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Executive Summary

Deep seabed mining (DSM) refers to the extraction of mineral deposits from the deep seabed and is
increasingly promoted as a response to critical mineral dependency, geopolitical competition, and supply-
chain insecurity. However, the evidence reviewed in this study suggests that DSM is unlikely, on its own, to
provide a reliable pathway towards long-term strategic resilience. While DSM may diversify extraction, it does
not necessarily reduce structural dependencies embedded in processing, refining, finance, technology, and
industrial infrastructure. Instead, DSM increasingly functions as a governance and security challenge that
raises difficult trade-offs between resource access, ecological stability, multilateral cooperation, and long-
term resilience.

DSM is often promoted as a way of securing minerals needed for batteries, renewable-energy technologies,
digital infrastructure, and defence industries. Some governments and industry actors frequently argue that
DSM could reduce dependence on concentrated terrestrial mineral systems, particularly in downstream
refining and processing systems, in which China currently occupies a dominant position. Yet the study finds
that many security claims surrounding DSM remain ahead of the available evidence. Significant uncertainties
persist regarding commercial viability, environmental impacts, governance capacity, and long-term strategic
benefits.

Diversifying extraction does not necessarily reduce dependency or strengthen resilience.
While DSM may diversify where some minerals are extracted, many structural vulnerabilities would remain
concentrated elsewhere in the supply chain, particularly in refining, processing, finance, logistics, and
specialised technologies. Critical mineral refining remains highly concentrated on a global level, with China
currently accounting for major shares across several critical mineral value chains. In addition, commercial-
scale processing systems for deep-sea minerals would require major investment, industrial capabilities, and
long implementation timelines. The experience of the United States (US) illustrates this challenge: despite
accounting for more than 12 per cent globally of rare earth mine production, close to USD 1 billion has been
invested in rebuilding downstream processing capacity (MP Materials, 2025), yet downstream capabilities
continue to require substantial expansion. This highlights that strategic autonomy depends not only on
access to mineral resources but also on costly and time-intensive investments in refining, manufacturing and
technological capabilities, and industrial infrastructure. Rising geopolitical tensions, export controls, and
strategic competition may further increase the costs of diversifying critical mineral supply chains. Expanding
extraction alone therefore does not necessarily reduce supply-chain dependency or deliver strategic
autonomy, as many critical vulnerabilities remain concentrated in downstream processing, refining, logistics,
and industrial infrastructure.

Three competing security priorities shape DSM debates. The study identifies three competing
priorities shaping current governance debates:

o Extraction as security: DSM is increasingly framed as a way of strengthening industrial resilience and
reducing dependence on concentrated mineral supply chains.

¢ Interdependence as security: DSM places growing pressure on multilateral institutions, particularly the
International Seabed Authority (ISA), the international organisation established under the 1982 UN
Convention on the Law of the Sea (UNCLOS) and its 1994 Agreement on Implementation to manage
mineral-related activities in the deep sea and ensure the effective protection of the marine environment.

o Ecological stability as security: Marine ecosystems increasingly function as part of the underlying
infrastructure supporting food security, fisheries, climate resilience, and long-term societal stability.

Attempts to strengthen extraction as security may simultaneously create new forms of
insecurity. The study identifies four interconnected manifestations of the “DSM Security Paradox”.

A DSM Security Paradox arises when policies intended to strengthen security in one domain unintentionally
create new vulnerabilities in another. Unlike a classical security dilemma, which emerges through strategic
interactions among actors, the DSM Security Paradox highlights how efforts to increase resource security,
strategic autonomy, or industrial resilience may simultaneously generate ecological, governance, or
geopolitical risks. The paradox manifests in four interconnected forms:

1. Resource Security Paradox: Diversifying extraction may shift vulnerabilities towards refining, logistics,
finance, and processing systems.

2. Governance Paradox: Accelerating DSM under conditions of geopolitical urgency may weaken the
multilateral institutions required for long-term maritime stability and international legitimacy.
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3. Ecological Security Paradox: Extraction justified in the name of resilience and energy transition may
undermine marine ecosystems supporting fisheries, food systems, climate regulation, and coastal
livelihoods.

4. Strategic Autonomy Paradox: States seeking greater mineral sovereignty may become increasingly
dependent on external actors for technology, finance, industrial infrastructure, and environmental monitoring.

DSM increasingly exposes the strengths and weaknesses of contemporary governance
systems. DSM functions as a governance stress test by revealing how existing institutions respond to
competing pressures related to precaution, sovereignty, strategic competition, scientific uncertainty, benefit-
sharing legitimacy, and the governance of global commons. Negotiations at the ISA increasingly reflect wider
tensions concerning sovereignty, precaution, strategic competition, and the future credibility of multilateral
institutions. Accelerating regulatory processes under conditions of unresolved scientific uncertainty,
particularly where governance frameworks are perceived to advance faster than the underlying evidence
base, may weaken trust in multilateral governance precisely when precaution, coordination, scientific
credibility, and international cooperation are most needed.

From this perspective, precautionary pauses and moratorium positions may be understood not only as
environmental measures, but also as active security strategies intended to reduce exposure to irreversible
ecological disruption, long-term governance risks, and future dependency vulnerabilities under conditions of
significant scientific uncertainty.

For many island states and coastal communities, the ocean is not only an economic
resource, but the foundation of sovereignty, identity, and survival. Small Island Developing States
(SIDS) particularly in the Pacific, illustrate these tensions clearly. While countries such as Nauru and the Cook
Islands increasingly frame DSM as a potential pathway towards economic diversification and geopolitical
agency, several Pacific states, including Palau, Fiji, Samoa, the Federated States of Micronesia, Vanuatu,
Tuvalu, and the Marshall Islands, have formally called for a moratorium or precautionary pause on DSM
activities. The collapse of the Solwara | project in Papua New Guinea further illustrates how ecological
uncertainty surrounding DSM may generate governance instability, investor losses, and declining trust
between governments, contractors, and affected communities even before extraction begins. Papua New
Guinea reportedly lost more than USD 120 million through its state participation in the project before Nautilus
Minerals entered bankruptcy in 2019. This highlights how commercial uncertainty surrounding DSM may
translate into stranded assets, fiscal liabilities, and governance challenges for participating states. More
broadly, DSM raises distributive questions concerning whose security is prioritised, whose vulnerabilities
increase, and who bears long-term ecological, financial, and governance risks.

Ecological stability increasingly functions as part of the underlying infrastructure of security
itself. The ocean absorbs approximately 23 per cent of anthropogenic CO, emissions and more than 90
per cent of excess global heat, making ocean stability central to climate resilience. Ecological disruption
associated with DSM may affect fisheries, food systems, coastal economies, and climate regulation through
a range of direct and indirect pathways, particularly in marine-dependent and climate-vulnerable regions.
Scientific uncertainty remains substantial regarding cumulative ecological impacts, biodiversity loss,
sediment plume behaviour, and long-term ecosystem recovery. Evidence from the 1989 DISturbance and
recolonization (DISCOL) experiment showed that disturbance traces remained visible more than four
decades later, highlighting the slow recovery dynamics of deep-sea ecosystems. Current evidence further
suggests that DSM would more likely supplement rather than replace terrestrial mining, potentially adding a
new extractive frontier onto existing ecological pressures.

The economic case for DSM remains highly uncertain. No commercial-scale DSM project currently
exists, and long-term industrial feasibility has yet to be demonstrated. High infrastructure costs, unresolved
environmental liabilities, volatile mineral prices, rapidly evolving battery technologies, and growing financial
caution among insurers and investors continue to create substantial commercial uncertainty. By early 2026,
almost 20 financial institutions had joined the Business Coalition in a call for a pause on DSM, and more than
80 financial institutions and insurers had publicly expressed concern about DSM.

Technological change is also reshaping mineral demand projections. Lithium-iron-phosphate (LFP) batteries,
which require neither nickel nor cobalt, accounted for more than 55 per cent of global electric vehicle (EV)
battery deployments in 2025, up from around 15 per cent in 2021 (IEA, 2026). In 2025, LFP battery packs
were also more than 40 per cent cheaper per kWh than lithium nickel manganese cobalt oxide (NMC)
alternatives. These developments illustrate how demand projections underpinning some DSM security
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arguments may change significantly over the long development timelines required for commercial-scale
seabed mining. High capital costs, long infrastructure timelines, and uncertain demand in the future may
therefore create significant stranded asset and industrial lock-in risks. Even under optimistic assumptions,
commercial-scale DSM is unlikely to contribute meaningfully to critical mineral security before the late 2030s.
This raises questions about its ability to address near-term supply challenges associated with the energy
transition while competing against existing terrestrial mining and refining systems.

The evidence reviewed in this study indicates that DSM is not currently a reliable strategy for securing critical
mineral access at scale and is unlikely to provide a sufficient pathway towards long-term strategic resilience.
While DSM may diversify extraction, it does not necessarily address deeper vulnerabilities embedded in
processing, refining, governance, finance, and consumption systems.

Circular economy pathways may offer more robust resilience gains than frontier extraction
alone. DSM is unlikely to provide a reliable pathway towards long-term strategic resilience. Resilience
depends not only on expanding mineral supply, but also on reducing structural vulnerability and material
intensity. Measures such as recycling, substitution, repair systems, urban mining, and material efficiency
strategies may reduce both ecological pressure and dependence on concentrated mineral supply chains
more effectively than high-risk frontier extraction pathways alone. Short-term measures such as stockpiling
may reduce immediate exposure to supply shocks. Future mineral demand will depend not only on extraction
capacity, but also on technological innovation, infrastructure choices, recycling rates, consumption patterns,
and the pace of circular economy adoption. Circular economy strategies could reduce mineral demand by
approximately 18 per cent between 2022 and 2030, while broader circular economy, recycling, and
demand-reduction pathways could reduce demand by up to 58 per cent by 2050 (Simas et al., 2022).

The central challenge is no longer simply how to access critical minerals, but how to manage
industrial transition, ecological stability, and geopolitical competition without deepening
systemic insecurity. DSM should therefore not be approached solely as a technical question of mineral
access. Rather, it represents a broader political choice concerning how societies define resilience, security,
sustainability, and development under conditions of ecological uncertainty and geopolitical transformation.
The study identifies several strategic implications for policymakers:

e Mineral security should be approached through the diversification of strategies such as governance,
processing, recycling, substitution, and demand reduction rather than extraction expansion alone.

e Ecological systems should increasingly be treated as critical security infrastructure underpinning food
systems, climate resilience, and economic stability.

e Governance systems must account for accumulative, transboundary, and long-term ecological risks
under conditions of incomplete scientific knowledge.

o Circular economy strategies may offer more robust pathways for reducing strategic dependency and
ecological pressure than frontier extraction pathways that are high risk.

e Accelerated extraction or regulatory approval under conditions of unresolved scientific uncertainty may
weaken public legitimacy and confidence in multilateral governance institutions.

e Pathways aimed at reducing long-term vulnerability, including precautionary and circular-economy-
oriented strategies, are likely to require active political management. This would include support for
affected sectors and communities in maintaining legitimacy during periods of economic and industrial
transition.

DSM debates ultimately reflect broader questions concerning the future relationship
between industrial transformation, ecological limits, geopolitical competition, and global
governance in the twenty-first century.



1. DSM and the Security Framing Shift

DSM refers to the extraction of mineral resources from the deep ocean floor, generally at depths below 200
metres, particularly polymetallic nodules, seafloor massive sulphides, and cobalt-rich crusts. These are
located both in international waters, within national Exclusive Economic Zones (EEZs), and on Extended
Continental Shelfs (ECS). As illustrated in Figure 1, these deposits are unevenly distributed and concentrated
in strategically significant ocean regions. The deposits contain minerals increasingly linked to battery
technologies, digital infrastructure, and low-carbon industrial systems (NOAA, 2025; Hein et al., 2013).
Although exploration activities have expanded considerably in the recent years, no commercial DSM

operations exist currently.
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Figure 1: Deep Sea Mineral Deposits, visualisation by Valencia (GIGA), dataset on nodules and crusts
by Beaulieu and Szafranski (2020); Fregoso et al. (2024), tectonic plates by Hasterok et al. (2022)
Note: the colour green implies overlap between nodules and crusts.

Figure 2 demonstrates that scientific exploration and ecological understanding of the deep ocean remain

highly uneven despite growing interest in DSM activities.

Modern survey share

Figure 2: Plotting of the Explored Ocean Floor, visualisation by E. Valencia (GIGA), source: GEBCO Bathymetric
Compilation Group (2026) Note: The blue in the map shows 0.5° ocean areas where the selected share of the
underlying data (0.4) is based on modern/direct bathymetric surveys, especially multibeam or combined direct
methods. Blank ocean areas may still have GEBCO depth estimates, but they do not meet this modern-survey

threshold.



The map illustrates the uneven distribution of modern survey coverage of the seabed and highlights that
large parts of the deep ocean remain poorly understood despite growing geopolitical and industrial interest
in DSM.

DSM Governance and the Future of Multilateral Ocean Cooperation

DSM governance increasingly reflects wider tensions surrounding geopolitical rivalry, industrial competition,
ecological precaution, and the future legitimacy of multilateral governance itself. Anchored in UNCLOS, the
ISA was originally designed as a cooperative governance framework intended to prevent unilateral
appropriation of the deep seabed (Jaeckel et al., 2016; Singh & Jaeckel, 2024). More broadly, UNCLOS
constitutes one of the central multilateral frameworks governing maritime boundaries, navigating rights,
marine environmental protection, and the peaceful management of competing ocean interests. As
geopolitical competition surrounding DSM intensifies, concerns are growing that selective interpretation or
weaking of UNCLOS-based governance arrangements could undermine trust in multilateral cooperation
more broadly.

DSM governance operates across two distinct but interconnected arenas. DSM in international waters
beyond national jurisdiction (“the Area”) is governed through the ISA under UNCLOS Part X| and is directly
linked to questions of multilateral legitimacy and the governance of the global commons. DSM within areas
of national jurisdictions, including EEZs and ECS, falls under coastal state jurisdiction, raising additional
concerns regarding uneven regulatory capacity, liability exposure, and local legitimacy. Several legal experts
warned that unilateral mining activities conducted in the Area outside ISA authorisation frameworks could
weaken the credibility and enforceability of UNCLOS governance arrangements. These include obligations
under Article 137-139 of UNCLOS which establish the Area and its resources as the Common Heritage of
Humankind and require activities to be conducted under ISA authority.

As of 2026, the ISA had issued more than 30 exploration
contracts covering approximately 1.5 million square China
kilometres of seabed, while negotiations over commercial
exploitation regulations remain ongoing. Key questions
regarding environmental thresholds, monitoring systems, todla of
liability arrangements, benefit-sharing, and institutional
oversight remain unresolved (ISA, 2026; Singh et al., 2025).

