multifaceted risks associated with
DSM, enabling more informed and sustainable decision-making processes.

Data collection

After identifying the risk indicators, the questionnaires were developed for obtaining the
responses from experts in the field. The questionnaire consisted of 2 sub questions for each
individual major question: i) what is the likelihood that the proposed risk burden from DSM
will affect the social-ecological systems; and ii) how significant would the resulting impact be?
Interviews were conducted with nine experts, including representatives from NGOs, aca-
demia, and a DSM mining company, to capture perceptions of DSM risks. Detailed informa-
tion is provided in (Table 1). Experts were asked to provide their views on the 41 identified
questions, encompassing environmental, economic, and social risk indicators. The responses
obtained were transcribed and consolidated into different categories using Microsoft excel.
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Table 1. Expert profile for risk indicators interview.

Category Distribution of respondents Percentage (%)
Highest Education Level
Bachelor 0
Master’s Degree 56
Ph.D. 44
Field of Work
Environmental Sustainability 22
Environmental Policy & Governance 22
Law & Regulatory Affairs 33
Economics & Resource Management 22
Organization
University Researchers & Professors 44
Industry Experts 11
Policy Advisors & Government Officials 0
NGO Representatives & Advocacy Specialists 44

https://doi.org/10.1371/journal.pone.0320888.t1001

We collected the indicators for this study through an extensive literature review. Expert
opinions were sought solely to verify the relevance of the data, and their involvement was
limited to providing feedback on pre-existing information. No personal or sensitive data
were collected. Due to the non-sensitive nature of the data, written consent was not required.
However, verbal consent was documented through meeting notes to ensure transparency and
compliance with ethical standards.

Construction of Fuzzy Cognitive Map (FCM)

This study employs a Fuzzy Cognitive Map (FCM) to assess the perceived influence of DSM
on marine ecosystem services. FCMs, originally proposed by Kosko [31], are computational
models that combine fuzzy logic, neural networks, and cognitive mapping techniques [31,32].
These models are composed of several components and the causal connections between them,
which together create a neural network [32,33]. Every component is given an activation value
(AV), i.e., the degree of impact it has on the network of between 0 and 1, and each relation-
ship is allocated a weight that represents the degree of causality, ranging from -1 to 1 (where

1 and -1 signify full positive and negative causality, respectively). Fuzzy logic is employed

to transform both quantitative and qualitative data into a common format, which is then

used to determine the AVs and weights [34]. In the present study, the FCM framework was
applied to a hypothetical DSM project, integrating various risk indicators and expert opinions.
Qualitative data from expert interviews have been used to calculate total risks multiplying the
likelihood by the severity using the following equation,

Risk Score = Likelihood x Impact (1)

Where:
Likelihood = the probability of the risk event occurring (from 1 to 5).
Impact = the severity of the consequences if the event occurs (from 1 to 5).

The risk score is used to determine the weight in the FCM, where the weight represents the
degree of causality or influence between components. For example, a risk score of 25 corre-
sponds to a weight of + 1, indicating a strong positive causality between the two components
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involved. This means that when both the likelihood of occurrence and the impact are high, the
relationship between the components is considered fully positive, signifying that the risk has a
significant influence on the network.

The second phase of the literature review is aimed at discovering the most significant
indicators, which are linked to circular solutions (CS) encompassing circular economy, new
technology and recycling. The phase involved reviewing 21 published sources (S4 Table in S1
File) to determine which keywords were most frequently associated with impacts on circular
solutions. Each publication was categorized by the first author’s name and given a score of 1
when an indicator was mentioned and 0 when it was not. The assessment involved adding all
of the scores and determining the average score per indicator across all variables using the
method described by Cordova-Pozo and Rouwette [35]. The Indicator Score was calculated
using the formula below,

Sum of scores for indicator

21 @

Indicator Score =

The calculated Indicator Scores were subsequently used to determine the weights in the FCM,
with each weight being directly proportional to the Indicator Score. For instance, an indicator
with a score of 0.81 would have a corresponding weight of 0.81, reflecting the strength of the
causality between components. These weights were then input into the “Mental Modeler”
software to construct the FCM, which modeled the relationships between components based
on their calculated weights, enabling a comprehensive analysis of the factors influencing cir-
cular solutions. The overall risk assessment methodological flowchart is presented in (Fig 1).

The figure depicts the stepwise framework for assessing risks associated with DSM. The
process involves three phases. Phase 1 begins with a literature review to identify risk indi-
cators, categorized into environmental, economic, and social aspects. Phase 2 entails expert
interviews to evaluate the likelihood of risks and the significance of impacts through a ques-
tionnaire. The responses are transcribed and consolidated for analysis. Phase 3 incorporates
a review of published sources to analyze the impact of indicators on circular solutions using
keyword analysis, scoring systems, and average score calculations. The outputs from all phases
feed into the development of the FCM for a comprehensive risk assessment.

To quantify the FCM, we calculated the following metrics [36,37]:

o Number of Concepts (N): The total number of unique variables or nodes in the FCM;

o Number of Connections (C): The total number of directed edges or connections between
the concepts;

« Connections per Concept (C/N): The average number of connections per concept;

o Density (D): An index of connectivity, calculated by dividing the number of connections by
the maximum number of connections possible between N variables;

o Driver Variables: Positive outdegree and zero indegree, indicating they drive changes in the
system;

o Receiver Variables: Positive indegree and zero outdegree, indicating they are influenced by
other variables; and

o Ordinary Variables: Non-zero indegree and outdegree, indicating they both influence and
are influenced by other variables.

The FCM model developed in this study (Fig 2) represents a system with 30 key elements
interconnected through 41 relationships (Table 2). The density of the FCM 0.05, which is
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Fig 1. Framework for risk assessment of deep-sea mining using fuzzy cognitive mapping.

https://doi.org/10.1371/journal.pone.0320888.9001

calculated as the ratio of the actual number of connections to the total possible connections
in the map. On average, each component has approximately 1.36 connections. This metric
provides insights into the average connectivity within the map. It has 2 driver components
and 28 receiver components, indicating a dynamic system with multiple feedback loops and a
moderate level of complexity (Table 3).

In the context of FCM, the outdegree, indegree, and centrality of variables are key
metrics used to evaluate the role and influence of each concept within the system. These
measures help categorize variables as driver, receiver, or ordinary based on their connec-
tivity and the direction of influence within the network. The outdegree of a variable refers
to the cumulative strength of the connections that exit from that variable. It quantifies
the influence that the variable exerts on other variables in the system. The outdegree is
calculated as the sum of the weights of all outgoing edges from a variable. The indegree of
a variable measures the cumulative strength of the connections entering that variable. It
indicates how much a variable is influenced by other variables in the system. A higher out-
degree indicates that the variable has a greater influence on other variables in the system.
A higher indegree suggests that the variable is more influenced by other components in the
system [36,37].

PLOS ONE | https://doi.org/10.1371/journal.pone.0320888 March 28, 2025 7/23



https://doi.org/10.1371/journal.pone.0320888.g001

PLOS ONE Simulating deep-sea mining impacts

Pollution Risk on .commercisl Food security and safety
+ fisheries

Circular
solutions

]

. [ .
Impact on tourism P Poitical implications

Knowledge gap on EAF

-] ',

Lack of special provision
A degraded reputation
,
I Private profit over public
‘ Ecological cost
‘ Loss and profitability
fisks I Lack of effective control
strial mining vs

Terre:
DSM

Habitat risk

Participatory rights

\

Violation of the law

Social stigma
)!' Contractual violation

Deep sea mining ; sealis * o Livelihood and

& Unacc royalty employment loss
payment regimes

=== + Relation

Economic

Social = - Relation

Fig 2. Fuzzy cognitive model of deep-sea mining and circular solutions for future metal supply. The constructed Fuzzy Cognitive Map (FCM) represents a complex
system with 30 key elements linked by 41 interconnections. It features 2 driver components, “deep-sea mining” and “circular solutions”, which significantly influences
many other elements. “Deep-sea mining” emerges as the element with the highest centrality, highlighting its pivotal role and extensive connectivity within the system.
Its extensive connectivity highlights the widespread social-ecological implications of DSM, emphasizing the importance of carefully evaluating mining practices and
exploring circular economy strategies to mitigate negative consequences.

https://doi.org/10.1371/journal.pone.0320888.9002

Table 2. General Fuzzy Cognitive Map (FCM) statistics.

FCM properties Value
Total Components 30
Total connections 41
Density 0.05
Connections per component 1.36
Number of driver components 2
Number of receiver components 28
Number of ordinary components 0
Complexity score 14

https://doi.org/10.1371/journal.pone.0320888.t002
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Table 3. Concept categorization and network metrics in the Fuzzy Cognitive Map (FCM).