Russia
Nauru’s activation of the ISA’'s Two-Year Rule in 2021 :
intensified pressure to finalise exploitation regulations and
accelerated geopolitical debates surrounding governance France Germany J
readiness, precaution, and institutional legitimacy. The rule,
contained in Section 1(15) of the 1994 Agreement relating to |
UNCLOS Part XI, obliges the ISA Council to complete the Kinggom Belgium | Brazil jonds
adoption of exploitation regulations within two years following

a request by a sponsoring state. If such regulations are not
adopted within that period and an application for exploitation
is submitted, the Council must nevertheless consider the I
application on the basis of UNCLOS and any provisionally
adopted rules, regulations, and procedures (ISA, 2021; UN,
1994).

Shifting Narratives and the Securitisation of DSM
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Figure 3: ISA Exploration Contracts, visualisation
by E. Valencia (GIGA), data source: ISA (2026).

DSM was initially promoted primarily through environmental,

sustainability, and energy-transition narratives, and particularly by the argument that deep-sea mineral
resources could support battery technologies and low-carbon industrial systems (Majkut, 2025; BDI, 2024;
Hein et al., 2013). Current DSM exploration efforts focus primarily on minerals linked to battery supply chains,
although several strategically important renewable technologies remain heavily dependent on rare earth
elements that are not substantially supplied through potential DSM pathways (Majkut, 2025; IEA, 2024).
However, no commercial DSM operations exist currently.

The COVID-19 pandemic, supply-chain disruptions, and rising geopolitical tensions intensified concerns over
industrial dependency and concentrated global value chains. Disruptions in logistics, industrial production,
and access to key intermediate goods reinforced concerns in Europe and North America regarding
dependence on external processing and manufacturing capacities. At the same time, countries in these
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areas found that their structural dominance across high-end technologies and strategic manufacturing
sectors could no longer be retained with China’s growing technological and industrial capabilities. Within this
context, critical minerals and downstream processing capacity became more directly linked to questions of
industrial resilience, strategic autonomy, and geopolitical competition (Gurol et al., 2026).

China consolidated dominant positions across critical stages of mineral processing and refining, including
approximately 85 per cent of rare earth processing and solar-grade polysilicon manufacturing capacity,
alongside major shares of cobalt, lithium, graphite, and nickel refining (Baskaran et al., 2025; Bassoli & Fuchs,
2025; Majkut, 2025). As illustrated in Figure 4, concentration is often significantly higher in downstream
refining and processing than in upstream extraction itself.

Cobalt Copper Graphite

China
B.0%

China
78.2%

Lithium Magnet rare earth elements Nickel

China

China 58.9%
67.9%

Figure 4: China’s Role in Mining and Refining (2025), visualisation by E. Valencia, based on IEA (2025a).

These dependencies on China increasingly came to be viewed not only as economic risks, but also as
strategic vulnerabilities linked to export restrictions, supply disruptions, technological dependency, and
broader geopolitical competition (Bassoli & Fuchs, 2025). Industrial strategies such as the European Union’s
(EU’s) Critical Raw Materials Act and the US’ Inflation Reduction Act subsequently reframed mineral access
through the language of industrial resilience, strategic autonomy, and economic security (Financial Times,
2023; Han, 2025; Sugihartono, 2024; EC, 2024a;). Interviewees further suggest that DSM is increasingly
linked to wider Indo-Pacific maritime competition and dual-use technological capabilities.

This shift became increasingly visible in industry discourse surrounding DSM. Gerard Barron of the Metals
Company argued before the U.S. House Committee on Natural Resources (2025) that DSM could “transform
dangerous mineral dependence on foreign adversaries into dominance”, directly linking seabed minerals to
American manufacturing competitiveness and geopolitical positioning. Similar arguments also emerged
within European industry. The German Industry Association (BDI, 2024) framed DSM as strategically relevant
for industrial competitiveness and resilient supply chains.

Yet the securitisation of DSM increasingly appears to outpace demonstrated technological and commercial
feasibility. Declining and volatile nickel prices, the expansion of lithium-iron-phosphate batteries, the
bankruptcy of Nautilus Minerals, and the 2025 bankruptcy of Norway’s Loke Marine Minerals raised
continuing questions regarding investor confidence and the long-term viability. At the same time, major
technological and industrial uncertainties remain unresolved. Commercial-scale processing systems for
deep-sea mineral resources do not yet exist, while broader refining and industrial ecosystems would require
substantial technological development and long implementation timelines. Existing evidence suggests that
any future processing capacity would likely remain concentrated in a limited number of industrial hubs with
advanced metallurgical capabilities, particularly in China and Indonesia (Bassoli & Fuchs, 2025; IEA, 2025b).
No commercial-scale DSM system has yet been demonstrated under full operational conditions. Even under
optimistic scenarios, commercial extraction is unlikely to emerge before the late 2030s, while broader refining



and industrial ecosystems may require additional years to evolve. DSM may therefore reconfigure rather than
eliminate strategic vulnerability.

DSM increasingly reflects broader geopolitical divisions over governance and precaution. While the US
framed DSM primarily through a lens of strategic competition with China and industrial resilience, the EU
largely maintained a precautionary position (Baskaran et al., 2025; Han, 2025). Following additional
commitments announced in 2026, 43 states globally endorsed precautionary restrictions on DSM in
international waters, including moratoria, precautionary pauses, and bans (DSCS, 2026; EC, 2024a).
Concerns also persist that unilateral licencing efforts outside ISA procedures could weaken the legitimacy,
coherence, and authority of the UNCLOS-based governance arrangements and intensify geopolitical
competition over seabed resources (Spalding, 2026; Virginski, 2025).

Across the academic, policy, industry, and expert debates, three broad security priorities repeatedly emerge.

The Three Security Priorities

The securitisation of DSM reflects differing understandings of how security should be achieved under
conditions of geopolitical rivalry, industrial transformation, and ecological uncertainty. Although these
priorities often overlap, they reflect different assumptions about where insecurity lies and how resilience
should be achieved (see Figure 5).
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Figure 5: Competing Security Priorities in DSM Governance (author’s own representation).

One priority views extraction as security. DSM is framed as a means of reducing dependency on
concentrated mineral supply chains and strengthening strategic autonomy, particularly in Europe and North
America where dependence on Chinese refining capacity has become central to the security framing of DSM
(Baskaran et al., 2025; lISD, 2026). This perspective is shaped by a “politics of anticipated scarcity”, in which
anxieties over future mineral dependency and geopolitical competition intensify pressure to extract despite
unresolved technological, institutional, and ecological uncertainties.

A second priority frames interdependence as security. Within this perspective, security is achieved through
stable multilateral governance, rules-based cooperation, and institutional legitimacy. Institutional frameworks
such as UNCLOS and the ISA are therefore viewed as strategic assets, because they reduce uncertainty,
establish predictable rules, facilitate dialogue and negotiation, manage shared resources, and help prevent
geopolitical escalation (Gryffroy & Shaiji, 2026; Maihold, 2025). Governance stability itself becomes a form of
strategic resilience, while multilateral cooperation functions as critical infrastructure for managing
transboundary ecological and geopolitical risks. International cooperation itself becomes a strategic asset
for addressing long-term security risks. Securing critical minerals for the green transition may therefore prove
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of limited strategic value if pursued in ways that simultaneously weaken the multilateral cooperation required
to manage broader systemic drivers of insecurity.

A third priority understands ecological stability as security. Within this perspective, security is achieved
through system resilience — namely, the ability of marine, climatic, and socio-economic systems to absorb
shocks and disruptions without a systemic breakdown. Some DSM proponents argue that seabed minerals
could support the renewable-energy transition and indirectly contribute to decarbonisation by providing
additional supplies of minerals used in batteries, renewable-energy technologies, and other low-carbon
applications (van Dyke, 2026; BDI, 2024). These arguments are often linked to broader concerns regarding
future demand for critical minerals associated with the energy transition (IEA, 2024). However, this
perspective emphasises that ecological stability cannot be secured through activities that may undermine
poorly understood marine ecosystems central to climate regulation, fisheries, biodiversity, and food security.
Deep-sea ecosystems recover extremely slowly, and in some cases, may never fully recover, while scientific
uncertainty regarding cumulative and long-term impacts remains substantial. From this viewpoint, the deep
sea is not primarily a resource frontier, but a fragile planetary system where environmental disruption may
prove irreversible, is transboundary, and is difficult to govern. Ecological systems are therefore treated not
as external environmental variables, but as foundational infrastructures underpinning food systems, climate
regulation, public revenue, and long-term societal resilience.

Within these perspectives, precautionary pauses or moratoria on DSM are increasingly framed not as passive
inaction, but as active security choices intended to preserve ecological stability, reduce governance
fragmentation, and maintain international cooperation under conditions of scientific uncertainty (DSCS, 2026;
Qogandi, 2026; WWF, 2026). This position is reflected in the growing number and diversity of actors
supporting precautionary approaches to DSM (WWF et al., 2026; Seas at Risk, 2024).

These priorities frequently pull in different directions. Policies designed to strengthen one form of security
may intensify vulnerabilities elsewhere. Expanding extraction to reduce mineral dependency, for example,
may increase ecological risks and governance pressures, while strong precautionary protections may
constrain supply diversification and prolong existing industrial dependencies (Singh et al., 2025; European
Parliament, 2024). At the same time, many interviewees emphasised that these tensions are not necessarily
irreconcilable. Through combinations of precautionary governance, industrial diversification, environmental
safeguards, circular economy measures, and multilateral cooperation, governments may be able to balance
competing security priorities under conditions of uncertainty.

Importantly, these competing security priorities do not affect all actors equally. Policies designed to
strengthen security for industrialised economies, strategic sectors, or resource-importing states may
simultaneously redistribute ecological, financial, and governance risks towards actors with lower adaptive
capacity, including coastal communities, fisheries-dependent economies, and SIDS. DSM therefore raises
distributive questions not only about resource access, but also about whose security is prioritised, whose
vulnerabilities increase, and who bears long-term ecological and financial liabilities.

DSM Security Paradox: When Security Strategies Generate New Insecurities

Unlike a classical security dilernma, which emerges through strategic interaction among actors, a DSM
Security Paradox arises when policies intended to enhance security in one domain unintentionally generate
vulnerabilities in another. The concept is used here to describe unintended consequences and cross-
system trade-offs that emerge when efforts to strengthen resource security, strategic autonomy,
ecological protection, or governance stability create new forms of insecurity elsewhere.

DSM does not eliminate tensions between industrial resilience, ecological protection, and international
governance; rather, it redistributes and restructures them across different domains of risk and power.
Interviewees emphasised that precautionary thresholds, ecological safeguards, robust monitoring systems,
enforceable liability mechanisms, and credible multilateral governance arrangements would constitute
necessary, though not sufficient, preconditions for any consideration of commercial extraction.

Several interviewees, echoing concerns raised elsewhere in the literature, cautioned that finalising the Mining
Code alone would not resolve the underlying technological, ecological, financial, and geopoalitical tensions
surrounding DSM (IPOS, 2023). Accelerating regulatory processes under conditions of unresolved scientific
uncertainty and institutional incompleteness may itself generate additional risks. Even under more robust
governance arrangements, these tensions remain politically contested as governments balance industrial,
environmental, and geopolitical pressures under conditions of uncertainty.



The DSM Security Paradox describes interconnected contradictions through which strategies intended to
enhance security may simultaneously generate new forms of ecological, geopolitical, technological,
economic, and institutional insecurity. Efforts to reduce dependency on terrestrial mineral suppliers through
DSM may leave many underlying vulnerabilities unresolved, including dependence on processing
bottlenecks, logistics networks, specialised technologies, finance, and downstream industrial concentration.
Accelerated or unilateral DSM deployment may weaken multilateral governance arrangements and intensify
geopolitical rivalries, while extraction promoted in the name of resilience and energy transition may undermine
marine ecosystems that support fisheries, climate regulation, and long-term socio-economic stability. At the
same time, attempts to secure strategic autonomy through mineral access may trigger competitive
responses from others, producing dynamics resembling a classical security dilemma in which efforts to
increase resilience generate broader instability.

Methodological Approach

This study adopts a qualitative approach involving a comparative strategic policy analysis to examine how
DSM is framed, justified, and contested across geopolitical, ecological, industrial, and governance
dimensions. Rather than treating security as a fixed concept, the analysis examines how competing
understandings of security shape policy choices, governance debates, and perceptions of risk, resilience,
and strategic vulnerability.

The study combines a literature synthesis, a discourse analysis, a governance analysis, semi-structured
expert interviews, and scenario-based stress testing. First, more than 200 peer-reviewed journal articles
published between 2022 and 2026 were synthesised across fields including international relations, marine
governance, environmental studies, economics, and law. The focus was on ocean governance, critical
minerals, ecological security, industrial policy, and geopolitical competition. Second, the academic review
was complemented through the analysis of approximately 100 policy reports, government documents,
industry publications, think tank analyses, media investigations, and civil society reports in order to capture
rapidly evolving developments and ongoing policy debates not yet fully reflected in academic literature. Third,
the study incorporated semi-structured expert interviews conducted between May and June 2026 with 16
experts from policy institutions, and those involved in scientific research, industry, finance, international law,
and civil society. Interviews critically assessed competing claims regarding strategic autonomy, governance
legitimacy, ecological risk, technological feasibility, and long-term economic viability. Most interviewees
requested anonymity due to the political and commercial sensitivity of the topic. Reviewers from different
disciplinary and technical backgrounds conducted further internal and external reviews on the study.

The scenarios presented in this report are not predictive forecasts, but analytical stress tests examining how
different governance choices, industrial strategies, and security priorities may interact under conditions of
ecological uncertainty, geopolitical contestation, technological change, and shifting market dynamics. Their
purpose is to explore how competing pathways of ocean governance may redistribute risks, dependencies,
and vulnerabilities across interconnected systems.

2. Does DSM Deliver Security? - Redistribution, Industrial Lock-in, and
Dependency

The growing securitisation of DSM relies on the assumption that deep seabed extraction strengthens
strategic autonomy and reduces critical vulnerabilities within global supply chains. Recent political economy
analyses challenge the idea that DSM is necessary for the purpose of avoiding mineral scarcity, arguing that
current vulnerabilities stem less from geological shortage than from concentrated processing systems,
geopolitical competition, market volatility, and uneven industrial capacity (Alger et al., 2026; Alger et al.,
2025). This section argues that DSM is unlikely to eliminate dependency, but may instead redistribute it
across downstream processing, industrial infrastructure, finance, and governance systems.

2.1 Extraction Does Not Equal Strategic Control

Diversification of mineral extraction does not automatically translate into strategic autonomy. Many of the
vulnerabilities driving security concerns are located downstream rather than at the point of extraction.
Polymetallic nodules and other DSM resources would still require technologically advanced processing
systems concentrated in a small number of industrial hubs, particularly China and Indonesia. Japan also
hosts one of the few facilities with demonstrated experience in processing polymetallic nodules through
PAMCO, although processing capacity remains limited relative to larger refining hubs. At the same time, no
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company has yet processed DSM resources at sustained commercial scale, and major uncertainties remain
regarding scalability, technological readiness, environmental performance, and economic viability (Bergfald
et al., 2023).