Category Component Indegree Outdegree Centrality Type
Economic Private profit over public good 0.9 0 0.9 Receiver
Risk on commercial fisheries 1.81 0 1.81 Receiver
Ecological cost 0.6 0 0.6 Receiver
Technological cost 0.6 0 0.6 Receiver
Loss and profitability risks 0.85 0 0.85 Receiver
Impact on tourism 1.23 0 1.23 Receiver
Unacceptable royalty payment regimes 0.8 0.8 Receiver
Knowledge gap on EAF 1 0 1 Receiver
Terrestrial mining vs DSM 1.18 0 1.18 Receiver
Multiple shareholders 1 0 1 Receiver
Lack of special provision 1 0 1 Receiver
Contractual violation 1 0 1 Receiver
Environmental Biodiversity risk 1.58 0 1.58 Receiver
Vulnerability to coastal states 1.38 0 1.38 Receiver
Pollution 1.85 0 1.85 Receiver
Troublesome sea life 1.56 0 1.56 Receiver
Knowledge gaps 1.8 0 1.8 Receiver
Greenwashing argument 0.48 0 0.48 Receiver
Ambiguous guidelines 1.64 0 1.64 Receiver
Habitat risk 1.37 0 1.37 Receiver
Social Political implications 1.38 0 1.38 Receiver
Social stigma 1.51 0 1.51 Receiver
Food security and safety 1.81 0 1.81 Receiver
Lack of effective control 1 0 1 Receiver
Violation of the law 1.29 0 1.29 Receiver
A degraded reputation 1 0 1 Receiver
Livelihood and employment loss 1.9 0 1.9 Receiver
Participatory rights 0.64 0.64 Receiver
Metal sources Circular solutions 0 7.90 7.90 Driver
Deep-sea mining 0 24.28 24.28 Driver

https://doi.org/10.1371/journal.pone.0320888.t003

The centrality of a variable is the total sum of its outdegree and indegree, indicating its
overall importance within the system. A variable with high centrality is more influential,
either as a driver of change (outdegree) or as an important receiver of influence (indegree)
and it is measured by the formula below [38],

Centrality of X = Outdegree of X + Indegree of X (3)

In this analysis “deep-sea mining” has the highest centrality (24.28), indicating its significant
influence and connectivity within the map (Table 3).

In the current study, the FCM approach was preferred over methods like the Analytic
Hierarchy Process (AHP) due to its ability to model complex, dynamic systems with interde-
pendencies and feedback loops [39]. Unlike AHP, which is static and focuses on hierarchical
comparisons [40], FCM captures the non-linear interactions between ecological, economic,
and technological factors [41]. FCM also integrates both qualitative and quantitative data,
accommodates uncertainty, and offers a deeper understanding of causal relationships [42],
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making it more adaptable for evaluating the interconnected impacts of DSM on marine eco-
system services.

To address uncertainties inherent in the FCM approach, we conducted scenario analysis
to examine the robustness of model outcomes under different assumptions. By systemati-
cally varying key connection weights and testing alternative configurations of the model, we
assessed the extent to which uncertainties in expert-defined relationships influence system
behavior. The results demonstrated that while some concepts exhibited sensitivity to specific
changes, the overall system dynamics remained consistent across scenarios, reinforcing the
model’s reliability.

The “With” and “Without” DSM analyses

Running the Mental Modeler in FCM involves assigning values ranging between -1 and +1 to
represent the influence or impact of one element on another within a model. Assigning dif-
ferent values in the model is used to simulate and predict the outcomes of different scenarios.
When setting up scenarios in FCM, a weight of 0.1 might be assigned to a variable to reflect
that this variable has a minor or limited influence over other variables within the FCM model.
To the best of our knowledge, there is no existing research that establishes the current state
and values of the social, environmental, and economic concepts related to DSM that could be
incorporated into the creation of the FCM needed for our analysis. Therefore, following the
concept of Kokkinos et al. [32] and Hatziioannou & Kokkinos [43], we consider the steady
state of the FCM model as the status quo scenario.

The “Without” DSM analysis. Here, mineral supplies are assumed to be met fully from
land-based mining and circular economy solutions with no supplies derived from DSM. The
status quo scenario described earlier is assumed to represent the “Without” DSM situation.

The “With” DSM analysis. Here, high quantities of mineral supplies are derived from
both DSM and CS (leveled as + 1 in Mental Modeler). This scenario aims to highlight the
potential risks and challenges associated with heavy reliance on DSM for meeting metal
demands.

We found considerable percentage changes in the AVs with DSM relative to the “Without”
DSM scenario. The % change in AV functions as a relative measure, rather than an absolute
value, where higher percentage changes indicate a more significant influence on the spe-
cific component being considered. To qualitatively describe the magnitude of these relative
changes, in AV, the following categorization was used: “significant” for differences greater
than 1.0%; “slight” or “minor” significance for differences between 1 and 3.0%; “moderate”
significance for differences ranging 3.1% to 7.0%; and “large” or “greatly” significance for
differences exceeding 7.1% [44].

Results

Among the economic factors considered in this study, “risk on commercial fisheries” (1.81)
and “impact on tourism” (1.23) are key drivers due to their higher centrality values indicating
direct impact on economic performance, suggesting the need to address these risks for stabil-
ity. Economic indicators with moderate centrality value, such as, “private profit over public
good” (0.9) reflect the tension between profit-driven decisions and social welfare, requir-

ing balanced policies, while lower centrality indicators like “ecological cost” (0.6) indicate
overlooked long-term consequences. Similarly, environmental factors with higher centrality
values like “pollution” (1.85) and “knowledge gaps” (1.8) dominate due to their critical role in
environmental degradation and inefficiencies, showing that addressing them could produce
cascading benefits. Social factors such as “livelihood and employment loss” (1.9) and “food
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security and safety” (1.81) are the most critical, reflecting their immediate impact on commu-
nity well-being, while moderate factors like “social stigma” (1.51) and “political implications”
(1.38) emphasize the importance of social cohesion and governance. Low-centrality factors
like “participatory rights” (0.64), though less significant, are enabling components that indi-
rectly enhance systemic interventions. The data gathered and analysed clearly indicate that, on
average, environmental variables, with an average centrality score of 1.46, have a greater influ-
ence and relevance within the FCM compared to social components with an average centrality
score of 1.32, and then economic factors with an average centrality score of 1.0. High environ-
mental centrality indicates that the environmental risks linked to DSM such as biodiversity
loss, pollution, habitat disturbance, and vulnerability to coastal states, are significant factors
that affect the overall FCM system dynamics.

The effects of deep-sea mining

The findings of the “With” DSM analysis for all the studied indicators are presented in (Fig
3). The immediate observation from the figure is that DSM increases the risks associated with
all indicators. The highest likely risk imposed by DSM is on coastal states as measured by the
“vulnerability to coastal states” indicator at an increase of 13% relative to the “Without” DSM.
for example, mining activities in the CCZ pose a significant threat to Small Island Developing
States in the region, compounding the existing challenges these nations face due to the con-
tinuous rise in sea levels [45]. These dual threats, environmental degradation from DSM and
the long-term impacts of climate change, create a precarious situation for these small island
countries, with profound implications for their ecosystems, economies, and societies.

Social indicators that register high increases in risks are “violation of law,” “participatory
rights,” “lack of effective control,” and “degraded reputation,” with relative increases of 8% to
11%. The “violation of law” as a social risk in DSM highlights legal concerns stemming from
insufficient environmental assessments. For instance, in Norway, advancing DSM without
robust scientific evidence could breach national and international laws [46]. Such actions pose
a risk of undermining environmental protections and may provoke legal challenges, empha-
sizing the necessity of adhering to regulations in order to preserve regulatory integrity and
public trust [47]. “Participatory rights” in the context of DSM refer to the procedural rights
of stakeholders, including Indigenous peoples, local communities, and the general public, to
actively engage in decision-making processes. Currently, the legal framework governing DSM
often falls short of fulfilling state obligations to ensure meaningful stakeholder involvement.
Incorporating indigenous peoples into DSM management is not just a procedural require-
ment but a fundamental aspect of their comprehensive, tradition-based connection to the
environment, as acknowledged by international initiatives and the regulations of Pacific States
[48,49]. Similarly, “lack of effective control” in DSM refers to the insufficient oversight and
authority of sponsoring states over the companies they endorse for mining activities. Further-
more, the ISA has not clearly defined what constitutes “effective control,” leading to ambigu-
ities. For example, in the case of TOML, Tonga’s ability to fulfill its regulatory responsibilities
is uncertain, highlighting the critical need for clearer definitions and stronger governance
mechanisms [50]. On the other hand, “degraded reputation” highlights the damage to a state’s
image due to controversial decisions. In particular, Norway’s decision to open its seabed for
commercial DSM, despite warnings from scientists and environmental experts, has drawn
criticism potentially eroding trust and credibility in its environmental commitments [51].