Interviewees from industrial and technical backgrounds highlighted that even optimistic DSM scenarios
would remain dependent on existing refining ecosystems, logistics, insurance markets, specialised industrial
infrastructure, and technologically sophisticated processing systems. While estimates varied, several
interviewees suggested that developing alternative refining and processing ecosystems could require one to
two decades of sustained investment, infrastructure development, workforce training, and industrial
coordination. Building alternative refining capacity would likely require long-term investment in metallurgical
expertise, industrial infrastructure, energy systems, environmental regulation, and skilled labour, while
processing technologies for DSM materials remain commercially unproven at scale.

Recent US efforts to accelerate DSM illustrate this dynamic. Despite upstream licencing ambitions framed
around strategic autonomy and supply-chain security, the US currently lacks large-scale domestic refining
capacity for several key DSM minerals and remains dependent on foreign industrial ecosystems for
processing and operational deployment (Wieffering, 2026). Earlier investor presentations by The Metals
Company, for example, identified processing partnerships in Japan and Indonesia, despite broader
narratives linking DSM to greater US mineral independence (Shesky, 2025). More recent plans for refining
facilities in Texas still face uncertainty regarding financing, execution, technological readiness, and long-term
processing capacity.

Under present conditions, DSM is unlikely to bypass existing processing dependencies and may instead
reinforce them by feeding additional raw materials into already concentrated refining systems. As Figure 6
illustrates, refining capacity is projected to remain highly concentrated through to 2040, particularly in China
(IEA, 2025a). Diversifying extraction alone therefore does not necessarily translate into strategic autonomy.

Critical minerals: country roles in mining and refining, 2025 Critical minerals: country roles in mining and refining, 2040
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Figure 6. The Refining Bottleneck (2025 vs 2040), visualisation by E. Valencia, based on |EA (2025a).

Table 1 demonstrates that, while DSM could diversify the geographic origin of certain minerals, extraction
itself represents only one segment within a much broader industrial ecosystem involving processing, refining,
logistics, manufacturing, finance, insurance, and governance. Recent analyses similarly note that strategic
leverage within mineral supply chains is often concentrated downstream, particularly in refining technologies,
industrial infrastructure, and manufacturing ecosystems, where barriers to entry, technological complexity,
and capital intensity remain high (Alger et al., 2025; IEA, 2025b). Interviewees likewise stressed that current
debates often conflate access to raw materials with control over downstream industrial systems.

This reflects a broader Resource Security Paradox: diversification of extraction does not necessarily translate
into diversification of strategic control. Expanding DSM could diversify upstream supply while further
strengthening the position of states and corporations that already control downstream processing, refining,
specialised technologies, maritime logistics, financing structures, and industrial infrastructure. Similar
dynamics can be observed in rare earth, lithium, and nickel supply chains, where strategic leverage often
derives less from extraction itself than from control over processing, manufacturing, and downstream
industrial ecosystems (Alger et al., 2025; IEA, 2025b).
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Table 1. Redistribution of Strategic Dependencies und Vulnerabilities across the DSM Value Chain

|Stage

||Key Stakeholders

||Current Dependency Structure

||[DSM-Induced Shift

||Resu|ting Dependency Pattern

||Strategic Risk Assessment

Exploration &

ISA, sponsoring states (e.g. Nauru),

ISA-centred licencing through sponsorship (e.g.

Emergence of parallel or unilateral licencing

Fragmentation of governance authority; reduced

High institutional risk through weakened

Exploitation DSM contractors, major powers NORI-Nauru) & contractor-state partnerships; no ||debates (e.g. TMC/NORI-D); & stronger state- [|centrality of ISA processes multilateral legitimacy and erosion of rules-
commercial DSM extraction underway; strong firm involvement based ocean governance
presence of Global North contractors & state-
backed actors
Seabed DSM firms, offshore engineering Highly specialised robotics, offshore engineering ||Increased reliance on proprietary technologies ||Concentration of technological control and High technological dependency; limited
Extraction companies, China, EU, US, specialised ||concentrated amongst few actors (e.g. Allseas, ||and specialised contractors limited substitutability supplier base; exposure to export controls
Technology contractors TMC partnerships); high capital intensity

Processing &

China, Indonesia, battery

Strong concentration in downstream refining and

Dependence on refinery adaptation, new

Persistent downstream concentration benefiting

Structural dependency remains; limiting

Absorption &
Price Stability

industry, commodity traders, mineral
exporters, manufacturing industries

spikes & declines in 2022, incl. temporary
London Metal Exchange suspension) alongside
uncertain long-term demand

markets and evolving battery supply chains

mismatches

Refining manufacturers, Organisation for battery precursor production, particularly in processing technologies & specialised existing powers despite upstream diversification ||gains in strategic autonomy and
Economic Co-operation and China (e.g. 60-90% across key minerals, IEA metallurgical infrastructure; continued reliance preserving geopolitical leverage
Development (OECD) economies, (2025a)) on existing refining hubs unless new capacity
African mineral-exporting states & emerges
emerging African processing initiatives
Transport & Shipping firms, insurers, port authorities, ||Reliance on specialised vessels, established Expansion of offshore extraction systems and ||Increased reliance on infrastructure chains Medium or high vulnerability to
Maritime coastal states, offshore logistics global shipping routes; maritime chokepoints dedicated maritime infrastructure (e.g., Pacific ||controlled by a limited number of maritime and  ||disruption, maritime tensions,
Logistics providers, African coastal & port states ||(e.g., Strait of Malacca, Suez Canal); Island staging hubs) logistics actors infrastructure sabotage and logistical
connected to Indian Ocean & Atlantic concentrated maritime insurance markets bottlenecks
maritime corridors (London Protection and Indemnity (P&l) clubs)
Undersea NATO members, China, US naval and ||Rising geopolitical sensitivity around subsea Expansion of industrial activity near critical Blurring of commercial and strategic domains in ||Elevated escalation risk; increased
Infrastructure ||maritime security actors, subsea cable ||cables and offshore assets (e.g., NATO infrastructure; increased monitoring and subsea environments exposure to grey-zone conflict,
Interface operators, offshore infrastructure firms, ||warnings; Baltic Sea incidents 2022--2023) sensing capabilities near critical infrastructure infrastructure sabotage, and strategic
telecommunications firms zones surveillance competition
Financing & Commercial banks, export creditors, Dominance of Western financial institutions; Greater reliance on risk-tolerant or state- Concentration of financial leverage among state- |[High financial exposure; stranded asset
Insurance insurers, Environmental, Social, and rising ESG scrutiny; high capital requirements backed financing, including export-credit backed and risk-tolerant actors alongside risk, public losses, regulatory shifts and
Governance (ESG) investors, sovereign ||(e.g., financial institutions restrictions on DSM- agencies, public subsidies, and strategic uneven exposure to long-term liability risk long-term liability uncertainty for investors
wealth funds, African resource- related investment) investment funds (e.g. Papua New Guinea and sponsoring states
dependent economies exposed to exposure in the Nautilus/DeepGreen context)
commodity volatility
Environmental ||ISA, contractors, coastal states, Limited enforcement capacity in Areas Beyond  ||Long-term ecological uncertainty; fragmented ||Persistent governance gaps, limited baseline High governance & legitimacy risk;
Liability & scientific institutions, environmental National Jurisdiction; evolving regulatory monitoring responsibilities across contractors ||data & unresolved uncertainties on cumulative unresolved liability undermines institutional
Monitoring NGOs frameworks (e.g., ISA Mining Code still under and states impacts, biodiversity loss, sediment plumes & credibility of ISA authority
negotiation) ecosystem recovery; liability burdens likely
externalised towards less adaptive actors
Market Battery sector, Electric Vehicle (EV) \olatile global markets (e.g. sharp nickel price Additional supply entering unstable commodity ||Exposure to price volatility and demand—-supply ||Economic instability risk, potential price

shocks, uncertain profitability, adverse
impacts on existing terrestrial producers

Recycling & EU, OECD economies, China, recycling ||Emerging but underdeveloped secondary Potential delay in investment in circular Reinforcement of linear extraction models Long-term lock-in risk; reduced system
Circular industries, technology firms, circular material markets (e.g. <20% global lithium systems due to new extraction pathways delaying investment in circular systems globally  ||resilience and slower transition to circular
Economy economy initiatives recycling rates; IEA est) and recycling systems supply models

Community & ||Coastal communities, fisheries- Existing asymmetries in participation, scientific Potential ecological disruption and governance ||Disproportionate ecological & socio-economic High distributive risk, ecological &
Ecological dependent areas, island states & access, and adaptive capacity externalisation exposure among coastal & island communities  [|governance burdens concentrated among
Exposure economies w/ limited adaptive capacity w/ limited influence over governance processes ||actors w/ lower adaptive capacity
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The security implications of DSM therefore depend not only on access to mineral deposits, but also on who controls
the infrastructures, technologies, financing systems, and value chains through which these resources are
processed and transported. States possessing advanced refining systems, industrial manufacturing capacity,
financial leverage, or strategic maritime infrastructure are likely to capture disproportionately larger benefits within
DSM value chains, while ecological disruption and governance burdens may fall more heavily on coastal and island
communities with more limited regulatory and financial capacity.

Interviewees and recent studies alike cautioned that DSM may supplement rather than replace terrestrial extraction
under current mineral demand trajectories, particularly as technological innovation, changing battery chemistries,
recycling, and circular economy strategies reshape long-term material demand (Agrawal & Ragauskas, 2025; Alger
et al., 2025; Barnard & Trytten, 2025; IEA, 2025b). Many environmental and social harms associated with terrestrial
mining are linked not only to extraction itself, but also to governance failures, unequal value chains, weak regulation,
and carbon-intensive processing systems (Bourrel et al., 2018). Expanding into new extractive frontiers therefore
does not necessarily resolve the structural issues related to these political-economic conditions that generate
ecological degradation and unequal exposure to risk. DSM may therefore function less as a substitute for terrestrial
mining than as an additional extractive frontier layered onto existing industrial dependencies and ecological
pressures.

2.2 Industrial Lock-In and Development Timelines

Existing critical mineral systems are deeply embedded within industrial ecosystems built over decades through
state support, infrastructure investment, technological accumulation, and permissive regulatory conditions. For
several minerals commonly associated with DSM, including nickel, cobalt, manganese, and copper; and rare earth
elements, processing capacity remains highly concentrated in a small number of countries (Simas et al., 2022).
China currently controls between 60 and 90 per cent of global processing capacity across several critical minerals,
including cobalt, manganese, rare earths, and battery precursor materials (IEA, 2025b).

Interviewees consistently highlighted that DSM would not enter an empty industrial landscape but would instead
compete against terrestrial systems that are already technologically mature, operational at scale, and comparatively
cheaper. This assessment is broadly consistent with recent literature on critical mineral supply chains and industrial
development pathways (Alger et al., 2026; Bourrel et al., 2018). Developing independent DSM-related refining,
processing, and manufacturing capabilities would therefore require long-term investment in science, environmental
governance, infrastructure, and downstream capacity development. This challenge is particularly significant for
smaller developing economies and sponsoring states seeking to capture meaningful economic benefits despite
continuing institutional, technological, and resource constraints (Maihold, 2025; Bourrel et al., 2018). Multiple
interviewees noted that states and firms already possessing industrial, technological, and financial advantages are
better positioned to shape emerging DSM value chains than actors entering the sector from more peripheral
economic positions.

Industry and technical interviewees estimated that pilot processing facilities would require approximately three to
five years to be established, while commercial refining systems and integrated supply chains could take one to two
decades and require investment ranging from several billion US dollars to more than USD 10-30 billion depending
on infrastructure scope, processing capacity, and vertical integration of supply chains (Fernando et al., 2025; IPOS,
2023; expert interview). Existing refining systems were designed for terrestrial ores and are not fully optimised for
minerals derived from deep-sea resources, meaning that DSM could require refinery adaptation or new processing
systems (Hein et al., 2013; A. Zhang et al., 2025). At present, no commercial-scale processing facilities for DSM
minerals are operational. Given the time required to develop processing technologies, refining capacity, and
integrated supply chains, several interviewees argued that DSM is unlikely to make a significant contribution to
addressing near-term critical mineral bottlenecks associated with current energy-transition timelines.

Interviewees from finance and industrial strategy backgrounds argued that overcoming these entrenched industrial
disadvantages would likely require substantial subsidies, state-backed financing, and sustained political support
despite continuing uncertainty surrounding the commercial viability of DSM. Volatile mineral prices, rapidly evolving
battery technologies, and uncertain long-term demand further complicate the economic case for large-scale
investment. Major firms including BMW, Volkswagen, Samsung SDI, Google, Apple, and Volvo have publicly
supported a moratorium or have committed to excluding DSM minerals from their supply chains, creating additional
uncertainty regarding future demand and long-term investment incentives (WWF et al., 2026). One interviewee

12



described the growing reliance on national security narratives as partly an attempt to compensate for unresolved
economic weaknesses within the sector.

DSM therefore faces not only ecological and governance uncertainty, but also the challenge of competing against
deeply entrenched terrestrial industries whose technological and industrial advantages were built over decades.
Interviewees repeatedly emphasised that under present market conditions, large-scale DSM may depend less on
commercial competitiveness than on sustained industrial policy, strategic financing, and geopolitical support.

2.3 Financial, Technological, and Commercial Constraints

The growing reliance on national security narratives surrounding DSM remains contested because substantial
commercial uncertainties persist. Several interviewees across finance, industry, and policy backgrounds noted that
future DSM trajectories may depend less on commercial competitiveness than on sustained geopolitical support,
industrial policy, and state-backed financing. Concerns stem from price volatility including rapidly falling nickel
prices, mineral oversupply, the expansion of cobalt-free lithium-iron-phosphate (LFP) batteries, and the bankruptcy
of Nautilus Minerals in 2019. Nickel prices fell by more than 40 per cent between 2022 and 2024 following major
Indonesian supply expansion and wider market volatility (IEA, 2025a; Sugihartono, 2024).

DSM involves extremely high upfront capital costs, specialised offshore infrastructure, and long development
timelines (Alger et al., 2026; WWF, 2024). Industry assessments suggest that commercial-scale DSM would require
several billion US dollars in investment for extraction, transport, and processing infrastructure before any return on
capital could potentially be realised (Fernando et al., 2025; IPOS, 2023). Yet no commercial-scale DSM extraction
or processing operations exist currently, while environmental monitoring, liability, remediation, insurance, and legal
compliance costs remain uncertain (Fernando et al., 2025). Across interviews, DSM was frequently characterised
less as a commercially mature industry than as a speculative industrial frontier whose viability depends heavily on
future technological, geopolitical, and regulatory developments.

Interviewees repeatedly highlighted that DSM business models depend heavily on assumptions regarding future
mineral demand, stable commodity prices, and long-term battery technologies at a time of rapid technological
change. This uncertainty is particularly significant because batteries are expected to drive approximately 97 per
cent of projected growth in lithium demand, 78 per cent of nickel demand, and 80 per cent of cobalt demand
through 2040 (Walter et al., 2024). Recent developments in battery chemistries, including the rapid expansion of
LFP batteries and advances in sodium-ion and other low-mineral-intensity technologies, therefore have the
potential to alter future demand projections for minerals frequently associated with DSM (Barnard & Trytten, 2025;
Walter et al., 2024). Battery recycling, substitution, and material efficiency gains may further reduce future demand
for virgin materials before DSM could potentially reach commercial maturity.

Interviewees also highlighted the risk of industrial lock-in once large-scale investments in extraction vessels,
offshore systems, processing facilities, and logistics infrastructure are made. Such assets may prove difficult to
repurpose if technologies, mineral demand, or regulatory conditions shift (Q. Zhang et al., 2025). At the same time,
prolonged ISA negotiations and future access claims may reinforce investor expectations despite unresolved
commercial uncertainties (Gryffroy & Shaji, 2026; Feichtner & Ginzky, 2024). These dynamics risk diverting
investment away from more flexible alternatives such as recycling, substitution, efficiency gains, and circular
economy strategies.

Financial caution towards DSM has also intensified. By early 2026, at least 82 financial institutions, including major
insurers, banks, pension funds, and reinsurers, had adopted exclusionary or restrictive policies regarding DSM
financing, while additional downstream firms and business coalitions publicly supported precautionary pauses or
committed to excluding DSM minerals from their supply chains (Seas at Risk, 2026a; WWF et al., 2026). Growing
environmental, social and governance (ESG) concerns, regulatory uncertainty, unresolved liability risks, and
uncertain profitability increasingly push DSM financing towards a smaller group of risk-tolerant or state-backed
actors, concentrating financial exposure and further politicising investment decisions. Subsidising the development
of DSM-related extraction, processing, and industrial infrastructure would likely face similar challenges, including
uncertain profitability, long development timelines, technological uncertainty, and the risk of stranded public
investment (Alger et al., 2026; IPOS, 2023; WWF, 2024). Interviewees therefore frequently described DSM more
as an industrial sector whose long-term viability remains unresolved than as a commercially mature response to
critical mineral insecurity.
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2.4 Interim Conclusion: Dependency Redistribution

Evidence reviewed in this section suggests that DSM is unlikely to eliminate structural vulnerabilities within critical
mineral supply chains but may redistribute security gains and burdens unevenly across actors, sectors, and
regions. While deep seabed extraction may diversify the geographic source of certain minerals, many strategic
dependencies would persist across downstream refining, maritime logistics, industrial infrastructure, finance, and
specialised technologies. Access to seabed minerals alone therefore does not necessarily translate into greater
strategic autonomy where vulnerabilities remain concentrated downstream.

DSM may create new forms of industrial and financial lock-in. High capital costs, long infrastructure timelines,
uncertain future demand, and the absence of commercial-scale processing systems could commit states and
industries to rigid investment pathways that may become difficult to reverse under changing market and
technological conditions. Interviewees from finance and governance backgrounds warned that DSM could
generate new forms of stranded asset risk rather than resolve resource insecurity. States and firms controlling
refining capacity, industrial infrastructure, finance, and technological systems are likely to retain disproportionate
leverage within DSM value chains, while ecological exposure and governance burdens fall more heavily on actors
with lower adaptive and regulatory capacity.

This reflects the Resource Security Paradox: attempts to enhance strategic autonomy through DSM may deepen
dependency in downstream processing, logistics, finance, and specialised technologies where concentration
remains high. At the same time, substantial public subsidies and state-backed support required to develop DSM-
related industrial systems may themselves face uncertain long-term viability under conditions of technological
change, volatile mineral markets, and shifting battery chemistries. These economic and industrial pressures interact
with growing tensions over governance legitimacy, institutional authority, and control over deep seabed resources.

3. Governance Stress Test: Multi-Scalar Pressures, Institutional Fragmentation,
and Uneven Capacity

DSM increasingly places governance systems under pressure, exposing strengths, weaknesses, and institutional
vulnerabilities across global, regional, and local scales. Governance pressures surrounding DSM operate
simultaneously across global institutions, regional geopolitical systems, and local legitimacy arenas. Geopolitical
rivalry, uneven state capacity, and unresolved ecological uncertainty increasingly challenge the UNCLOS-based
multilateral order, particularly the ISA and related ocean governance regimes (ISA, 2021; Sebuliba & Sammler,
2025; Singh et al., 2025). In this sense, DSM functions as a governance stress test, revealing how institutions
respond to competing pressures related to precaution, sovereignty, industrial competition, and scientific
uncertainty. This illustrates the Governance Security Paradox: efforts aimed at strengthening national resilience
through accelerated DSM development may weaken the very multilateral institutions required for long-term
maritime stability, precautionary governance, and coordinated environmental oversight.

Importantly, these pressures unfold differently across governance arenas. DSM in international waters governed
through the ISA raises questions of multilateral legitimacy, institutional coordination, scientific readiness, and global
commons governance. DSM within EEZs and ECS generates different tensions centred on sovereign authority,
uneven regulatory capacity, liability exposure, and local legitimacy. Figure 7 illustrates how these pressures
increasingly reinforce one another across scales.
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Figure 7: Multi-Scalar Governance Stress of DSM (author'’s own representation).

3.1 Global Governance Stress: UNCLOS, the ISA, and Fragmenting Multilateralism

DSM governance increasingly reflects wider tensions surrounding geopolitical rivalry, industrial competition,
ecological precaution, and the future legitimacy of multilateral governance itself. Anchored in UNCLOS, the ISA
was originally designed as a cooperative framework intended to prevent unilateral appropriation of seabed
resources and ensure equitable benefit-sharing. It was also tasked under Article 145 with ensuring effective
protection of the marine environment from harmful effects arising from activities in the Area (Singh & Jaeckel, 2024;
UN, 1982). These obligations have intensified debates over whether existing governance systems and scientific
capacity are currently sufficient for supporting commercial extraction.

The negotiations at the 31% session of the ISA revealed major unresolved questions regarding environmental
standards, compliance mechanisms, liability, inspections, and governance authority (IISD, 2026). Negotiations also
reflected a broader pattern of “governance by procedural deferral’, in which politically contentious questions are
repeatedly postponed into future standards and intersessional processes rather than substantively resolved.
Several states argued that commercial exploitation should not proceed until environmental safeguards and
governance systems are institutionally prepared for large-scale extraction and key scientific uncertainties regarding
biodiversity, ecosystem functioning, cumulative impacts, and recovery processes are substantially reduced.
Interviewees from governance, legal, and scientific backgrounds cautioned that technological capability to extract
seabed resources may advance faster than institutional capacity to govern cumulative ecological, financial, and
geopolitical risks effectively. At the same time, accelerated extraction approval should not automatically be equated
with strategic effectiveness. Governance legitimacy, scientific credibility, regulatory predictability, and public trust
may themselves constitute critical long-term strategic assets.

Experts interviewed for this study argued that governance legitimacy itself increasingly functions as strategic
infrastructure. Under conditions of ecological uncertainty and geopolitical rivalry, predictable governance systems
may reduce escalation risks, stabilise investment expectations, support scientific credibility, and preserve
confidence in multilateral coordination mechanisms. Institutional credibility, scientific independence, and
predictable regulatory procedures may become as important for long-term stability as access to mineral resources
alone.
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Institutional asymmetries further complicate these negotiations. States, corporations, and state-corporate
consortia with advanced technological, legal, and financial capacities possess substantially greater ability to shape
regulatory outcomes than many developing states and SIDS, despite the latter potentially bearing disproportionate
ecological and economic risks. Formal sovereign equality within multilateral negotiations therefore does not
necessarily translate into equal influence over governance outcomes, particularly where smaller sponsoring states
rely heavily on corporate partners for technical expertise, financing, legal support, and negotiation capacity.

Smaller states can nevertheless exercise significant procedural influence within multilateral frameworks, as
demonstrated by Nauru’s triggering of the ISA’s Two-Year Rule in 2021. However, formal legal equality does not
necessarily eliminate differences in technical, financial, and institutional capacity among participating actors.

The Two-Year Rule and Accelerating Geopolitical Pressure

Nauru’s triggering of the ISA's Two-Year Rule transformed DSM governance from a slow-moving technocratic
process into an accelerated geopolitical negotiation (Singh et al., 2025; ISA, 2021). Interviews across sectors
frequently described DSM governance as increasingly shaped by a “politics of anticipated scarcity”, in which
anxieties over future mineral dependence intensify pressure for extraction despite unresolved ecological and
governance uncertainties.

Recent analyses nevertheless caution against equating concentrated supply chains with absolute resource scarcity.
Historical experience suggests that industrial systems frequently adapt to supply disruptions through substitution,
technological innovation, recycling, and changing patterns of demand (Alger et al., 2025; Barnard & Trytten, 2025;
Young, 2025). Current mineral vulnerabilities therefore stem not only from geology, but also from concentration in
refining systems, industrial policy, and strategic control over downstream value chains. Similar scarcity narratives
have historically accompanied earlier waves of interest in frontier extraction, including previous periods of DSM
expansion during the Cold War era.

Strategic urgency narratives may themselves intensify governance instability. While DSM is increasingly framed as
geopolitically necessary, anticipatory competition over future seabed resources may accelerate political and
regulatory fragmentation even before the commercial viability of DSM is established. “Inevitability narratives” may
therefore reinforce a self-fulfilling dynamic in which pressures for accelerated extraction weaken the multilateral
governance systems required for long-term maritime stability.

Interviewees also cautioned against conflating technological acceleration and strategic momentum with long-term
inevitability, governance readiness, or societal legitimacy. Although states, contractors, and industrial actors are
increasingly investing in DSM technologies, exploration systems, and supply-chain positioning, commercial viability,
governance legitimacy, environmental liability, and long-term market demand remain uncertain.

Historical experience across frontier industries such as shale gas extraction suggests that geopolitical
securitisation, speculative investment, and technological acceleration can generate self-reinforcing industrial
momentum before governance systems, environmental oversight, and long-term societal consensus are fully
established. In the shale gas sector, energy security narratives and rapid capital expansion frequently outpaced
regulatory preparedness, contributed to political polarisation, and created infrastructure and investment lock-ins
that later proved difficult to reverse (Goldthau, 2018; Sovacool, 2014). Under similar conditions, DSM expansion
driven primarily by anticipatory strategic competition and industrial positioning may reduce the political space
available for precaution, institutional learning, and democratic deliberation before long-term ecological and
governance implications are fully understood.

Tensions intensified further during the ISA 31% session following attempts by 7he Metals Company USA to pursue
mining authorisation under US domestic law rather than through ISA procedures. Multiple states warned that
unilateral pathways could strongly weaken the legitimacy of UNCLOS-based governance and encourage
competing regulatory arrangements (IISD, 2026). Fragmented governance could produce competing licencing
systems, uneven environmental standards, legal uncertainty, rising diplomatic tensions, and declining predictability
for both states and investors. The situation highlighted a growing contradiction within current DSM governance:
the same corporate network linked to Nauru Ocean Resources Inc. (NORI), one of the most active contractors
within ISA negotiations through its sponsorship by Nauru, simultaneously explored alternative licencing pathways
outside the ISA framework through its US-based subsidiary.
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Some industry and strategic actors increasingly frame such unilateral pathways as geopolitically necessary under
conditions of intensifying competition over critical minerals and perceived institutional paralysis. However,
bypassing multilateral procedures in favour of competing national licencing systems may accelerate fragmentation
within ocean governance precisely at a moment when limited ecological understanding and strategic rivalry require
greater institutional coordination rather than less.

Interviewees from international relations and governance backgrounds noted that these dynamics increasingly
resemble a classical security dilemma. Efforts by states to secure future mineral access and reduce strategic
vulnerability may trigger countervailing reactions by others, thereby intensifying competition and weakening
collective governance stability.

Legal ambiguity surrounding liability, environmental compensation, and the meaning of “effective control” over
sponsored contractors further intensifies institutional stress (Antonino, 2025; Willaert, 2022). Interviewees further
highlighted that technologically and financially powerful states possess greater capacity to hedge across competing
governance arrangements, while many developing states and SIDS remain more dependent on stable multilateral
protections under UNCLOS.

The ISA framework nevertheless enables smaller states to exercise procedural rights and participate formally in
decision-making processes on an equal legal basis with larger states. Nauru’s triggering of the Two-Year Rule in
2021 demonstrated how individual states can influence the pace and direction of negotiations within the ISA
framework. However, interviewees stressed that formal procedural rights do not necessarily eliminate broader
asymmetries in technical expertise, financial resources, legal capacity, and access to scientific knowledge. These
dynamics further intersect with regional tensions within the Pacific, where several Pacific Island states advocating
precaution or moratoria have sought to persuade Nauru to reconsider its position on DSM.

3.2 Indo-Pacific and Indian Ocean Geopolitics: Competing Strategies of Dependency
Containment

The Indo-Pacific and Indian Ocean regions increasingly constitute the geopolitical centre of DSM governance. The
Clarion-Clipperton Zone hosts most ISA exploration contracts, while the broader region concentrates critical
mineral refining, shipping, and industrial manufacturing systems linked to terrestrial extraction. China dominates
downstream processing capacity, Indonesia has emerged as a major nickel-processing hub, Australia remains
central to lithium extraction, and Pacific Island states occupy strategically significant sponsorship positions within
the ISA regime. DSM therefore increasingly sits at the intersection of maritime strategy and critical mineral
dependency.

The geopoalitical significance of DSM does not primarily stem from current commercial production, which remains
absent, but from anticipatory positioning around future industrial systems, maritime influence, and strategic
dependency. Interviewees repeatedly stressed that states are increasingly preparing for potential future disruptions
in mineral dependency even before the commercial viability of DSM has been established. Governance pressures
emerge less from actual seabed extraction than from expectations surrounding future industrial competition,
technological leadership, and strategic leverage.

Interviewees also noted that current investments in DSM may reflect strategic hedging and long-term optionality
as much as expectations of near-term commercial profitability. State-backed programmes, exploration contracts,
research infrastructure, and industrial positioning may therefore be understood as efforts to preserve future options
under conditions of uncertainty rather than as evidence that commercial extraction will necessarily prove viable or
strategically beneficial. Historical experience across frontier industries demonstrates that substantial capital
mobilisation, technological investment, and strategic competition do not automatically resolve questions
surrounding governance legitimacy, long-term economic sustainability, environmental risk, or commercial success.
The experience of projects such as Nautilus Minerals in Papua New Guinea illustrates how early strategic
enthusiasm and investment can coexist with significant financial, technological, and governance challenges.

While DSM is often framed through intensifying US—China rivalry over critical minerals, many interviewees stressed
that the emerging landscape is more complex than a straightforward bipolar competition. Refining systems, battery
manufacturing, and advanced industrial technologies remain deeply interconnected with China, despite
diversification efforts (Baskaran et al., 2025). Recent studies and expert assessments alike suggest that reducing
dependence on Chinese processing ecosystems would require long-term industrial restructuring, major public
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investment, technological adaptation, and the gradual development of alternative refining and manufacturing
capacities (Alger et al., 2026; IEA, 2025b; Maihold, 2025). DSM governance therefore increasingly reflects attempts
to manage strategic interdependence rather than efforts to eliminate dependency altogether, although the evidence
reviewed in this study suggests that DSM is unlikely to resolve many of the structural dependencies that underpin
current critical mineral supply chains.