We also see large economic risks, especially in areas such as “contractual violation,” “lack
of special provision,” “multiple shareholders,” “knowledge gap on EAE’ “loss and profitability
risks”, “private profit over public good” and “unacceptable royalty payment regimes”. “Con-
tractual violation” in DSM refers to the potential breach of agreements between companies
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Indicators

Vulnerability to coastal states
A degraded reputation

Lack of effective control
Contractual violation

Lack of special provision
Multiple shareholders
Knowledge gap on EAF

Loss and profitability risks
Private profit over public good
Knowledge gaps
Unacceptable royalty payment regimes
Participatory rights

Violation of the law
Ambiguous guidelines
Technological cost

Ecological cost

Greenwashing argument
Political implications
Troublesome sea life
Terrestrial mining vs DSM
Impact on tourism

Habitat risk

Food security and safety
Pollution

Biodiversity risk

Risk on commercial fisheries
Livelihood and employment loss

Social stigma

0.00%

% Relative change in activation value (measure of impact)

10.00% 12.00% 14.00%

Fig 3. Relative changes in DSM impacts across environmental, social and economic indicators. This figure illustrates the percentage changes from a
steady state (our assumed “Without” DSM scenario) in activation values - a measure of the impacts of DSM across various indicators. The indicators, listed
on the y-axis, reflect different dimensions of environmental, social, and economic impacts. The x-axis represents the percentage change in activation values
for each indicator. Activation values are critical in this context as they help quantify the magnitude of DSM’s impact, providing a clearer picture of how
various elements of the system are affected. Percentage changes in these values highlight key insights, such as the increased vulnerability of coastal states and

reputational risks, which emerge as the most significantly impacted indicators.

https://doi.org/10.1371/journal.pone.0320888.9003
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and regulatory bodies, such as the ISA. For example, if TOML, a subsidiary sponsored by
Tonga, fails to meet its contractual obligations, the sponsoring state (Tonga) could face
significant financial liabilities [52]. This adds to the country’s burden, as the environmental
damage from DSM activities could far exceed any economic benefits. Besides, the “lack of
special provision” in DSM highlights the absence of differentiated responsibilities under the
ISA framework. Both developing and developed countries sponsoring mining activities are
held equally accountable for environmental damage caused to the ocean floor. For developing
countries this creates significant challenges, as they lack the financial and technical resources
of developed nations to manage and mitigate such damages [53].

The uniform application of rules creates disproportionate challenges for less-resourced
states, highlighting the need for equitable provisions that consider the varying capacities of
sponsoring countries. “Multiple shareholders” in DSM refers to the complexity and chal-
lenges arising from the involvement of various entities, including foreign companies and
international investors, in the ownership and control of a mining operation [50]. Although
a company may seem to be domestically owned, its management and financial control are
often in the hands of foreign entities or shareholders. This complicates the sponsoring
state’s ability to hold foreign stakeholders accountable for legal, financial, or environmen-
tal issues, increasing the risks linked to multiple levels of oversight and jurisdiction. The
“knowledge gap on EAF (Economic Assistance Fund)” refers to the uncertainty surround-
ing the distribution of shares from DSM as compensation to terrestrial mining countries.
Limited research and unresolved mechanisms for payment calculations leave the extent of
compensation unclear, emphasizing the need for further study and transparent frameworks
[54]. Furthermore, “loss and profitability risks” in DSM encompass several challenges,
including: risk of loss and liability, where sponsoring states bear responsibility for environ-
mental damage and must adhere to stringent international standards, potentially burden-
ing taxpayers loss of investment [50,53], as seen in cases like PNG’s $120 million stake in
Nautilus Minerals, which faced bankruptcy [55]; risk of reduced benefit, where financial
and social promises of DSM often fail to materialize due to project failures and public
rejection [48,56,57]; and lower success rate/profitability, as DSM lacks cost advantages over
land-based mining and poses greater environmental risks, casting doubt on its long-term
viability [58,59]. In DSM, the indicator “private profit over public good” reflects concerns
over company monopoly and business-sided profits.

Companies with market capitalizations far exceeding the GDP of many small nations dom-
inate the sector, leveraging global resources for legal and negotiation advantages, fostering
monopolies despite the seafloor being the “common heritage of mankind” [60,61]. Moreover,
cost-benefit analyses, like those conducted by MIT, reveal that miners earn nearly three times
the profits compared to the public benefits distributed by the ISA [62]. Critics argue that this
dynamic enriches a small elite while failing to deliver prosperity to indigenous communities
or society at large [63]. Similarly, the “unacceptable royalty payment regimes” highlights
concerns over inequitable compensation structures. For example, the African Group opposes
time-varying royalty rates (e.g., 2%/6%) and price-varying royalties (e.g., 2%/5% to 9%), argu-
ing that these regimes fail to provide fair compensation to humanity, do not maximize ISA
revenues, and effectively subsidize DSM at the expense of land-based mining [64]. These pay-
ment structures are criticized for prioritizing industry profits over equitable benefit-sharing
and global interests. Collectively, the challenges reflect the intricate economic and governance
issues that may arise from engaging in DSM, where various stakeholders could encounter
conflicts, regulatory ambiguities, and financial disagreements. Our results demonstrated
moderate risks associated with ecological and technological costs, greenwashing arguments,
political implications, comparisons between terrestrial and DSM, and tourism indicators. The
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findings suggest that, while these sectors are less immediately affected, they still raise signifi-
cant problems that require attention.
In contrast, the scenario analysis identifies minor risks associated with a number of

» » «

cross-border variables, including “social stigma,” “livelihood and employment loss,” “commer-
cial fisheries,” “biodiversity risks,” “pollution,” “food security and safety,” and “marine habitat”
The smaller risks calculated for these indicators shows that despite the substantial challenges
posed by engaging in DSM, certain aspects of environmental and social stability may remain

relatively resilient to DSM impacts as a result of the assumed significant contribution of CS.

DSM and ecosystem services

The benefits that human societies obtain from ecosystems, known as ecosystem services, are
essential to the well-being of both human populations and the environment. These services
are commonly classified into four main categories: provisioning, supporting, regulating, and

2% increased risk in commercial fisheries
2% increased risk in biodiversity

2% increased risk in pollution

3% increased risk in marine habitat

5% increased risk in tourism

Provisioning
Suiuoddng

Regulating
|eanyn)

Biodiversity & Pollution  Tourism

Food security & safety

2% increased risk in food security and safety Livelihood
1% increased riskin livelihood and employment

Employment

Fig 4. Impact of deep-sea mining (DSM) on ecosystem services and human well-being. The figure illustrates the pathways through which DSM
increases risks to various ecosystem services and, in turn, affects human well-being. DSM is shown to increase risks to commercial fisheries, bio-
diversity, pollution levels, marine habitats, and tourism. Arrows represent the flow of these risks, moving from the scenario (DSM) to ecosystem
services and subsequently impacting human well-being factors such as food security, safety, livelihood, and employment. The figure emphasizes
the interconnectedness of environmental and human systems, illustrating those negative impacts on ecosystem services cascade into social and
economic vulnerabilities. The percentage risk increments visually highlight the magnitude of potential impacts within each category.

https://doi.org/10.1371/journal.pone.0320888.9004
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cultural services [65]. Every category represents a unique aspect of the ecosystem’s func-
tionality, which contributes to the overall well-being and long-term viability of our planet.
DSM presents serious challenges to these capabilities, specifically in the fragile and usually
uncharted deep-sea ecosystems. (Fig 4) depicts the effects of DSM on distinct ecosystem
services, emphasizing the related risks and benefits. The figure shows that DSM elevates risk
across several ecosystem services, including a 2%, 3% and 5% increases in risks to commercial
fisheries, pollution and biodiversity; to marine habitats; and to tourism, respectively. DSM
threatens commercial fisheries through conflicts with fishing industries, especially in regions
like the CCZ, where discharge water, heavy metal plumes, and mining noise can harm marine
species and disrupt tuna fisheries [6,66]. Pollution from DSM can travel vast distances, with
discharge plumes potentially reaching areas like Hawaiian and Kiribati waters, causing wide-
spread environmental degradation [67]. Biodiversity is at risk as DSM activities may cause
permanent damage to pristine habitats, leading to species loss and ecosystem fragmentation,
particularly in biodiversity hotspots and deep-sea ecosystems [68,69]. Mining also disrupts
marine habitats, with techniques like sediment removal and noise pollution threatening
species such as the gastropod Dracogyra subfusca [70]. Lastly, tourism in affected regions may
suffer due to the loss of unique marine species and habitats, diminishing the aesthetic and rec-
reational value of these areas and leading to reduced tourist interest and revenue [71]. Overall,
the figure suggests that engaging in DSM would likely pose significant risks to ecosystem
services and human well-being.

Discussion

The findings of this study demonstrate that DSM exacerbates risks for coastal states, a concern
echoed in previous research by Jaeckel et al. [48] and Tilot et al. [56], which highlights the
potential impacts on coastal communities, including disruptions to tourism due to envi-
ronmental degradation and the loss or deterioration of essential ecosystem services, both

on land and in marine environments. Furthermore, social indicators showing significant
increases in risks, such as “violation of law,” “participatory rights,” “lack of effective control,”
and “degraded reputation,” raise critical concerns about the governance of DSM. Likewise,

the economic risks highlighted in this study point to potential breaches of agreements, issues
with fair compensation, complex stakeholder interests, and the prioritization of private profits
over public benefits. These issues highlight gaps in legal frameworks, inadequate stakeholder
engagement, weak regulatory oversight, and potential damage to a country’s reputation, all

of which pose serious challenges to effective DSM governance. For example, TMC has been
negotiating with Tonga, Nauru, and Kiribati to allow it to explore and potentially exploit
significant marine mineral resources from the Pacific Ocean [72]. In Nauru, as part of a Social
Impact Assessment (SIA) study, the TMC subsidiary NORI-D conducted a broad consultation
program to engage stakeholders in the development of a framework to measure and monitor
its social performance [73]. This strategy represents an effort to align the company’s opera-
tions with the social and environmental expectations of the local population. On the other
hand, the Civil Society Forum of Tonga (CSFT) raised concerns about Tonga’s involvement
with TOML, a subsidiary of TMC [74]. The CSFT performed a study of 385 Tongans across all
major island groups. The respondents regarded the ocean as a primary means of sustenance
and a significant source of nourishment, which would be impacted by DSM. Yet, most of the
Tongans surveyed were not informed about their government’s authorization of DSM explo-
ration in their waters. The complexity of DSM governance stems from varying stakeholder
connections to and dependencies on ocean space [75]. Therefore, to enhance transparency
and accountability, the ISA needs to prioritize publishing contracts with mining proponents,
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opening Legal and Technical Commission meetings to the public, ensuring timely and trans-
parent communication with a broad stakeholder community beyond its member states, and
establishing clear obligations to respond to public comments and complaints [76].

Our assessment of the impacts of DSM on ecosystem services, considering economic,
environmental, and social factors across various scenarios influenced by metal demand,
offers a clear framework for understanding the complex effects of DSM on ecosystem service
provision. For instance, DSM are associated with greater risks to vital ecosystem services,
which subsequently have a negative impact on human well-being, especially in terms of food
security, livelihood, and employment. DSM related impacts, including those on nutrient
enrichment [77], alteration of water properties [78], oxygen depletion [79], sediment toxicity
[78], removal of fauna and flora [80-82], changes in temperature and noise [83] have clear
connections with the delivery of key ocean ecosystem services through their influence on
ecosystem structure and processes. Furthermore, Biodiversity loss, habitat disruption, and
pollution already pose significant threats to marine ecosystems [84], and their effects could
be greatly intensified by DSM, which has the potential to impact the supporting services by
disturbing deep-sea ecosystems that function as critical breeding and feeding grounds for
numerous marine species [85].

Similarly, DSM may pose a significant impact on the cultural services derived from
the ocean. In particular, DSM is likely to impact the tourism sector more severely as the
degradation of deep-sea ecosystems directly, and less deep ones indirectly, may reduce
their appeal and accessibility, restricting tourism opportunities and lowering economic
benefits [86]. The aesthetic and cultural value of deep-sea ecosystems contribute to
human well-being and should be considered when assessing DSM risks. As a whole, these
impacts not only affect marine ecosystems but also the economic activities and communi-
ties that depend on them. Our findings are consistent with studies that point to the high
costs and regulatory challenges inherent in DSM operations [87]. For example, if min-
ing companies were required to cover the costs of restoration of the damage they would
cause, it would significantly affect the profitability of their operations, likely turning the
profits they expect to losses. Based on projections and estimates from TMC’s SEC filing,
a study by Planet Tracker [87] calculated that by 2030, a company extracting polymetallic
nodules over an area of 1,000 km” of the abyssal plain could potentially generate revenues
of USD 4.37 billion by 2030, with operational expenses estimated to be at least USD 2.72
billion by 2030, generating a 38% profit, not accounting for additional expenses such as
stock options and restoration costs. However, when the costs for ecological restoration
are added as costs to the mining companies, their 38% profit becomes a large loss equiva-
lent to almost 83% of the company’s revenues. Note that this estimated loss would even be
higher if the costs of restoration and monitoring are considered [87].

Different DSM scenarios could impact the benefit-sharing mechanisms of DSM, developed
within the framework of ISA [88]. The ISA is responsible for regulating DSM activities in
international waters and ensuring that the benefits derived from these activities are equitably
shared among all states, particularly developing countries [88]. The profits to DSM mining
companies are expected to increase with the full phase operation of DSM. However, this
potential increase is coupled with increased environmental, social, and economic risks, as
indicated by the big increases in values of indicators such as “vulnerability to coastal states,”
“degraded reputation,” “violation of law” and “loss and profitability risks” under this scenario.
These elevated risks could lead to increased operational costs, legal disputes, and potential
disruptions, which may ultimately diminish the overall profitability of DSM ventures. The
subsequent reduction in profits would directly impact the funds available for distribution
through ISA’s benefit-sharing mechanism, which is designed to distribute financial benefits to
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various stakeholders, including developing countries. The reduction in funds would also affect
the compensation funds managed by the ISA Secretariat, which are intended to support envi-
ronmental protection and compensate for any damages caused by DSM. Conversely, imple-
menting the “Without” DSM scenario would remove these risks with likely insignificant little
effect on the supply-demand equation due to the increasing deployment of circular solutions
for sourcing metals.

The notable increase in environmental risks under the “With” DSM scenario observed
in the study highlights the critical need for comprehensive environmental impact assess-
ments, the development of clear and enforceable environmental management guidelines, and
the exploration of alternative sources of high-demand metal supplies, such as the “circular
solutions”. Up to 90% of the world’s electronic waste is illegally traded or dumped [89]. This
highlights the significant loss of valuable metals, emphasizing the immense potential for poli-
cies aimed at enhancing global resource efficiency and stressing the need to prioritize solu-
tions such as urban mining over DSM. Policies should incentivize industries to adopt circular
practices by providing financial support for research into better recycling technologies and
promoting regulatory frameworks that encourage resource recovery [90]. Moreover, strategies
that support the efficient use of resources and the development of closed-loop systems can
contribute to reducing reliance on virgin materials from both terrestrial and marine sources.
Through these circular solutions, societies can continue to meet their technological and indus-
trial needs without compromising environmental integrity and future generations’ access to
natural resources.

Conclusion

This study demonstrates that environmental factors hold the highest centrality in deep-sea
mining (DSM) dynamics, revealing their dominant influence relative to social and economic
components. The substantial environmental risks associated with DSM—including biodiver-
sity loss, pollution, and irreversible habitat disturbance—corroborate the findings of previous
studies, which have consistently emphasized the fragility of deep-sea ecosystems and their
slow recovery rates [91,92]. Our results further align with research indicating that DSM not
only poses direct ecological threats but also introduces significant socio-economic uncertain-
ties, particularly for coastal states and communities dependent on marine ecosystem services
[93].

While proponents of DSM argue that it offers potential economic benefits, our findings
suggest that these advantages can be easily negated by the compounded risks to ecosystem
services, governance structures, and economic stability. The elevated risks under the “With
DSM” scenario—such as increased vulnerability of coastal economies, disruptions to social
governance, and challenges to equitable resource distribution—reinforce concerns raised in
previous literature about the uncertain financial viability of DSM once environmental resto-
ration costs and social externalities are accounted for [94]. The potential for declining profits,
coupled with the complexities of implementing the ISA’s benefit-sharing mechanisms, further
questions the economic justification for DSM.

Given these risks, a fundamental question arises: Do we truly need deep-sea minerals to
meet future resource demands? Our findings suggest that DSM is not an inevitable necessity.
Instead, alternative strategies—rooted in circular economy principles—offer viable pathways
to securing critical metals while mitigating environmental and socio-economic harm. Expand-
ing metal recovery through enhanced recycling, reusing electronic waste, and advancing
urban mining technologies can significantly reduce reliance on virgin mineral extraction [95].
Recent studies have demonstrated that with improved policies, such as extended producer
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responsibility [96] and investments in closed-loop production systems, the supply gap for key
metals can be narrowed without resorting to destructive seabed mining [97].

From a policy perspective, regulators, including the ISA, must take a proactive role in
reassessing DSM’s long-term sustainability and prioritizing alternative resource strategies.
A key recommendation is the integration of circular economy principles into global mineral
governance frameworks, encouraging responsible sourcing and technological innovations
that diminish dependency on newly mined materials. By fostering investment in sustainable
supply chains and promoting the reuse of existing mineral stocks, policymakers can better
align resource security with environmental stewardship. Ultimately, the shift toward a more
resource-efficient economy can not only meet humanity’s mineral demands but also safeguard
oceanic ecosystems, ensuring that future generations inherit a habitable and biodiverse planet.

Supporting information

S1 File. S1 Table. List of environmental indicators. S2 Table. List of economic indicators. S3
Table. List of social indicators. S4 Table. Score calculation for circular solutions. $4 Diagram.
Interconnected risk assessment indicators of deep-sea mining.

(DOCX)

Acknowledgments

We extend our sincere thanks to all the experts, who generously contributed their time and
expertise to enhance our understanding of the research topic. Their valuable insights were
instrumental in shaping this study and its findings.

Author contributions

Conceptualization: Lubna Alam, Raphaelle A. Flint, U. Rashid Sumaila.

Data curation: Lubna Alam, Kumara Perumal Pradhoshini.

Formal analysis: Lubna Alam, Kumara Perumal Pradhoshini, U. Rashid Sumaila.
Funding acquisition: U. Rashid Sumaila.

Investigation: Lubna Alam, Kumara Perumal Pradhoshini, U. Rashid Sumaila.
Methodology: Lubna Alam, U. Rashid Sumaila.

Project administration: Raphaelle A. Flint, U. Rashid Sumaila.

Resources: U. Rashid Sumaila.

Supervision: U. Rashid Sumaila.

Validation: U. Rashid Sumaila.

Visualization: Lubna Alam, U. Rashid Sumaila.

Writing - original draft: Lubna Alam, U. Rashid Sumaila.

Writing - review & editing: Lubna Alam, Kumara Perumal Pradhoshini, Raphaelle A.
Flint, U. Rashid Sumaila.