Indonesia illustrates how geopolitical leverage increasingly derives from downstream processing capacity rather
than extraction alone. Following restrictions on unprocessed nickel exports, Indonesia rapidly expanded domestic
refining capacity through state intervention and large-scale Chinese investment (Sugihartono, 2024). At the same
time, its continued reliance on foreign capital and technology demonstrates how dependency may be reconfigured
rather than fully resolved. Control over downstream processing can therefore generate geopolitical leverage even
where extraction remains geographically dispersed.

These dynamics increasingly encourage strategic hedging rather than coherent bloc formation (Gurol et al., 2026).
India, for example, continues to invest in deep-sea exploration, participate actively in ISA processes, and develop
domestic seabed research capabilities while maintaining broader traditions of strategic autonomy within Indo-
Pacific geopolitics (Arora, 2026; Kurian & Roy, 2023). Similar challenges are visible in Europe, where objectives to
strengthen strategic autonomy and reduce critical mineral dependencies coexist with continued reliance on external
processing systems and support for precautionary approaches towards DSM. This reflects the broader difficulty of
balancing industrial resilience, supply-chain security, ecological protection, and international credibility within critical
mineral governance. Norway’s 2024 suspension of plans to open parts of its continental shelf to DSM licencing,
followed by a 2025 political agreement not to issue exploration or exploitation licences during the current
parliamentary period (ending September 2029), highlighted the difficulty of simultaneously balancing industrial
strategy, ecological precaution, fisheries concerns, and international credibility (Ministry of Energy, 2025; Fouche &
Adomaitis, 2024).

Pacific Island states occupy highly asymmetrical positions within emerging DSM governance despite their growing
geopolitical significance. Countries such as Nauru, Kiribati, and the Cook Islands have gained strategic visibility
through sponsorship arrangements and exploration partnerships, yet often face significant constraints in technical
expertise, regulatory capacity, financial resources, and bargaining power relative to industrialised states and
corporate contractors (Sebuliba & Sammler, 2025). Other Pacific Island states, including Palau, the Federated
States of Micronesia, Fiji, and Samoa, have emerged among the strongest advocates for precautionary pauses or
moratoria in international negotiations and regional forums. DSM has therefore increasingly become a source of
intra-regional tension within the Pacific itself, contributing to divisions over development pathways, sovereignty,
environmental risk, and external influence (Lancaster, 2024). Several analysts warn that the Pacific risks becoming
a new arena of resource competition as external powers and corporate actors seek access to strategically
significant seabed resources (Prasad & Hardy, 2023). The Pacific therefore increasingly functions simultaneously
as a prospective extraction zone, a site of geopolitical competition, and a region highly vulnerable to ecological
disruption.

3.3 Local Scale: Legitimacy, Participation, and Uneven Risk Distribution

At the local level, DSM governance tensions become particularly visible through questions of legitimacy,
participation, and uneven exposure to ecological and economic risks. Interviewees repeatedly stressed that many
communities likely to experience the long-term consequences of ecosystem disruption remain only marginally
represented in national decision-making processes, environmental assessment procedures, and the highly
technical deliberations of the ISA.

Similar concerns have been identified in recent studies examining representational, procedural, and distributional
dimensions of legitimacy in DSM governance (El Sayed, 2025; Boyer, 2024; Jaeckel et al., 2023). Participation
asymmetries are especially visible among SIDS and ocean-dependent coastal societies that frequently possess
more limited scientific expertise, negotiating capacity, and financial resources relative to industrialised states and
corporate actors. These concerns are particularly significant given that ISA decisions concern activities in the Area,
which UNCLOS designates as the Common Heritage of Humankind. As several scholars have noted, this raises
broader questions regarding representation, transparency, accountability, and meaningful participation in the
governance of global commons (Hornidge et al., 2023; Jaeckel et al., 2023; van Putten et al., 2023).
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These legitimacy tensions are reinforced by the technocratic nature of DSM governance, which often privileges
specialised scientific and legal expertise over local and Indigenous knowledge systems (Hornidge et al., 2023).
Recent analyses further argue that DSM governance currently suffers from representational, procedural, and
distributional legitimacy deficits across both national decision-making processes and international governance
forums. This is particularly within highly technical ISA deliberations where affected communities often possess
limited opportunities to influence outcomes despite potentially carrying disproportionate ecological and economic
risks (Jaeckel et al., 2023).

Interviewees also warned that dependency may increasingly extend beyond extraction and finance into scientific
authority itself, particularly where baseline ecological data, monitoring systems, and technical expertise remain
concentrated among contractors, industrial actors, or institutions linked to extraction interests. Formal participation
therefore does not necessarily translate into meaningful influence over governance outcomes. Interviewees further
noted that many developing states and affected communities lack the resources necessary to independently
assess environmental impacts or effectively challenge contractor-generated data.

Distributional concerns further intensify legitimacy pressures. Several studies questioned whether future benefits
from DSM would be distributed equitably between contractors, sponsoring states, processing economies, and
affected communities (Alger et al., 2025; van Putten et al., 2023). A 2023 New York Times investigation reported
that local communities in Tonga were allegedly promised less than 0.5 per cent of the estimated value derived from
future extraction activities, reinforcing wider concerns that financial gains may accrue disproportionately to
contractors, external investors, and downstream processing economies rather than affected communities
themselves (Lipton, 2022).

Ecological disruption and fisheries risks are likely to be experienced most directly by coastal societies and ocean-
dependent populations, while financial gains may accrue disproportionately to external investors, contractors, and
industrialised processing economies (Alger et al., 2025; El Sayed, 2025). This creates the risk that governance
systems are perceived as externalising ecological and financial burdens towards actors with lower adaptive
capacity while concentrating benefits elsewhere, which may weaken trust in both DSM projects and multilateral
governance institutions.

Scientific uncertainty further complicates legitimacy. Deep-sea ecosystems remain poorly understood, while
baseline ecological data, cumulative impact assessments, monitoring systems, and recovery dynamics remain
incomplete (Amon et al., 2025; Oztig, 2025). Several scientific assessments argue that major knowledge gaps
persist regarding biodiversity, ecosystem functioning, cumulative impacts, and long-term recovery processes, with
some studies suggesting that an additional 10-15 years of dedicated deep-sea research may be required to
support more informed environmental decision-making (Amon et al., 2022; WEF, 2022). These uncertainties are
particularly significant because governance frameworks, environmental safeguards, and regulatory decisions
ultimately depend on the quality and completeness of the underlying scientific evidence (Amon et al., 2025). Several
interviewees and recent studies therefore cautioned that advancing regulatory frameworks under conditions of
substantial scientific uncertainty may not only increase environmental risks but also weaken confidence in the
legitimacy, credibility, and effectiveness of ocean governance institutions (Amon et al., 2025; Singh & Jaeckel,
2024).

Interviewees from scientific and governance backgrounds warned that governance systems are increasingly
pressured to make politically and economically consequential decisions despite limited understanding of long-term
ecosystem impacts. These debates also increasingly intersect with legal questions surrounding the interpretation
of UNCLOS obligations, particularly Article 145, which requires effective protection of the marine environment from
harmful effects arising from activities in the Area. Some legal interpretations consequently argue that unresolved
knowledge gaps may strengthen the case for precautionary restraint or temporary moratoria until sufficient
environmental knowledge and governance capacity are established (Fisher & Jones, 2023; Singh et al., 2025).
More broadly, several interviewees cautioned that governance systems, which are perceived as advancing
commercial exploitation despite unresolved scientific uncertainty, risk undermining public trust in multilateral
institutions and weakening confidence in their ability to uphold precautionary environmental obligations.

3.4 Cross-Scale Feedback Loops: How Governance Stress Amplifies Across Levels

Governance pressures surrounding DSM increasingly reinforce one another across global, regional, and local levels.
Legal ambiguity within multilateral governance systems encourages strategic hedging through bilateral
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arrangements and industrial alliances, while geopolitical competition places additional pressure on already fragile
institutions. These pressures may become self-reinforcing. Weak multilateral coordination can encourage unilateral
positioning and strategic hedging, while growing geopolitical competition further reduces trust in collective
governance mechanisms. Furthermore, perceptions of exclusion and unequal risk distribution at the local level may
undermine the social legitimacy upon which multilateral governance ultimately depends. The rapid elaboration of
governance frameworks may therefore begin to outpace scientific understanding, institutional preparedness, and
public legitimacy simultaneously, increasing the risk of reactive rather than precautionary governance. Where
regulatory processes are perceived to advance faster than the underlying scientific evidence base, trust in
multilateral institutions and confidence in their ability to uphold precautionary environmental obligations may be
eroded.

The 31% session for the ISA illustrated how governance tensions surrounding DSM increasingly extend beyond
DSM itself. Debates over unilateral pathways outside ISA procedures, sponsorship arrangements, and institutional
authority exposed growing strain within the UNCLOS governance architecture. Interviewees further warned that
under such conditions the ISA risks gradually shifting from a mechanism for coordinated stewardship of the global
commons towards a geopolitical arena through which wider industrial, strategic and sovereignty conflicts are
increasingly mediated and contested. Repeated attempts to accelerate governance under conditions of contested
scientific evidence and institutional incompleteness may further weaken confidence in multilateral governance
systems. This is particularly where regulatory frameworks are perceived to advance faster than the scientific
knowledge required to support informed environmental decision-making, and where states are perceived as
prioritising resource access over precautionary environmental obligations under UNCLOS, including Article 145
concerning effective protection of the marine environment.

3.5 Interim Conclusion: DSM as a Governance Stress Test

DSM functions as a stress test for multilateral governance under conditions of geopolitical rivalry, ecological
uncertainty, and industrial competition. Rather than automatically strengthening security, DSM may intensify
pressures across institutional systems, industrial networks, and marine ecosystems simultaneously. The analysis
suggests that governance tensions surrounding DSM increasingly reflect broader struggles over institutional
legitimacy, strategic dependency, uneven capacity, and the future organisation of maritime order.

Consistent with the literature reviewed and expert assessments, accelerating regulatory processes under
conditions of low predictability, institutional incompleteness, and limited social legitimacy may weaken confidence
in multilateral institutions precisely when precaution, coordination, scientific credibility, and public trust are most
needed (Singh & Jaeckel, 2024; Hornidge et al., 2023). Interviewees further cautioned that governance systems
perceived as privileging strategic or commercial interests over precautionary environmental obligations risk
deepening legitimacy deficits and eroding confidence in multilateral ocean governance frameworks.

At the same time, governance pressures are unlikely to be distributed evenly. States and firms possessing greater
technological, financial, scientific, and legal capacity remain substantially better positioned to shape emerging
governance systems than many coastal states, SIDS, and affected communities who are likely to bear long-term
ecological and economic risks. These dynamics increasingly shape how ecological risks, economic costs, and
political responsibilities are distributed across societies.

The following section examines how ecological disruption associated with DSM may generate broader forms of
environmental, economic, and socio-political insecurity.

4. Ecological Stability as Security: Translating Environmental Risk into Systemic
Vulnerability

ISA negotiations increasingly acknowledge that environmental impacts associated with DSM cannot be treated as
socio-economically neutral. During the ISA’s 31% session, several delegations argued that biodiversity loss and
ecosystem disruption should be reflected in royalty structures and financial models, while others warned that future
generations may bear irreversible ecological costs that remain difficult to quantify (IISD, 2026). These debates
increasingly intersect with broader obligations under UNCLOS, particularly Article 145, which requires that states
and the ISA ensure the effective protection of the marine environment from harmful effects arising from activities in
the Area.
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The implications extend beyond biodiversity alone: according to the FAO (2024), more than 3.2 billion people obtain
at least 20 per cent of their animal protein from aquatic foods, while fisheries and aquaculture support the
livelihoods of approximately 600 million people. Ecological disruption associated with DSM may therefore function
as a broader risk multiplier affecting food security, climate regulation, economic stability, public revenue generation,
and governance capacity.

This section examines four interconnected pathways through which DSM-related ecological disruption may amplify
systemic vulnerability: fisheries destabilisation, carbon cycle disruption, governance stress under uncertainty, and
financial instability. (FAO, 2024; IPBES, 2024). From this perspective, marine ecosystems are not external to
security governance, but form part of the underlying ecological infrastructure upon which long-term societal
resilience depends.

These debates also intersect with broader international commitments under the Sustainable Development Goals
(SDGs), particularly SDG14 (“Life Below Water”), which emphasises conservation and sustainable use of marine
ecosystems, the protection of small-scale fisheries, and equitable access to marine resources. Ocean governance
is not only a question of extraction and strategic competition, but also one relating to whether communities
dependent on marine ecosystems disproportionately bear ecological and economic risk associated with industrial
expansion.

Across all four pathways, ecological and socio-economic risks are likely to fall unevenly across actors and regions,
particularly among coastal developing states, SIDS, and ocean-dependent communities with limited capacity to
absorb environmental shocks or independently monitor offshore industrial activity (SPC, 2024; World Bank, 2024).
This reflects a specific manifestation of the broader DSM Security Paradox discussed throughout this report. The
Ecological Security Paradox captures the tension whereby extraction justified in the name of resilience, energy
transition, and strategic autonomy may undermine the ecological systems underpinning food security, climate
stability, and long-term socio-economic resilience.

DSM is frequently contrasted with highly destructive terrestrial mining systems in tropical forest regions, particularly
in strategic and industry discourse (van Dyke, 2026). However, this comparison is often framed as a simple
substitution pathway despite uncertainty regarding future mineral demand, technological change, and the extent
to which DSM would replace rather than supplement terrestrial extraction.

Recent studies and expert assessments alike stressed that under current demand trajectories DSM would more
likely supplement rather than replace terrestrial extraction, particularly if overall material consumption continues to
rise. Expanding into new extractive frontiers therefore does not necessarily resolve the structural conditions driving
ecological degradation and unequal exposure to environmental risk.

4.1 Fisheries Destabilisation and Food Security

One pathway through which ecological disruption may translate into systemic insecurity concerns marine food
systems. More than three billion people depend on marine resources, while small-scale fisheries support around
60 million jobs, sustaining nearly 500 million people (Basurto et al., 2025). DSM may affect these systems through
sediment plumes, habitat destruction, underwater noise, and the release of heavy metals from disturbed seabed
environments (Dowd et al., 2025; Martins et al., 2023). Because marine ecosystems are highly interconnected,
ecological impacts associated with DSM are unlikely to remain confined to the immediate extraction site. Disruption
may affect migratory species, spawning grounds, and marine food webs across wider marine ecosystems. Several
scientific assessments further warn that sediment plumes and underwater noise may travel far beyond mining
zones through midwater currents and interconnected ocean systems, potentially extending environmental impacts
across much broader spatial scales than the area directly affected by extraction activities (Amon, et al., 2023).