References

1. Paulus E. Shedding light on deep-sea biodiversity—a highly vulnerable habitat in the face of anthropo-
genic change. Front Mar Sci. 2021;8:667048. https://doi.org/10.3389/FMARS.2021.667048

2. Hein JR, Mizell K, Koschinsky A, Conrad TA. Deep-ocean mineral deposits as a source of critical met-
als for high- and green-technology applications: Comparison with land-based resources. Ore Geol Rev
2013;51:1-14. https://doi.org/10.1016/j.oregeorev.2012.12.001

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320888 March 28, 2025 18/23



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320888.s001
https://doi.org/10.3389/FMARS.2021.667048
https://doi.org/10.1016/j.oregeorev.2012.12.001

PLOS ONE

Simulating deep-sea mining impacts

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Levin LA, Mengerink K, Gjerde KM, Rowden AA, Van Dover CL, Clark MR, et al. Defining “serious
harm” to the marine environment in the context of deep-seabed mining. Mar Policy. 2016;74:245-59.
https://doi.org/10.1016/j.marpol.2016.09.032

Kung A, Svobodova K, Lébre E, Valenta R, Kemp D, Owen JR. Governing deep sea mining in the face
of uncertainty. J Environ Manage. 2021;279:111593. https://doi.org/10.1016/].jenvman.2020.111593
PMID: 33221043

Montserrat F, Guilhon M, Corréa P, Bergo N, Signori C, Tura P. Deep-sea mining on the Rio Grande
Rise (Southwestern Atlantic): a review on environmental baseline, ecosystem services and poten-
tial impacts. Deep Sea Res Part |: Oceanogr Res Pap. 2019;145:31-58. https://doi.org/10.1016/J.
DSR.2018.12.007

Amon D, Palacios-Abrantes J, Drazen J, Lily H, Nathan N, van der Grient J. Climate change to drive
increasing overlap between Pacific tuna fisheries and emerging deep-sea mining industry. npj Ocean
Sustain. 2023;2:1-8. https://doi.org/10.1038/s44183-023-00016-8

Niner H, Ardron J, Escobar E, Gianni M, Jaeckel A, Jones D, et al. Deep-sea mining with no net
loss of biodiversity - an impossible aim. Front Mar Sci. 2018;5:316039. https://doi.org/10.3389/
FMARS.2018.00053

Le J, Levin L, Carson R. Incorporating ecosystem services into environmental management of
deep-seabed mining. Deep Sea Res Part II: Top Stud Oceanogr. 2017;137:486-503. https://doi.
org/10.1016/J.DSR2.2016.08.007

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. https://doi.org/10.1016/J.EES.2024.08.002

Radebe N, Chipangamate N. Mining industry risks and future critical minerals and metals supply
chain resilience in emerging markets; 2024 [cited 2025 Jan 29]. Available from: https://wiredspace.
wits.ac.za/bitstreams/07d60be0-5931-457a-a3e4-1b58ed57b55¢c/download

Verma M. Deep sea mining: balancing opportunities and challenges for sustainable resource
extraction; 2024.

Cassotta S, Goodsite M. Deep-seabed mining: an environmental concern and a holistic social envi-
ronmental justice issue. Front Ocean Sustain. 2024;2. hitps://doi.org/10.3389/FOCSU.2024.1355965

Jaeckel A. Deep seabed mining and adaptive management: the procedural challenges for
the International Seabed Authority. Mar Policy. 2016;70(1):205—11. https://doi.org/10.1016/J.
MARPOL.2016.03.008

Deberdt R, James C. Self-governance at depth: the international seabed authority and verification
culture of the deep-sea mining industry. Resour Policy. 2024;89:104577. https://doi.org/10.1016/J.
RESOURPOL.2023.104577

EJF. Critical minerals and the green transition: Do we need to mine the deep seas? 2024. Available
from: hitps://www.google.com/search?q=EJF+(20.

Roche C, Bice S. Anticipating social and community impacts of deep sea mining. Deep Sea Minerals
Green Econ. 2013;2:59-80.

Carver R, Childs J, Steinberg P, Mabon L, Matsuda H, Squire R. A critical social perspective on deep
sea mining: lessons from the emergent industry in Japan. Ocean Coast Manag. 2020;193:105242.
https://doi.org/10.1016/J.OCECOAMAN.2020.105242

Vierros M, Harrison A, Sloat M, Crespo G, Moore J, Dunn D. Considering indigenous peoples and
local communities in governance of the global ocean commons. Mar Policy. 2020;119:104039. https://
doi.org/10.1016/J.MARPOL.2020.104039

Crosman K, Allison E, Ota Y, Cisneros-Montemayor A, Singh G, Swartz W. Social equity is
key to sustainable ocean governance. npj Ocean Sustain. 2022;1:1-9. https://doi.org/10.1038/
s44183-022-00001-7

Morgera E, H L. Public participation at the International Seabed Authority: an international human
rights law analysis. Rev Eur Comp Int Environ Law. 2022;31:374—88. https://doi.org/10.1111/
REEL.12472

Sanchez-Soriano M, Arango-Ramirez P, Pérez-Lépez E, Garcia-Montalvo I. Inclusive governance:
empowering communities and promoting social justice. Front Polit Sci. 2024;6:1478126. https://doi.
0rg/10.3389/FPOS.2024.1478126

Feichtner I, Ginzky H. The struggle at the International Seabed Authority over deep sea mineral
resources. npj Ocean Sustain. 2024;3:1-3. https://doi.org/10.1038/s44183-024-00098-y

1ISD. Earth negotiations bulletin: a reporting service for environment and
development negotiations; 2024. Available from: https://www.google.com/

PLOS ONE | https://doi.org/10.1371/journal.pone.0320888 March 28, 2025 19/23



https://doi.org/10.1016/j.marpol.2016.09.032
https://doi.org/10.1016/j.jenvman.2020.111593
http://www.ncbi.nlm.nih.gov/pubmed/33221043
https://doi.org/10.1016/J.DSR.2018.12.007
https://doi.org/10.1016/J.DSR.2018.12.007
https://doi.org/10.1038/s44183-023-00016-8
https://doi.org/10.3389/FMARS.2018.00053
https://doi.org/10.3389/FMARS.2018.00053
https://doi.org/10.1016/J.DSR2.2016.08.007
https://doi.org/10.1016/J.DSR2.2016.08.007
https://doi.org/10.1016/J.EES.2024.08.002
https://wiredspace.wits.ac.za/bitstreams/07d60be0-5931-457a-a3e4-1b58ed57b55c/download
https://wiredspace.wits.ac.za/bitstreams/07d60be0-5931-457a-a3e4-1b58ed57b55c/download
https://doi.org/10.3389/FOCSU.2024.1355965
https://doi.org/10.1016/J.MARPOL.2016.03.008
https://doi.org/10.1016/J.MARPOL.2016.03.008
https://doi.org/10.1016/J.RESOURPOL.2023.104577
https://doi.org/10.1016/J.RESOURPOL.2023.104577
https://www.google.com/search?q=EJF+(20
https://doi.org/10.1016/J.OCECOAMAN.2020.105242
https://doi.org/10.1016/J.MARPOL.2020.104039
https://doi.org/10.1016/J.MARPOL.2020.104039
https://doi.org/10.1038/s44183-022-00001-7
https://doi.org/10.1038/s44183-022-00001-7
https://doi.org/10.1111/REEL.12472
https://doi.org/10.1111/REEL.12472
https://doi.org/10.3389/FPOS.2024.1478126
https://doi.org/10.3389/FPOS.2024.1478126
https://doi.org/10.1038/s44183-024-00098-y
https://www.google.com/search?q=IISD+(2024).+Earth+negotiations+bulletin%3A+A+reporting+service+for+environment+and+development+ne

PLOS ONE

Simulating deep-sea mining impacts

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44,

search?q=11SD+(2024).+Earth+negotiations+bulletin%3A+A+reporting+service+for+environ-
ment+and+development+ne

Simas M, Aponte F, Wiebe K. The future is circular: circular economy and critical minerals for

the green transition; 2022. Available from: hrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/
https://wwfint.awsassets.panda.org/downloads/the_future_is_circular___sintefmineralsfinalreport_
nov_2022__1__1.pdf

Geissdoerfer M, Savaget P, Bocken N, Hultink E. The circular economy — a new sustainability para-
digm? J Clean Prod. 2017;143:757-68. https://doi.org/10.1016/J.JCLEPRO.2016.12.048

Kirchherr J, Reike D, Hekkert M. Conceptualizing the circular economy: an analysis of 114 definitions.
Resour Conserv Recycl. 2017;127:221-32. hitps://doi.org/10.1016/J.RESCONREC.2017.09.005

Xavier L, Ottoni M, Abreu L. A comprehensive review of urban mining and the value recovery
from e-waste materials. Resour Conserv Recycl. 2023;190:106840. https://doi.org/10.1016/J.
RESCONREC.2022.106840

Ouro-Salim O. Urban mining of e-waste management globally: literature review. Clean Waste Syst.
2024;9:100162. https://doi.org/10.1016/J.CLWAS.2024.100162

Vuppaladadiyam SSV, Thomas BS, Kundu C, Vuppaladadiyam AK, Duan H, Bhattacharya S. Can
e-waste recycling provide a solution to the scarcity of rare earth metals? An overview of e-waste recy-
cling methods. Sci Total Environ. 2024;924:171453. https://doi.org/10.1016/j.scitotenv.2024.171453
PMID: 38453089

Hossain R, Sahajwalla V. Current recycling innovations to utilize e-waste in sustainable green metal
manufacturing. Philos Trans A Math Phys Eng Sci. 2024;382(2284):20230239. https://doi.org/10.1098/
rsta.2023.0239 PMID: 39489178

Kosko B. Fuzzy cognitive maps. Int J Man-Mach Stud. 1986;24:65-75. https://doi.org/10.1016/
S0020-7373(86)80040-2

Kokkinos K, Lakioti E, Papageorgiou E, Moustakas K, Karayannis V. Fuzzy cognitive map-based mod-
eling of social acceptance to overcome uncertainties in establishing waste biorefinery facilities. Front
Energy Res. 2018;6:418390. https://doi.org/10.3389/FENRG.2018.00112

Napoles G, Espinosa M, Grau |, Vanhoof K. FCM expert: software tool for scenario analysis and pat-
tern classification based on fuzzy cognitive maps. Int J Artif Intell Tools. 2018;27(1):1-10. https://doi.
org/10.1234/example.doi

Zadeh L. The birth and evolution of fuzzy logic. Int J Gen Syst. 1990;17:95—-105. https://doi.
0rg/10.1080/03081079008935102

Cordova-Pozo K, Rouwette EAJA. Types of scenario planning and their effectiveness: a review of
reviews. Futures. 2023;149:103153. hitps://doi.org/10.1016/j.futures.2023.103153

Hage P, Haray F. Structural models in anthropology. Cambridge Univer-
sity Press; 1984. Available from: https://www.cambridge.org/core/books/
structural-models-in-anthropology/4910E3EF1D33C2CA99AC132F4405DFE2

Ozesmi U, Ozesmi SL. Ecological models based on people’s knowledge: a multi-step fuzzy
cognitive mapping approach. Ecol Model. 2004;176(1-2):43—64. https://doi.org/10.1016/].
ecolmodel.2003.10.027

Tyrovolas M, Liang XS, Stylios C. Information flow-based fuzzy cognitive maps with enhanced inter-
pretability. Granul Comput. 2023;8(6):2021-38. https://doi.org/10.1007/s41066-023-00417-7
MacMillan G, Badry N, Sarmiento |, Grant E, Hickey G, Humphries M. Cree knowledge, fuzzy cogni-
tive maps, and the social-ecology of moose habitat quality under an adapted forestry regime. E&S.
2024;29(4). https://doi.org/10.5751/es-15508-290434

Kim J-S. Fuzzy AHP and FCM-driven hybrid group decision support mechanism. Proceedings of the
Korea Society for Industrial Systems Conference; 2003:239-50.

Satama M, Iglesias E. Fuzzy cognitive map clustering to assess local knowledge of ecosystem con-
servation in ecuador. Sustainability. 2020;12(6):2550. https://doi.org/10.3390/su12062550

Sarmiento |, Cockcroft A, Dion A, Belaid L, Silver H, Pizarro K, et al. Fuzzy cognitive mapping in par-
ticipatory research and decision making: a practice review. Arch Public Health. 2024;82(1):76. https:/
doi.org/10.1186/s13690-024-01303-7 PMID: 38769567

Hatziioannou M, Kokkinos K. Evaluation of sustainability determinants of small farming systems via
participatory modeling and fuzzy multi-criteria processes: the case study of Heliciculture in Greece.
Front Sustain. 2021;2:629408. https://doi.org/10.3389/FRSUS.2021.629408/BIBTEX

Cousins M, Parmley EJ, Greer AL, Neiterman E, Lambraki IA, Graells T, et al. Using a fuzzy cogni-
tive map to assess interventions to reduce antimicrobial resistance in a Swedish One Health system

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320888 March 28, 2025 20/23



https://www.google.com/search?q=IISD+(2024).+Earth+negotiations+bulletin%3A+A+reporting+service+for+environment+and+development+ne
https://www.google.com/search?q=IISD+(2024).+Earth+negotiations+bulletin%3A+A+reporting+service+for+environment+and+development+ne
hrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://wwfint.awsassets.panda.org/downloads/the_future_is_circular___sintefmineralsfinalreport_nov_2022__1__1.pdf
hrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://wwfint.awsassets.panda.org/downloads/the_future_is_circular___sintefmineralsfinalreport_nov_2022__1__1.pdf
hrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://wwfint.awsassets.panda.org/downloads/the_future_is_circular___sintefmineralsfinalreport_nov_2022__1__1.pdf
https://doi.org/10.1016/J.JCLEPRO.2016.12.048
https://doi.org/10.1016/J.RESCONREC.2017.09.005
https://doi.org/10.1016/J.RESCONREC.2022.106840
https://doi.org/10.1016/J.RESCONREC.2022.106840
https://doi.org/10.1016/J.CLWAS.2024.100162
https://doi.org/10.1016/j.scitotenv.2024.171453
http://www.ncbi.nlm.nih.gov/pubmed/38453089
https://doi.org/10.1098/rsta.2023.0239
https://doi.org/10.1098/rsta.2023.0239
http://www.ncbi.nlm.nih.gov/pubmed/39489178
https://doi.org/10.1016/S0020-7373(86)80040-2
https://doi.org/10.1016/S0020-7373(86)80040-2
https://doi.org/10.3389/FENRG.2018.00112
https://doi.org/10.1234/example.doi
https://doi.org/10.1234/example.doi
https://doi.org/10.1080/03081079008935102
https://doi.org/10.1080/03081079008935102
https://doi.org/10.1016/j.futures.2023.103153
https://www.cambridge.org/core/books/structural-models-in-anthropology/4910E3EF1D33C2CA99AC132F4405DFE2
https://www.cambridge.org/core/books/structural-models-in-anthropology/4910E3EF1D33C2CA99AC132F4405DFE2
https://doi.org/10.1016/j.ecolmodel.2003.10.027
https://doi.org/10.1016/j.ecolmodel.2003.10.027
https://doi.org/10.1007/s41066-023-00417-7
https://doi.org/10.5751/es-15508-290434
https://doi.org/10.3390/su12062550
https://doi.org/10.1186/s13690-024-01303-7
https://doi.org/10.1186/s13690-024-01303-7
http://www.ncbi.nlm.nih.gov/pubmed/38769567
https://doi.org/10.3389/FRSUS.2021.629408/BIBTEX

PLOS ONE

Simulating deep-sea mining impacts

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

context under potential climate change conditions. Res Dir One Health. 2024:1-42. https://doi.
org/10.1017/one.2024.2

DSCC. Tonga — key statements; 2022. Tonga Archives - The DSCC ISA Tracker. Available from:
deep-sea-conservation.org

Alberts EC. Really a sad day’ as Norway votes to allow deep-sea mining in Arctic waters; 2024. Avail-
able from: hitps://news.mongabay.com/2024/01/really-a-sad-day-as-norway-votes-to-allow-deep-sea-
mining-in-arctic-waters/#:~:text=%25E2%2580%259Clt's%2520really%2520a%25

Gkritsi E. Norway’s deep-sea mining decision is a warning; 2024. Available from: https://www.wired.
com/story/norway-deep-sea-mining-arctic-svalbard-batteries-environment/

Jaeckel A, Harden-Davies H, Amon D, van der Grient J, Hanich Q, van Leeuwen J. Deep sea-
bed mining lacks social legitimacy. npj Ocean Sustain. 2023;2:1—4. https://doi.org/10.1038/
s44183-023-00009-7

Hamley G. The implications of seabed mining in the Area for the human right to health. Rev Eur Comp
Int Environ Law. 2022;31(1):389-98. https://doi.org/10.1111/REEL.12471

Morse |. What if seabed mining goes wrong? 2021. Available from: https://greenrocks.substack.com/p/
seabed-mining-tonga-deepgreen-evs-isa

Miranda Bryant. Norway votes for deep-sea mining despite environmental concerns | Deep-sea
mining | The Guardian; 2024 [cited 2024 Aug 29]. Available from: https://www.theguardian.com/
environment/2024/jan/09/norway-set-to-approve-deep-sea-mining-despite-environmental-concerns

RNZ News. Tongans question government plans for seabed mining; 2020. Available from: https://www.
google.com/search?g=Tongans+question+government+plans+for+seabedmining&rlz=1C1RXMK_
enIN977IN977&oqg=Tongans+question+government+plans+for+seabedmining&gs_lcrp=EgZjaHJvb-
WUyBggAEEUYOdIBCTEzNjJgMGoxNagCALACAA&sourceid=chrome&ie=UTF-8

Brown Pulu T. Off the deep end: Tonga’s continental shelf politics. Te Ara Poutama - the Faculty of
Maori and Indigenous Development, Auckland University of Technology; 2014. Available from: hitps://
hdl.handle.net/10292/7237

Wilde D, H L, Craik N, Chakraborty A. Equitable sharing of deep-sea mining benefits: More questions
than answers. Mar Policy. 2023;151:105572. https://doi.org/10.1016/J.MARPOL.2023.105572
Cannon J. Deep-sea mining project in PNG resurfaces despite community oppo-

sition. Mongabay; 2023. Available from: https://news.mongabay.com/2023/08/
deep-sea-mining-project-in-png-resurfaces-despite-community-opposition/

Tilot V, Willaert K, Guilloux B, Chen W, Mulalap C, Gaulme F. Traditional dimensions of sea-

bed resource management in the context of deep sea mining in the Pacific: learning from the
socio-ecological interconnectivity between island communities and the ocean realm. Front Mar Sci.
2021;8:637938. https://doi.org/10.3389/FMARS.2021.637938

Filer C, Gabriel J. How could nautilus minerals get a social licence to operate the world’s first deep
sea mine? Mar Policy. 2018;95:394—400. https://doi.org/10.1016/J.MARPOL.2016.12.001

Donges J. The economics of deep-sea mining. Springer Science and Business Media B.V.; 2012.