Concerns over fisheries impacts are increasingly reflected across multiple governance arenas and stakeholder
groups. Fisheries organisations in Europe, including the Long-Distance Advisory Council (LDAC), have warned that
unresolved scientific uncertainty surrounding DSM may threaten marine ecosystems and commercially important
fish stocks. Similar concerns have been raised by Norwegian fisheries associations, African artisanal fisheries
organisations, seafood industry actors, and international bodies such as the Convention on Migratory Species
(CMS), all of which emphasise the need for precaution under conditions of incomplete ecological knowledge
(CAQPA, 2022; CMS, 2024; LDAC et al., 2024). In Guam, proposed restrictions on DSM have likewise been linked
to concerns over fisheries, food security, cultural heritage, and irreversible environmental harm (Ulloa, 2026). These
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debates illustrate that fisheries-related concerns surrounding DSM are not confined to environmental advocacy,
but increasingly intersect with broader questions of economic resilience, food systems, maritime governance, and
community stability.

In several Pacific Island countries, fish account for more than 50 per cent of average daily protein intake, while tuna
fisheries contribute significantly to employment, export earnings, and government revenue (SPC, 2024). In some
Pacific SIDS, fisheries licencing revenues also constitute a major source of state income. In Kiribati, fisheries access
fees accounted for approximately 60-70 per cent of government revenue in recent years, illustrating the linkage
between marine ecosystem stability, fiscal capacity, and economic resilience (WB, 2025). This demonstrates how
ecological disruption affecting marine systems may translate not only into food insecurity, but also into fiscal
vulnerability and reduced state capacity in highly ocean-dependent economies.

Climate change may further intensify these risks. Broader climate assessments suggest that warming ocean
temperatures are already altering the distribution of marine species and commercially important fisheries, including
tuna stocks, with significant implications for food security, livelihoods, and government revenues in many Pacific
Island countries (IPCC, 2022a; SPC, 2024). Building on these wider trends, Diva J. Amon, et al. (2023) found that
projected shifts in important tuna stocks may increasingly overlap with prospective DSM zones, potentially
increasing interactions between industrial extraction activities, and commercially and nutritionally important
fisheries. Under such conditions, ecological disruption associated with DSM may compound existing pressures on
marine food systems caused by climate change and ocean warming. Concerns over these cumulative risks have
increasingly shaped political opposition to DSM across the Pacific. Leaders such as Palau’s President Surangel
Whipps Jr. have explicitly linked opposition to DSM with concerns over fisheries protection, food security, cultural
heritage, and long-term ocean stewardship (IISD, 2025).

The Solwara | project in Papua New Guinea illustrates how ecological uncertainty surrounding DSM can generate
political and governance tensions even before extraction begins. Located near important fishing grounds, the
project raised concerns regarding sediment plumes, contamination risks, and long-term impacts on fish stocks
relied upon by coastal communities (Rosenbaum, 2025). The project generated growing opposition from coastal
communities, civil society organisations, churches, and regional advocacy networks in Papua New Guinea and
across the Pacific.

At the same time, different levels of government, ranging from local and provincial actors to national authorities,
became increasingly divided over the project, reflecting broader tensions between promised economic benefits
and ecological and social risks. Although the project ultimately collapsed for financial and operational reasons, it
demonstrated how ecological uncertainty surrounding DSM may contribute to political conflict, investor losses,
and declining trust between governments, contractors, and affected communities. Papua New Guinea reportedly
lost more than USD 120 million through its 15 per cent stake in the project before Nautilus Minerals entered
bankruptcy in 2019 (Childs, 2019; Rosenbaum, 2025).

The implications extend beyond food security alone. Fisheries decline can increase economic precarity, weaken
state revenues, and intensify competition over marine resources (FAQO, 2024; World Bank, 2024). In vulnerable
coastal regions, fisheries depletion has previously been associated with increases in illegal, unreported, and
unregulated (IUV) fishing, maritime tensions, and criminal activity (Okafor-Yarwood, 2019; Phayal et al., 2024).
Climate change further compounds these pressures by altering fish migration patterns and destabilising marine
ecosystems (Amon, Palacios-Abrantes, et al., 2023). Under such conditions, ecological disruption linked to DSM
may function as a broader ampilifier of food, economic, and governance insecurity.

4.2 Ecological Uncertainty, Carbon Systems, and Governance Stress

The deep ocean plays a critical role in climate regulation through the absorption, transport, and storage of carbon
(Nurillaeva et al., 2025; Sala et al., 2021). The ocean absorbs roughly 25 per cent of anthropogenic CO, emissions
and more than 90 per cent of excess global heat, making ocean stability central to climate resilience (IPCC, 2022b).
Ocean stability therefore increasingly functions as a form of planetary security infrastructure underpinning climate
regulation, coastal resilience, fisheries productivity, and adaptation capacity. Concerns regarding these ecological
functions are becoming increasingly visible in ISA negotiations and wider policy debates surrounding DSM.

The 31% session for the ISA repeatedly highlighted uncertainty regarding cumulative ecosystem impacts,
environmental thresholds, and the long-term recovery dynamics of deep-sea ecosystems following disturbance.
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Several delegations stressed that exploitation regulations must be grounded in precaution and the “best available
science”, while Zimbabwe cautioned that “what we don’t understand must be approached with humility’ (IISD,
2026). Scientific assessments and expert interviews warned that governance systems may face pressure to
authorise potentially irreversible interventions before sufficient scientific understanding of long-term ecosystem
consequences has been established. Under such conditions, decisions intended to strengthen resource security
may inadvertently generate new forms of food, economic, governance, and climate-related insecurity if ecological
impacts prove more extensive, persistent, or difficult to reverse than anticipated.

DSM may disturb deep-ocean carbon ecosystems contributing to long-term carbon and nutrient cycling processes
that remain only partially understood scientifically. Several assessments caution that industrial-scale disturbance
could affect biogenic carbon reservoirs, microbial processes, and ecosystem functions linked to ocean regulation,
although the scale and persistence of such impacts remain uncertain (Jones et al., 2025; Stratmann et al., 2018).
Evidence from the 1989 DISCOL experiment showed that disturbance traces remained visible more than four
decades later, highlighting the slow recovery dynamics and long-term persistence of ecological impacts in deep-
sea environments (Simon-Lledo et al., 2019; Thiel et al., 2001).

Scientific understanding also remains limited regarding how cumulative ecological disturbance may interact with
broader climate-related pressures affecting marine systems (Amon, Palacios-Abrantes, et al., 2023; Andersen et
al., 2024). The Intergovernmental Panel on Climate Change (IPCC) (2022b) identifies disruptions to food systems,
infrastructure, and ecosystem services as major amplifiers of societal vulnerability and governance stress. In
climate-vulnerable coastal economies, additional disruption affecting marine and carbon systems may further
intensify adaptation costs, fiscal pressure, and governance instability (IPCC, 2022a; Soergel et al., 2024).

DSM governance therefore operates under conditions of substantial scientific uncertainty. Deep-sea ecosystems
remain poorly understood, while the cumulative impacts, biodiversity consequences, and recovery dynamics
remain difficult to predict (Amon et al., 2025; Andersen et al., 2024). ISA negotiations repeatedly acknowledge that
environmental thresholds, monitoring systems, and standards for assessing ecological harm remain incomplete
(I1SD, 2026). Slow recovery rates and high levels of endemic biodiversity further increase concerns that ecological
damage may become irreversible on human timescales (Stewart et al., 2025; WWF, 2025).

The relative invisibility of deep-sea ecosystems may also contribute to a form of “visible harm bias”, in which highly
visible forms of terrestrial environmental destruction receive greater political attention than less visible but potentially
systemic oceanic disruption. From a security perspective, this may create a risk that environmental threats, with
potentially significant implications for food security, climate resilience, economic stability, and ecosystem services,
receive insufficient political attention until impacts become difficult or impossible to reverse. This becomes
particularly significant given the incomplete knowledge regarding ecological interdependencies, cumulative
impacts, and long-term recovery processes within deep-sea systems (Amon et al., 2025; Andersen et al., 2024;
IPBES, 2024).

Ecological uncertainty creates not only scientific challenges, but also operational governance burdens. Slow-
moving and cumulative ecosystem impacts may complicate attribution of environmental harm across jurisdictions
and timescales, generating disputes over liability, compensation, remediation obligations, and enforcement
responsibility. Sediment plumes generated by DSM may travel far beyond extraction zones, while ecosystem
impacts may emerge both immediately and gradually over years or decades (Jones et al., 2025). Unlike many
terrestrial mining systems, DSM governance must operate across remote transboundary environments where
attribution, monitoring, enforcement, and liability allocation remain institutionally complex.

Climate change is already warming ocean systems, shifting fish migration patterns, and altering marine biodiversity
distributions globally (IPCC, 2022a). Under such conditions, it may prove difficult to clearly attribute declines in the
health of fisheries or ecosystems to DSM, climate change, or overfishing, rather than to cumulative pressures
across marine systems. Governance systems may therefore face increasing pressure to make politically and
economically consequential decisions despite limited ability to predict, monitor, or verify long-term ecological
outcomes. Several studies and expert interviews further stressed that future technological improvements in
monitoring or extraction efficiency may not necessarily resolve uncertainties surrounding cumulative impacts,
irreversible ecosystem disruption, or long-term recovery dynamics (Amon et al., 2025; Andersen et al., 2024; Jones
et al., 2025).
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Effective governance of DSM would require long-term monitoring systems, specialised scientific infrastructure, and
regulatory expertise that many developing states currently lack (Sharma, 2024). Several expert assessments
warned that environmental monitoring may become heavily dependent on contractor-generated data, proprietary
technologies, and research institutions financially linked to extraction interests, potentially creating conflicts of
interest and asymmetries in regulatory oversight. Experts further noted that unequal access to scientific
infrastructure, deep-sea research capabilities, and monitoring technologies may create forms of epistemic
dependency in which some states remain reliant on externally generated knowledge to evaluate environmental
risks affecting their own marine environments.

Deep-sea governance is therefore complicated by epistemic asymmetries. Ecological disruption in abyssal
environments remains difficult to observe directly, while scientific knowledge, monitoring infrastructure, and
baseline data are unevenly distributed across actors. This creates dependencies not only in extraction and
processing systems, but also in the production of knowledge itself, where states and communities with limited
scientific capacity may remain reliant on externally generated assessments.

Ecological uncertainty is also expanding the role of non-state actors within DSM governance. Financial institutions,
insurers, scientific organisations, environmental NGOs, Indigenous groups, and transnational advocacy networks
are already influencing DSM governance through ESG standards used to guide investment and risk-management
decisions, litigation, public campaigns, scientific assessments, and reputational pressure (Seas at Risk, 2026b;
WWE, 2025). While such involvement may strengthen oversight and public scrutiny, it also means that decisions
shaping the future of DSM increasingly extend beyond states and the ISA alone. Financing decisions, insurance
coverage, scientific assessments, legal challenges, and public legitimacy are increasingly influenced by a wider
range of public and private actors with differing risk perceptions and political priorities (Dombrowsky et al., 2022).
Under conditions of uncertainty, governance outcomes may therefore depend not only on formal regulatory
decisions, but also on how these actors assess, communicate, and respond to environmental risk.

Competing DSM narratives increasingly reflect broader struggles over how uncertainty, acceptable risk, and
strategic necessity are framed within public debate. Some industry actors, policy advocates, and commentators,
who emphasise critical mineral security and strategic autonomy, portray DSM opposition as an ideologically driven
obstruction to industrial transition and resource security (van Dyke, 2026; TMC, 2025), while critics argue that
precaution reflects unresolved scientific uncertainty surrounding long-term ecological consequences. Several
studies and expert interviews stressed that asymmetries in scientific authority, contractor-generated data,
technological expertise, financial influence, and lobbying capacity remain highly uneven across governance
processes (Singh & Jaeckel, 2024; Hornidge et al., 2023). Under such conditions, disputes over evidence,
legitimacy, and acceptable risk increasingly become governance challenges in their own right.

4.3 Economic and Financial Instability

DSM is frequently presented as a pathway towards greater resource security through supply diversification and
reduced dependence on terrestrial mining (Han, 2025; BDI, 2024). However, existing evidence suggests that DSM
is unlikely to resolve many of the structural vulnerabilities that drive current mineral security concerns, particularly
concentrated refining capacity, processing dependencies, technological bottlenecks, and exposure to volatile
commodity markets. DSM remains economically uncertain and highly exposed to technological, market, and
geopolitical volatility (Alger et al., 2026; Seas at Risk, 2026a). No commercial DSM project has yet demonstrated
industrial-scale viability, while extraction efficiency, environmental safeguards, monitoring costs, and processing
feasibility remain uncertain (Lidstrédm et al., 2024). Commercial-scale processing systems for polymetallic nodules
and other DSM resources also remain underdeveloped and would likely require major industrial adaptation and
long investment timelines. Even if seabed extraction expands, resource-exporting states may remain dependent
on external actors for finance, technology, logistics, refining capacity, and industrial processing infrastructure.

Ecological instability may itself become a source of financial vulnerability. Uncertain environmental impacts
complicate the pricing of liabilities, insurance exposure, monitoring costs, and future regulatory restrictions (Seas
at Risk, 2026b; IMF, 2024). Environmental uncertainty increasingly affects insurance costs, investment decisions,
sovereign risk assessments, and long-term industrial planning. Beyond direct project risks, ecological disruption
affecting fisheries, marine ecosystem services, and ocean-dependent livelihoods may also generate wider
economic costs, reduce public revenues, increase adaptation expenditures, and weaken economic resilience in
coastal and island economies. From this perspective, ecological degradation is not only an environmental concern
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but also a potential source of economic and financial insecurity. A recent assessment by Planet Tracker (2024)
estimated that large-scale DSM could generate major stranded asset risks capable of destroying between USD
30-132 billion in corporate value alongside at least USD 465 billion in ecological value.

Current project valuations may underestimate environmental liabilities and ecosystem-related risks. Major financial
institutions and insurers have increasingly expressed caution regarding unresolved environmental, legal, and
reputational risks associated with DSM (Seas at Risk, 2026a; WWF, 2026). By early 2026, more than 80 financial
institutions and insurers had either adopted exclusionary or precautionary positions regarding DSM financing or
endorsed initiatives expressing concern over the environmental and financial risks associated with commercial
extraction (Seas at Risk, 2026a). A growing number of financial actors have also highlighted potential tensions
between DSM and emerging biodiversity, ESG and sustainable finance commitments, reflecting broader concerns
regarding liability exposure, environmental uncertainty, and reputational risk.

Under such conditions, resilience depends not only on access to mineral resources, but also on the capacity of
economic systems to absorb environmental, financial, and governance shocks. DSM may remain reliant on
sovereign-backed or strategically motivated financing despite continuing uncertainty surrounding profitability,
environmental liability, and future demand. Rather than eliminating strategic vulnerability, DSM may create new
forms of fiscal exposure, industrial lock-in, and dependency on long-term state support under conditions of
uncertain commercial viability. Where ecological disruption generates impacts on fisheries, ecosystem services, or
coastal economies, these vulnerabilities may extend beyond individual projects and contribute to broader forms of
economic and financial insecurity.