Hallgren A, Hansson A. Conflicting narratives of deep sea mining. Sustainability. 2021;13(9):5261.
https://doi.org/10.3390/SU13095261

Petterson MG, Tawake A. The cook islands (South Pacific) experience in governance of seabed
manganese nodule mining. Ocean Coast Manag. 2019;167:271-87. https://doi.org/10.1016/J.
OCECOAMAN.2018.09.010

Groch S. It's bloody EI Dorado’: undersea riches to be reaped by the few; 2023. Available from: https:/
www.smh.com.au/world/oceania/it-s-bloody-el-dorado-undersea-riches-to-be-reaped-by-the-few-
20230713-p5do2v.html

DSCC. Deep sea mining: what do we stand to lose; 2020. Available from: https://deep-sea-conserva-
tion.org/wp-content/uploads/2024/01/DSCC_FactSheet6_DSM_LOSE_4pp_OCT_17_23.pdf

Mesulam J, Baxter C, Lowrey N. Sinking seabed mining: Papua new Guinean, Aus-
tralian and New Zealand civil society welcome ban on seabed mining in North-

ern Territory; 2021. Available from: https://miningwatch.ca/news/2021/2/11/
sinking-seabed-mining-papua-new-guinean-australian-and-new-zealand-civil-society

African Group. International Seabed Authority: African group submission on the payment regime
for deep- sea mining in the area, executive summary; 2022. Available from: https://www.isa.org.jm/
wpcontent/uploads/2022/12/African_Group_Submission_Payment_Regime.pdf

Baskent E. A framework for characterizing and regulating ecosystem services in a management plan-
ning context. Forests. 2020;11(1):102.

PLOS ONE | https://doi.org/10.1371/journal.pone.0320888 March 28, 2025 21/23



https://doi.org/10.1017/one.2024.2
https://doi.org/10.1017/one.2024.2
deep-sea-conservation.org
https://news.mongabay.com/2024/01/really-a-sad-day-as-norway-votes-to-allow-deep-sea-mining-in-arctic-waters/#:~:text=%25E2%2580%259CIt’s%2520really%2520a%25
https://news.mongabay.com/2024/01/really-a-sad-day-as-norway-votes-to-allow-deep-sea-mining-in-arctic-waters/#:~:text=%25E2%2580%259CIt’s%2520really%2520a%25
https://www.wired.com/story/norway-deep-sea-mining-arctic-svalbard-batteries-environment/
https://www.wired.com/story/norway-deep-sea-mining-arctic-svalbard-batteries-environment/
https://doi.org/10.1038/s44183-023-00009-7
https://doi.org/10.1038/s44183-023-00009-7
https://doi.org/10.1111/REEL.12471
https://greenrocks.substack.com/p/seabed-mining-tonga-deepgreen-evs-isa
https://greenrocks.substack.com/p/seabed-mining-tonga-deepgreen-evs-isa
https://www.theguardian.com/environment/2024/jan/09/norway-set-to-approve-deep-sea-mining-despite-environmental-concerns
https://www.theguardian.com/environment/2024/jan/09/norway-set-to-approve-deep-sea-mining-despite-environmental-concerns
https://www.google.com/search?q=Tongans+question+government+plans+for+seabedmining&rlz=1C1RXMK_enIN977IN977&oq=Tongans+question+government+plans+for+seabedmining&gs_lcrp=EgZjaHJvbWUyBggAEEUYOdIBCTEzNjJqMGoxNagCALACAA&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=Tongans+question+government+plans+for+seabedmining&rlz=1C1RXMK_enIN977IN977&oq=Tongans+question+government+plans+for+seabedmining&gs_lcrp=EgZjaHJvbWUyBggAEEUYOdIBCTEzNjJqMGoxNagCALACAA&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=Tongans+question+government+plans+for+seabedmining&rlz=1C1RXMK_enIN977IN977&oq=Tongans+question+government+plans+for+seabedmining&gs_lcrp=EgZjaHJvbWUyBggAEEUYOdIBCTEzNjJqMGoxNagCALACAA&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=Tongans+question+government+plans+for+seabedmining&rlz=1C1RXMK_enIN977IN977&oq=Tongans+question+government+plans+for+seabedmining&gs_lcrp=EgZjaHJvbWUyBggAEEUYOdIBCTEzNjJqMGoxNagCALACAA&sourceid=chrome&ie=UTF-8
https://hdl.handle.net/10292/7237
https://hdl.handle.net/10292/7237
https://doi.org/10.1016/J.MARPOL.2023.105572
https://news.mongabay.com/2023/08/deep-sea-mining-project-in-png-resurfaces-despite-community-opposition/
https://news.mongabay.com/2023/08/deep-sea-mining-project-in-png-resurfaces-despite-community-opposition/
https://doi.org/10.3389/FMARS.2021.637938
https://doi.org/10.1016/J.MARPOL.2016.12.001
https://doi.org/10.3390/SU13095261
https://doi.org/10.1016/J.OCECOAMAN.2018.09.010
https://doi.org/10.1016/J.OCECOAMAN.2018.09.010
https://www.smh.com.au/world/oceania/it-s-bloody-el-dorado-undersea-riches-to-be-reaped-by-the-few-20230713-p5do2v.html
https://www.smh.com.au/world/oceania/it-s-bloody-el-dorado-undersea-riches-to-be-reaped-by-the-few-20230713-p5do2v.html
https://www.smh.com.au/world/oceania/it-s-bloody-el-dorado-undersea-riches-to-be-reaped-by-the-few-20230713-p5do2v.html
https://deep-sea-conservation.org/wp-content/uploads/2024/01/DSCC_FactSheet6_DSM_LOSE_4pp_OCT_17_23.pdf
https://deep-sea-conservation.org/wp-content/uploads/2024/01/DSCC_FactSheet6_DSM_LOSE_4pp_OCT_17_23.pdf
https://miningwatch.ca/news/2021/2/11/sinking-seabed-mining-papua-new-guinean-australian-and-new-zealand-civil-society
https://miningwatch.ca/news/2021/2/11/sinking-seabed-mining-papua-new-guinean-australian-and-new-zealand-civil-society
https://www.isa.org.jm/wpcontent/uploads/2022/12/African_Group_Submission_Payment_Regime.pdf
https://www.isa.org.jm/wpcontent/uploads/2022/12/African_Group_Submission_Payment_Regime.pdf

PLOS ONE

Simulating deep-sea mining impacts

66.

67.

68.

69.

70.

71.

72,
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

van der Grient J, Drazen J. Potential spatial intersection between high-seas fisheries and deep-
sea mining in international waters. Mar Policy. 2021;129:104564. https://doi.org/10.1016/J.
MARPOL.2021.104564

Blue Peril. New modelling predicts deep sea mining by Tonga and the metals company to pollute
Hawaii and Kiribati waters; 2022. Available from: https://dsm-campaign.org/blue-peril-media-advisory/

Amon DJ, Levin LA, Metaxas A, Mudd GM, Smith CR. Heading to the deep end without knowing how
to swim: Do we need deep-seabed mining? One Earth. 2022;5(3):220-3. https://doi.org/10.1016/].
oneear.2022.02.013

IUCN. The impact of deep sea mining on biodiversity, climate and

human cultures; 2024. Available from: https://www.iucn.nl/en/news/
the-impact-of-deep-sea-mining-on-biodiversity-climate-and-human-cultures/

Thomas EA, B6hm M, Pollock C, Chen C, Seddon M, Sigwart JD. Assessing the extinction risk of
insular, understudied marine species. Conserv Biol. 2022;36(2):e13854. hitps://doi.org/10.1111/
cobi.13854 PMID: 34669223

Thompson KF, Miller KA, Currie D, Johnston P, Santillo D. Seabed mining and approaches to gover-
nance of the deep seabed. Front Mar Sci. 2018;5:395219. https://doi.org/10.3389/fmars.2018.00480

The Metals Company. No. Available from: https://metals.co/sponsoring-states/

Prizma LLC. Scoping report and engagement record for the social impact assessment for the NORI-D
polymetallic nodules collection project. Prepared for Nauru Ocean Resources Inc. (NORI); 2023.
Available from: https://metals.co/wp-content/uploads/2023/03/NORI-D-SIA-Scoping-Report-and-En-
gagement-Record-Combined-Final.pdf

Osmundsen L. All that glitters is not gold: Critical questions and challenges of deep sea mining for the
kingdom of Tonga; 2024. Available from: https://csft.to/wp-content/uploads/2024/07/All-that-glitter-is-
not-gold.pdf

Conde M, Mondré A, Peters K, Steinberg P. Mining questions of ‘what’ and ‘who’: deepening dis-
cussions of the seabed for future policy and governance. Marit Stud. 2022;21:327-38. https://doi.
0rg/10.1007/S40152-022-00273-2

Menini E, Chakraborty A, Roady S. Public participation in seabed mining in areas beyond national
jurisdiction: lessons learned from national regulators in the terrestrial mining sector. Mar Policy.
2022;146:105308. https://doi.org/10.1016/J.MARPOL.2022.105308

Clark M, Smith S. Environmental management considerations. In: Baker E, Beaudoin Y, editors. deep
sea minerals: manganese nodules, a physical, biological, environmental and technical review. SPC;
2013. p. 27-41.

Hauton C, Brown A, Thatje S, Mestre N, Bebianno M, Martins 1, et al. Identifying toxic impacts of
metals potentially released during deep-sea mining - a synthesis of the challenges to quantifying risk.
Front Mar Sci. 2017;4:302120. https://doi.org/10.3389/FMARS.2017.00368

Sweetman AK, Smith AJ, de Jonge DSW, Hahn T, Schroed! P, Silverstein M, et al. Evidence of dark
oxygen production at the abyssal seafloor. Nat Geosci [cited 2024 Aug 30]. 2024;17(8):737-9. https://
doi.org/10.1038/s41561-024-01480-8

Ramirez-Llodra E. Deep-sea ecosystems: biodiversity and anthropogenic impacts. In: The law of the
seabed; 2020. p. 36—60.

Jones DOB, Kaiser S, Sweetman AK, Smith CR, Menot L, Vink A, et al. Biological responses to distur-
bance from simulated deep-sea polymetallic nodule mining. PLoS One. 2017;12(2):e0171750. https:/
doi.org/10.1371/journal.pone.0171750 PMID: 28178346

Gollner S, Kaiser S, Menzel L, Jones DOB, Brown A, Mestre NC, et al. Resilience of benthic deep-
sea fauna to mining activities. Mar Environ Res. 2017;129:76—101. https://doi.org/10.1016/j.maren-
vres.2017.04.010 PMID: 28487161

Santos MM, Jorge PAS, Coimbra J, Vale C, Caetano M, Bastos 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—14. https://doi.org/10.1016/j.scitotenv.2018.01.221 PMID:
30857112

Alam L, Zolkaply SZ, Sumaila UR, Rusydy |, Kutty AA, Bari MA, et al. Risk of extinction, variability in
fish species composition, and factors influencing fish biodiversity in the Malacca Strait. Environ Sci
Pollut Res Int. 2024;31(29):41355-69. https://doi.org/10.1007/s11356-023-27101-2 PMID: 37103711

Drazen JC, Smith CR, Gjerde KM, Haddock SHD, Carter GS, Choy CA, et al. Opinion: midwater eco-
systems must be considered when evaluating environmental risks of deep-sea mining. Proc Natl Acad
Sci U S A. 2020;117(30):17455-60. https://doi.org/10.1073/pnas.2011914117 PMID: 32641506

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320888 March 28, 2025 22/23



https://doi.org/10.1016/J.MARPOL.2021.104564
https://doi.org/10.1016/J.MARPOL.2021.104564
https://dsm-campaign.org/blue-peril-media-advisory/
https://doi.org/10.1016/j.oneear.2022.02.013
https://doi.org/10.1016/j.oneear.2022.02.013
https://www.iucn.nl/en/news/the-impact-of-deep-sea-mining-on-biodiversity-climate-and-human-cultures/
https://www.iucn.nl/en/news/the-impact-of-deep-sea-mining-on-biodiversity-climate-and-human-cultures/
https://doi.org/10.1111/cobi.13854
https://doi.org/10.1111/cobi.13854
http://www.ncbi.nlm.nih.gov/pubmed/34669223
https://doi.org/10.3389/fmars.2018.00480
https://metals.co/sponsoring-states/
https://metals.co/wp-content/uploads/2023/03/NORI-D-SIA-Scoping-Report-and-Engagement-Record-Combined-Final.pdf
https://metals.co/wp-content/uploads/2023/03/NORI-D-SIA-Scoping-Report-and-Engagement-Record-Combined-Final.pdf
https://csft.to/wp-content/uploads/2024/07/All-that-glitter-is-not-gold.pdf
https://csft.to/wp-content/uploads/2024/07/All-that-glitter-is-not-gold.pdf
https://doi.org/10.1007/S40152-022-00273-2
https://doi.org/10.1007/S40152-022-00273-2
https://doi.org/10.1016/J.MARPOL.2022.105308
https://doi.org/10.3389/FMARS.2017.00368
https://doi.org/10.1038/s41561-024-01480-8
https://doi.org/10.1038/s41561-024-01480-8
https://doi.org/10.1371/journal.pone.0171750
https://doi.org/10.1371/journal.pone.0171750
http://www.ncbi.nlm.nih.gov/pubmed/28178346
https://doi.org/10.1016/j.marenvres.2017.04.010
https://doi.org/10.1016/j.marenvres.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28487161
https://doi.org/10.1016/j.scitotenv.2018.01.221
http://www.ncbi.nlm.nih.gov/pubmed/30857112
https://doi.org/10.1007/s11356-023-27101-2
http://www.ncbi.nlm.nih.gov/pubmed/37103711
https://doi.org/10.1073/pnas.2011914117
http://www.ncbi.nlm.nih.gov/pubmed/32641506

PLOS ONE

Simulating deep-sea mining impacts

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Cooper N, Brady E, Steen H, Bryce R. Aesthetic and spiritual values of ecosystems: recognising the
ontological and axiological plurality of cultural ecosystem ‘services. Ecosyst Serv. 2016;21:218-29.
https://doi.org/10.1016/J.ECOSER.2016.07.014

Planet Tracker. The sky high cost of deep sea mining; 2023. Available from: hitps://planet-tracker.org/
insights/the-sky-high-cost-of-deep-sea-mining/

ISA Technical Study No 31. Equitable sharing of financial and other economic benefits from deep-
seabed mining; 2021. Available from: hitps://equitablesharing.isa.org.jm/Docume

Losada S, Terras P. Sea-bed mining - count the true costs. Nature. 2018;557(7703):31. https://doi.
0rg/10.1038/d41586-018-05016-0 PMID: 29713066

Geng Y, Sarkis J, Bleischwitz R. How to globalize the circular economy. Nature. 2019;565(7738):153—
5. https://doi.org/10.1038/d41586-019-00017-z PMID: 30626948

Van Dover C, Arnaud-Haond S, Gianni M, Helmreich S, Huber J, Jaeckel A. Scientific rationale and
international obligations for protection of active hydrothermal vent ecosystems from deep-sea mining.
Mar Policy. 2018;90:20-8. https://doi.org/10.1016/J.MARPOL.2018.01.020

Levin L, Amon D, Lily H. Challenges to the sustainability of deep-seabed mining. Nat Sustain.
2020;3:784—94. https://doi.org/10.1038/s41893-020-0558-x

Williams R, Erbe C, Duncan A, Nielsen K, Washburn T, Smith C. Noise from deep-sea mining may
span vast ocean areas. Science. 2022;377:157-8. https://doi.org/10.1126/science.abo2804

Hein J, Koschinsky A, Kuhn T. Deep-ocean polymetallic nodules as a resource for critical materials.
Nat Rev Earth Environ. 2020;1:158-69. https://doi.org/10.1038/s43017-020-0027-0

Elshkaki A, Graedel TE, Ciacci L, Reck BK. Resource demand scenarios for the major metals. Envi-
ron Sci Technol. 2018;52(5):2491-7. hitps://doi.org/10.1021/acs.est.7b05154 PMID: 29380602

Abbott J, Sumaila U. Reducing marine plastic pollution: policy insights from economics. Rev Environ
Econ Policy. 2019 [cited 2025 Feb 4];13(2):213-29. https://doi.org/10.1093/REEP/REZ007

Graedel TE. Material flow analysis from origin to evolution. Environ Sci Technol. 2019;53(21):12188—
96. https://doi.org/10.1021/acs.est.9b03413 PMID: 31549816

PLOS ONE | https://doi.org/10.1371/journal.pone.0320888 March 28, 2025 23/23



https://doi.org/10.1016/J.ECOSER.2016.07.014
https://planet-tracker.org/insights/the-sky-high-cost-of-deep-sea-mining/
https://planet-tracker.org/insights/the-sky-high-cost-of-deep-sea-mining/
https://equitablesharing.isa.org.jm/Docume
https://doi.org/10.1038/d41586-018-05016-0
https://doi.org/10.1038/d41586-018-05016-0
http://www.ncbi.nlm.nih.gov/pubmed/29713066
https://doi.org/10.1038/d41586-019-00017-z
http://www.ncbi.nlm.nih.gov/pubmed/30626948
https://doi.org/10.1016/J.MARPOL.2018.01.020
https://doi.org/10.1038/s41893-020-0558-x
https://doi.org/10.1126/science.abo2804
https://doi.org/10.1038/s43017-020-0027-0
https://doi.org/10.1021/acs.est.7b05154
http://www.ncbi.nlm.nih.gov/pubmed/29380602
https://doi.org/10.1093/REEP/REZ007
https://doi.org/10.1021/acs.est.9b03413
http://www.ncbi.nlm.nih.gov/pubmed/31549816