4.4 Interim Conclusion: Ecological Stability as Security Infrastructure

The pathways examined in this section suggest that ecological disruption associated with DSM may generate
systemic vulnerabilities extending beyond the mining site itself. Sediment plumes, underwater noise, and
disturbances affecting marine ecosystems may propagate ecological impacts far beyond extraction zones,
potentially affecting marine food webs, fisheries, and ecosystem functions across wider ocean systems.
Disturbances affecting marine ecosystems may propagate through food systems, climate regulation processes,
coastal economies, and public revenue systems. Fisheries disruption may undermine livelihoods and food security,
while disturbance of ocean carbon systems may intensify climate-related stress and adaptation pressures.

These risks are particularly difficult to govern because their effects are cumulative, transboundary, delayed, and
marked by high levels of scientific uncertainty. Existing governance systems remain better equipped to manage
immediate and attributable risks than to deal with slow-moving ecological disruptions whose consequences may
emerge gradually across multiple sectors and jurisdictions. Where governance frameworks are required to manage
risks that remain difficult to predict, monitor, or attribute, confidence in their effectiveness may also be challenged.

The analysis also suggests that ecological systems increasingly function as part of the underlying infrastructure of
economic stability, food security, climate resilience, and political legitimacy. Ecological degradation may therefore
operate not only as an environmental concern, but also as a broader risk multiplier that interacts with existing
vulnerabilities across governance, finance, and social systems.

Ecological stability therefore increasingly functions as part of the underlying infrastructure of security itself. From
this perspective, security depends not only on access to strategic resources, but also on the resilience of the
ecological systems that support food security, economic stability, public revenues, climate regulation, and social
wellbeing. The central question is not only whether DSM contributes to mineral supply security, but whether
extraction may simultaneously generate new ecological, economic, and societal vulnerabilities. This reflects the
Ecological Security Paradox: efforts to strengthen resilience through resource extraction may simultaneously
weaken the ecological foundations upon which long-term societal resilience depends. From this perspective,
precaution is not simply an environmental position, but increasingly a question of systemic risk governance under
conditions of incomplete knowledge, asymmetrical exposure, and potentially irreversible ecological change.

5. DSM in 2050: Strategic Tests of Ocean Governance Futures

The future of DSM will be shaped less by geology alone than by how states, corporations, and international
institutions manage security, ecological uncertainty, technological change, and geopolitical competition. The
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scenarios developed here are not predictions, but strategic analytical tools to examine how different governance
choices, industrial strategies, and security priorities may shape ocean governance futures by 2050 (Soergel et al.,
2024; van Vuuren, 2015). The scenarios extrapolate from present tensions in DSM governance, including
intensifying geopolitical competition over critical minerals, unresolved ISA negotiations, unilateral licencing
pressures, growing support for precautionary pauses, and uneven state capacity for absorbing ecological and
financial risks.

Fragmented Governance Captured Governance Stewardship Governance
(Mare Divisum) (Mare Captum) (Mare Custodia)

Ecological Disruption Ecological Disruption Ecological Disruption
Ecosystem damage, fisheries impacts, Ecosystem damage, fisheriesimpacts, Ecosystem damage, fl_ShE”ES impacts,
carbon system disturbance carbon system disturbance carbon system disturbance

Governance response: Governance response: Governance response:
Fragmentation Selective management Precautionary coordination

Amplification Managed Risk Prevention & Resilience
Risk escalation across systems Delayed accumulation of systemic risk Early Intervention and risk reduction

Maritime tensions Corporate concentration Circular economy scaling
Supply disruptions Stranded assets Scientific cooperation

Fisheries destabilisation ESG fragmentation Diversified resilience

Governance conflict Unequal benefit-sharing Stronger multilateralism

System Instability Managed Instability Resilient Stability

Escalating geopolitical, ecological and

A Containted but merely delayed and Reduced systemic exposure, stronger governance.
governance ris

accumulating systemic vulnerability balanced risk distribution

Figure 8: DSM Governance Scenarios 2050 (authors own representation).
The scenarios in Figure 8 are organised around the three competing security priorities identified throughout the
report: extraction as security, interdependence as security, and ecological stability as security. Fragmented
Governance reflects intensified geopolitical competition and accelerated extraction. Capfured Governance reflects
concentrated industrial and technological control under formally functioning governance systems. Stewardship
Governance reflects precautionary governance, diversification, circular economy pathways, and resilience-oriented
coordination.

5.1 Scenario Framework and Comparative Overview

Table 2 summarises the three governance scenarios developed in this report. Each scenario reflects a different
approach to managing ecological uncertainty, strategic dependency, and geopolitical competition. The
comparative framework highlights how different governance pathways may generate distinct ecological, economic,
geopolitical, and societal outcomes over time.

The scenarios are analytical ideal types rather than mutually exclusive futures. In practice, elements of multiple
trajectories may coexist across regions and governance arenas depending on geopolitical conditions, institutional
capacity, industrial structures, and ecological exposure.

Regional variation is likely across all scenarios. Elements of Fragmented Governance may become more
pronounced in regions marked by intense geopolitical rivalry, where maritime competition, strategic resource
concerns, and competing interpretations of ocean governance intersect (Ardito, 2022; Agarwala, 2021). However,
such outcomes are not predetermined. Alternative trajectories remain possible where states prioritise multilateral
cooperation, precautionary governance, and shared institutional frameworks despite geopolitical competition.
Captured Governance may emerge more strongly where governance systems rely heavily on concentrated
corporate expertise, technological asymmetries, and dependence on proprietary industrial and monitoring systems
(Alger et al., 2025; Feichtner & Ginzky, 2024). Stewardshjp Governance may emerge through precautionary
coalitions prioritising diversification, circular economy strategies, and ecological restraint (EMF, 2026; EC, 2024a).
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Table 2. Comparative DSM Governance Scenarios

Dimension

Scenario 1: Fragmented
Governance (Mare Divisum)

Scenario 2: Captured Governance (Mare
Captum)

Scenario 3: Stewardship Governance
(Mare Custodia)

Dominant security
priority

Extraction as geopoalitical security

Managed interdependence through
concentrated control

Ecological stability and
interdependence

Governance
dynamics

Fragmented governance, weakened
ISA authority, competing regulatory
pathways

Formal governance persists but becomes
dependent on concentrated corporate and
technological power

Stronger multilateral coordination and
precautionary governance

Dominant power
configuration

Geopolitical rivalry

Concentrated industrial power

Cooperative coordination

Governance arena
mostly affected

High seas governance and ISA
legitimacy

ISA and EEZ governance under
asymmetrical capacity conditions

Coordinated governance across
institutions

Economic pathway

\olatile markets and high stranded
asset risk

Concentrated gains and socialised risks

Diversified resilience and lower
systemic exposure

Dependency
dynamics

Intensified geopolitical dependencies

Dependence on concentrated value chains

Reduced dependency through
diversification, buffering, and demand
reduction

Ecological and
climate impacts

Accelerated ecological disruption and
pressure on stressed marine systems

Gradual degradation and under-recognised
cumulative impacts

Reduced disturbance through
precautionary governance and circular
economy pathways

Risk translation

Ecological disruption cascades into
geopolitical and governance instability

Vulnerabilities accumulate through
institutional lock-in

Reduced systemic insecurity through
precaution and circular economy

Systemic outcome

Escalating instability

Fragile stability with accumulating

Greater resilience through

vulnerabilities diversification and adaptive

governance

5.2 Fragmented Governance (Mare Divisum)

Fragmented Governance describes a governance trajectory in which DSM becomes increasingly shaped by
geopolitical rivalry, unilateralism, and weakening multilateral coordination. Under this scenario, seabed extraction
is increasingly framed as a strategic necessity for industrial competitiveness, technological leadership, and
geopolitical security. Interviewees from strategic, governance, and policy backgrounds stressed that such a
trajectory would likely emerge only under conditions of intense securitisation, where states become willing to
overlook economic inefficiencies, ecological risks, and social costs in favour of perceived existential necessity.
Attempts by states to secure critical mineral access increasingly trigger competitive responses by others.

Present-day dynamics already point towards elements of Fragmented Governance. US efforts to frame seabed
minerals through critical mineral security and strategic competition with China, combined with concerns over
unilateral permitting outside the ISA framework, indicate how DSM could become embedded in broader
geopolitical rivalries (Wieffering, 2026).

If ocean governance fragments by 2050, actors would face a narrower set of options: defensive coalition-building,
regional safeguards, litigation, supply-chain diversification outside DSM, and efforts to preserve minimum rules for
environmental monitoring, liability, and conflict prevention. Even under fragmented conditions, states would likely
maintain limited coordination mechanisms concerning navigational safety, liability management, environmental
monitoring, and crisis prevention in order to avoid uncontrolled escalation.

Elements of this trajectory are already visible in debates over unilateral pathways outside multilateral frameworks,
particularly where commercial and geopolitical pressures increasingly challenge established governance processes
(Feichtner & Ginzky, 2024; Jaeckel, 2024). Recent efforts by some industry actors to pursue alternative regulatory
avenues outside the ISA framework illustrate fragmentation.

At the same time, several interviewees stressed that simply accelerating agreement on a Mining Code would not
necessarily resolve underlying governance tensions. Significant scientific uncertainties persist regarding biodiversity
loss, cumulative ecological impacts, sediment plumes, and long-term ecosystem functioning. From this
perspective, unresolved scientific gaps and limited monitoring capacity may themselves undermine the legitimacy
and enforceability of any future governance framework. Other interviewees nevertheless argued that prolonged
regulatory paralysis could further intensify unilateral pressures and governance fragmentation. The central
challenge is not simply the speed of regulatory development, but whether governance capacity, scientific
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understanding, and monitoring systems evolve sufficiently to support effective oversight, legitimacy, and
precautionary decision-making. Where regulatory processes are perceived to advance faster than the underlying
scientific evidence base, trust in multilateral institutions and confidence in their ability to uphold precautionary
environmental obligations may be eroded.

Export restrictions, subsidy competition, strategic stockpiling, and industrial policy increasingly replace
assumptions of stable and open trade. Fragmented governance conditions increase risks of supply coercion,
unstable investment conditions, weak environmental oversight, and fisheries destabilisation, particularly for SIDS
and fisheries-dependent economies (Childs, 2021; Tilo et al., 2021).

Fragmented Governance therefore produces insecurity not only through ecological disruption itself, but through
the interaction between strategic rivalry, weakened governance legitimacy, concentrated dependency, and the
securitisation of interdependence. Early warning indicators include persistent difficulties in reaching agreements on
key governance questions within the ISA, unilateral licencing initiatives, intensified maritime securitisation, strategic
stockpiling, and linkage between critical mineral policy and geopolitical bloc formation. Interviewees warned that
this trajectory could become more likely under conditions of intensifying geopolitical competition and unilateral
approaches to seabed governance.

5.3 Captured Governance (Mare Captum)

Captured Governarnice represents a governance trajectory in which DSM proceeds within formally functioning
regulatory frameworks, but under conditions increasingly shaped by concentrated economic power, contractor
influence, and asymmetric control over expertise, finance, and monitoring systems. Extraction is primarily framed
through economic optimisation, where DSM is justified as necessary for industrial competitiveness and strategic
growth sectors linked to energy transition and industrial policy. Governance systems retain procedural legitimacy
and institutional continuity, but their substantive autonomy gradually erodes through growing dependence on
concentrated expertise, finance, monitoring systems, and industrial infrastructures.

Captured Governanceis grounded in present-day concerns that formal governance may persist while substantive
authority shifts towards corporate and industrial interests. The Solwara | project illustrates several warning signs:
weak social consent, environmental uncertainty, financing fragility, and eventual corporate failure. Papua New
Guinea was left exposed after Nautilus Minerals entered bankruptcy, with reported public losses of approximately
USD120-157 million. The case does not demonstrate that all DSM projects will necessarily fail, but it highlights
how states with limited bargaining power and regulatory capacity may absorb disproportionate financial and
governance risks when technological uncertainty, corporate optimism, and weak accountability mechanisms
converge.

Unlike Fragmented Governance, governance structures in Captured Governance do not openly fragment. The ISA
and related institutions continue to operate, environmental standards formally exist, and multilateral procedures
remain intact. Several interviewees and recent studies nevertheless stressed that major environmental knowledge
gaps may persist for decades, particularly regarding cumulative impacts, biodiversity loss, sediment plumes, and
ecosystem recovery. Under such conditions, formally existing environmental standards may not necessarily rest
on sufficient scientific foundations or monitoring capacity required for effective enforcement under UNCLOS Article
145. However, substantive influence becomes increasingly concentrated among actors possessing the
technological capabilities, financial resources, and scientific infrastructures necessary to conduct DSM activities.
Interviewees repeatedly noted that these asymmetries are already emerging through contractor-generated baseline
data, proprietary monitoring systems, and technological expertise.

Under Captured Governance, DSM is increasingly justified through narratives of competitiveness, growth, and
strategic urgency, while ecological and social risks are externalised across states, coastal communities, and future
generations. Interviewees warned that scarcity narratives surrounding critical minerals may become politically
amplified, supporting continued expansion despite uncertain viability and evolving technological alternatives.

DSM projects require exceptionally high upfront investment, long development timelines, and continued access to
risk-tolerant capital under uncertain regulatory conditions. Interviewees from finance and industry backgrounds
questioned whether commercial-scale DSM remains economically viable given ESG scrutiny, unresolved liability
frameworks, uncertain demand, and changing battery technologies. Growing financial caution may increase
dependence on state-backed finance and strategically motivated investment (Seas at Risk, 2026b; WWF, 2024).
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For Captured Governance to persist despite these constraints, financial decision-making increasingly becomes
subordinated to strategic and industrial-security priorities. States intervene through subsidies, public guarantees,
strategic investment vehicles, export-credit support, and state-backed insurance mechanisms to sustain projects
considered strategically indispensable. Interviewees repeatedly warned that DSM may gradually become treated
as “too strategic to fail”, allowing environmental and financial risks to be socialised while potential gains remain
concentrated among a limited number of firms and investors. As capital-intensive infrastructures expand,
governance systems may also become increasingly locked into extraction pathways through sunk costs, industrial
dependence, and expectations surrounding future mineral demand.

The security implications of Captured Governance emerge less through overt geopolitical confrontation than
through the gradual accumulation of structural vulnerabilities. Dependence on concentrated expertise, public
finance, and contractor-generated data weakens institutional autonomy over time, while blurred boundaries
between regulators and industrial actors reduce public trust in governance independence. Institutional stability
therefore masks the gradual accumulation of governance dependence, ecological uncertainty, and asymmetrical
structural power beneath formally functioning regulatory systems.

Potential stabilisers nevertheless remain possible, including stronger transparency requirements, independent
scientific infrastructures, institutional firewalls separating commercial contractors from environmental monitoring
and regulatory verification systems, robust liability frameworks, and publicly accessible environmental data systems
aimed at strengthening institutional autonomy and governance legitimacy.

Interviewees also stressed that prevailing industrial and financial models often underestimate ecological and social
risks. One stabilising mechanism would therefore involve integrating these risks more directly into financial
governance through stronger due diligence requirements, biodiversity-related disclosure standards, environmental
stress testing, and long-term liability provisions.

Under this trajectory, governance instability emerges not through open institutional collapse, but through the
gradual normalisation of dependency, ecological uncertainty, and concentrated industrial influence within formally
functioning governance systems.

5.4 Stewardship Governance (Mare Custodia)

Stewardship Governance describes a governance trajectory in which ecological stability and interdependence are
increasingly treated as foundations of security. Rather than pursuing security through expanding extraction
frontiers, this scenario prioritises circular-economy-centred resilience strategies, precautionary governance,
diversification, strategic buffering, and coordinated scientific governance. These are supported by robust scientific
evidence, independent research capacity, and transparent environmental monitoring, aimed at reducing systemic
vulnerability across interconnected systems. Security is understood less as maximising control over new resource
frontiers and more as strengthening resilience across ecological, industrial, financial, and governance systems.
Risks are managed through diversification, demand reduction, stronger governance coordination, and lower
dependence on highly integrated industrial systems rather than through accelerated frontier extraction alone.

Stewardship Governance is grounded in current developments, but it requires active political construction rather
than passive drift. This pathway would likely require sustained political coordination capable of resisting pressures
for accelerated extraction driven by geopolitical competition, industrial insecurity, and strategic urgency narratives.
Its foundations are already visible in the 43 states that, as of 2026, support a moratorium, precautionary pause, or
ban on DSM. These positions reflect a view that restraint under conditions of significant uncertainty can itself
constitute a security strategy by reducing the risk of irreversible ecological disruption, governance failure, and long-
term dependency exposure. Further indications of this trajectory include the entry into force of the Agreement on
the Conservation and Sustainable Use of Marine Biological Diversity of Areas Beyond National Jurisdiction (BBNJ)
in January 2026, expanding financial-sector restrictions on DSM exposure, and growing industrial interest in circular
economy pathways.

This pathway would require stronger precautionary coalitions, expanded independent marine-science capacity,
circular economy investment, downstream diversification, and reduced dependence on concentrated industrial
systems. Long-term resilience increasingly becomes a cross-sectoral objective. Civil society organisations,
Indigenous groups, coastal communities, and scientific institutions play stronger roles in governance, monitoring,
and risk assessment. Scientific transparency, independent research infrastructures, and publicly accessible
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environmental data become critical strategic capacities under conditions of ecological uncertainty, helping to
reduce epistemic dependency and strengthen governance legitimacy.

Circular economy approaches, recycling systems, material efficiency, strategic stockpiling, and allied processing
partnerships reduce exposure to concentrated supply chains and geopolitical coercion (Circular Republic, 2026;
Brewster, 2025; WEF, 2024). Interviewees nevertheless stressed that circular economy pathways alone are unlikely
to eliminate short- and medium-term dependence on some forms of primary extraction during periods of rapid
industrial transition.

Stewardship Governancetherefore does not entail the absence of extraction, geopolitical competition, or economic
adjustment costs, but rather a different strategy for managing long-term vulnerability and dependency exposure.
Achieving this trajectory requires the political will to prioritise long-term systemic resilience over short-term
economic gains. Industrial restructuring, supply diversification, and reduced material throughput would likely
generate transition costs, industrial resistance, and distributional tensions requiring active political management.
However, the implications of this pathway are unlikely to be distributed evenly. For many SIDS, coastal developing
states, and ocean-dependent communities, the principal benefit of Stewardship Governance may lie less in
industrial transition and more in reducing exposure to ecological disruption, fisheries instability, and the degradation
of marine ecosystems upon which livelihoods, food security, and public revenues depend. Interviewees further
noted that maintaining legitimacy during such transitions may require supporting affected sectors and communities
while building public acceptance for different strategies aimed at reducing long-term vulnerability. While
precautionary, diversification and circular economy measures may entail short-term adjustment costs. Interviewees
also emphasised that accelerated DSM pathways could generate significant economic costs associated with
environmental liabilities, monitoring requirements, infrastructure investments, and future dependency risks.

The security implications of Stewardship Governarnce emerge through strengthened adaptive capacity rather than
expansionary control. Diversified supply systems, precautionary governance, and stronger multilateral coordination
may reduce exposure to geopolitical coercion, ecological disruption, and cascading instability. Risks are not
eliminated entirely. However, governance systems possess greater capacity to absorb shocks, manage
uncertainty, and reduce the translation of ecological disruption into broader geopolitical, economic, and societal
instability. Early warning indicators associated with Stewardshjpo Governance include expanding precautionary
caoallitions, stronger circular economy mandates, diversification of processing systems, increased funding for
independent marine science, stronger biodiversity-climate governance coordination, and widening financial-sector
restrictions on high-risk DSM activities.

5.5 Scenario Validation: Comparative Implications of Governance Futures

Across all scenarios, vulnerabilities remain unevenly distributed. SIDS, fisheries-dependent coastal economies, and
states with limited governance capacity remain disproportionately exposed where ecological disruption intersects
with external dependency and constrained adaptive capacity (Amon, Palacios-Abrantes, et al., 2023; Tilo et al.,
2021). The scenarios nevertheless differ in how governance systems organise and absorb risk. Fragmented
Governance amplifies instability through geopolitical escalation and weakened coordination. Captured Governarnce
concentrates vulnerabilities through institutional dependence and industrial lock-in. Stewardshjp Governance
seeks to reduce systemic exposure through precautionary governance, diversification, circular economy pathways,
and stronger scientific independence. The scenarios therefore differ less with regard to the presence of risk than
with how risk is distributed, governed, and translated into broader forms of insecurity.

Current developments do not point unambiguously towards a single governance trajectory. Elements of all three
scenarios are already visible within contemporary DSM debates. Intensifying geopolitical competition, debates over
unilateral licencing initiatives, and growing concern over critical mineral security reflect dynamics associated with
Fragmented Governance. At the same time, continuing concerns regarding scientific uncertainty, asymmetries in
technical capacity, and dependence on specialised expertise highlight risks associated with Captured Governance.
Meanwhile, growing support for precautionary pauses, the entry into force of the BBNJ Agreement, expanding
financial-sector caution, and increased interest in circular economy strategies reflect elements of Stewardship
Governance.

The scenarios should therefore not be understood as mutually exclusive predictions, but as competing governance
logics that may coexist, overlap, or evolve over time. The central policy challenge is not determining which scenario
will occur but recognising how present governance choices may strengthen or weaken different pathways.

30



6. Circular Economy Pathways Centred Towards Security and Strategic
Resilience

DSM is unlikely to provide a reliable pathway towards long-term strategic resilience. Even if extraction becomes
technically feasible and diversifies access to certain minerals, major vulnerabilities remain concentrated in
downstream processing, industrial infrastructure, financing systems, governance legitimacy, and ecological
stability. The findings further suggest that resilience depends less on expanding extraction alone and more on
reducing concentrated forms of dependency and systemic vulnerability under conditions of geopoalitical
fragmentation, climate disruption, and ecological uncertainty.

The comparison between DSM and circular economy pathways highlights a central Resource Security Paradox.
Extraction-centred approaches seek resilience primarily through expanding access to raw materials, whereas
circular economy pathways aim to reduce structural vulnerability by lowering material intensity, diversifying supply
systems, extending life cycles, and decreasing dependence on primary extraction. Although circular economy
systems also face technological and infrastructural constraints, experts interviewed for this study consistently
argued that they may reduce long-term exposure to concentrated supply chains and ecological disruption more
effectively than extraction-centred security strategies alone.

The findings therefore point towards coordinated policy mixes combining circular economy expansion, industrial
diversification, strategic buffering, scientific investment, and adaptive governance rather than reliance on extraction
pathways alone (EMF, 2026; EASAC, 2023; Simas et al., 2022). Within this framework, circular economy pathways
occupy a central role because they seek to reduce structural dependency itself rather than continually expand
extraction into new ecological frontiers. Other measures, including strategic stockpiling, industrial diversification,
processing adaptation, and scientific monitoring, primarily function as supporting mechanisms capable of
stabilising transition periods and reducing short-term disruptions.

At the same time, each resilience pathway carries potential “realist caveats”. Stockpiling may distort markets and
incentivise additional extraction, while diversification strategies may reproduce new downstream dependencies.
Circular economy systems remain constrained by technological limitations, regulatory fragmentation, and
continued dependence on primary material markets during periods of rapid demand growth. Long-term resilience
therefore requires coordinated regulation, ecological safeguards, recycling mandates, product-design standards,
scientific oversight, and governance systems capable of preventing the redistribution of vulnerability into new
industrial and geopolitical domains. Long-term resilience ultimately depends on strengthening adaptive capacity,
ecological stability, scientific capability, and governance systems able to reduce concentrated forms of
dependency, supply-chain exposure, and geopolitical vulnerability (Brewster, 2025; Circle Economy, 2025).
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Figure 9: Circular Economy Pathways for Strategic Resilience: A Multi-layered Framework for Critical Mineral Security (authors own representation).
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6.1 Coordinated Resilience Pathways

Interviews and recent studies consistently suggest that long-term resilience is unlikely to emerge from any singular
extraction or policy pathway alone. As illustrated in Figure 9, resilience depends instead on coordinated strategies
operating across different time horizons and governance levels. At the same time, the feasibility and effectiveness
of these strategies vary significantly according to state capacity, industrial structure, financial resources, and
geopolitical position. Within this framework, circular economy pathways constitute the central long-term resilience
architecture, while innovation and partnerships function as supporting pillars strengthening adaptive flexibility,
governance capacity, and reduced structural dependency under conditions of geopolitical and ecological
uncertainty.

Circular Economy and Long-Term Structural Resilience

Circular economy pathways constitute the central long-term strategy for reducing structural dependency and
material vulnerability. These approaches seek to minimise waste, extend material lifecycles, improve resource
efficiency, and reduce dependence on virgin resource extraction through reuse, repair, remanufacturing, recycling,
substitution, and systemic redesign of production and consumption systems (EMF, 2026; Circle Economy, 2025;
Schréder & Barrie, 2024). Whereas extraction-centred security models seek to prioritise expanded access to raw
materials, circular economy approaches aim to reduce exposure itself by lowering material throughput, improving
recovery rates, and decreasing dependence on primary extraction (Circle Economy, 2025; Schroder & Barrie,
2024; EASAC, 2023).

Importantly, circular economy approaches extend beyond recycling alone. Durable resilience requires broader
transformations in industrial organisation, infrastructure systems, product design, consumption patterns, and
economic incentives (EMF, 2026; Schrbéder & Barrie, 2024). Circular economy strategies therefore include reuse,
repair, refurbishment, modular product design, urban mining, mobility transitions, material substitution, and
demand-side governance measures that are capable of reducing overall material intensity (Circular Republic, 2026;
EMF, 2026). Several interviewees further noted that “inner-loop” strategies such as reuse and refurbishment may
in some cases generate greater resilience gains than recycling alone by preserving products at higher value while
reducing material losses and logistical complexity.

Recent studies increasingly suggest that circular economy pathways could substantially reduce future primary
mineral demand while strengthening long-term industrial resilience. A major FutuRaM assessment estimated that
improved recovery systems could enable Europe to recover between 4.1 million and 5.7 million tonnes of critical
raw materials annually by 2050, potentially substituting up to 56 per cent of primary material imports under
ambitious circular economy scenarios (lattoni et al., 2026). Similarly, the European Academies Science Advisory
Council (EASAC, 2023) concluded that material efficiency improvements and technological innovation could
significantly reduce future demand for virgin minerals while lowering ecological and geopolitical vulnerabilities.

Several studies further estimate that circular economy measures could reduce mineral demand by up to 58 per
cent by 2050, while recycling systems may supply approximately 45-52 per cent of cobalt, 22-27 per cent of
lithium, and 40-46 per cent of nickel demand under advanced circularity scenarios (Circle Economy, 2025; EASAC,
2023; UNEP, 2024). Material recovery from end-of-life batteries alone could potentially meet up to 25-30 per cent
of Europe’s lithium, cobalt, and nickel demand by 2040 under the same scenarios (Carrara et al., 2023; Circle
Economy, 2025). At the same time, expanding battery recovery systems, urban mining, refurbishment industries,
and secondary material markets are generating growing economic opportunities.

Although only around 8.6 per cent of materials entering the global economy are currently recycled back through
circular systems (EMF, 2026), circular economy investment is expanding rapidly across Europe, China, and North
America through growing investment in recycling infrastructure, urban mining, battery recovery systems, and
secondary material markets (Agrawal & Ragauskas, 2025; A. Zhang et al., 2025). The global battery recycling
market alone is projected to grow almost twenty-fold to approximately USD 95 billion by 2035, while broader
circular economy transitions could generate up to 10 million jobs and USD 150 billion in economic value by 2030
(EMF, 2026; WEF, 2024). Circular economy systems are therefore emerging not only as environmental strategies,
but also as increasingly important industrial and geopolitical investment domains.

Recent developments in China further illustrate this trend. China has expanded efforts to integrate battery recycling,
resource recovery, traceability, and circular economy principles into broader industrial and critical mineral security
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strategies, reflecting growing recognition that secondary materials may become an increasingly important
component of long-term resource resilience (IEA, 2025b; van Ostende, 2026; A. Zhang et al.,, 2025). Such
developments suggest that future competition over critical minerals may increasingly involve control over recovery
systems, secondary materials, and circular supply chains rather than primary extraction alone. As one recent
analysis observed, the competition for critical minerals may increasingly be fought not only in mines, but also in
recycling systems and end-of-life material recovery networks (REEx, 2026).

At the same time, interviewees cautioned against overly optimistic assumptions regarding the short-term capacity
of recycling and substitution to eliminate demand for primary materials. Recovery rates for complex materials
remain limited, while insufficient feedstock availability, infrastructure gaps, and material losses constrain rapid
scaling (Kirchherr et al., 2017; Korhonen et al., 2016). Effective expansion may therefore require stronger state
intervention through recycling mandates, product-design standards, industrial policy coordination, and long-term
investment in circular infrastructure.

Within this perspective, resilience depends less on maximising control over new resource frontiers and more on
reducing exposure to supply disruption, ecological degradation, and geopolitical dependency. Circular economy-
centred resilience pathways therefore seek to reduce pressure for frontier extraction while strengthening adaptive
flexibility under conditions of uncertainty (Circle Economy, 2025; EMF, 2026). From this perspective, precautionary
pauses and moratorium positions may themselves function as active security strategies intended to reduce
exposure to irreversible ecological disruption, technological lock-in, and long-term governance instability.

Pillar 1: Innovation as Strategic Resilience

Within the resilience pathways developed in this study, innovation is understood not only in technological terms,
but as part of a broader process of systemic transformation involving industrial redesign, governance adaptation,
behavioural change, institutional learning, and new forms of cooperation across public, private, scientific, and
community actors.

This broader understanding aligns with concepts of deep innovation emphasising transformations in education,
governance systems, and social practices rather than isolated technological breakthroughs alone (Hughes et al.,
2024). Innovation contributes to resilience when it reduces material intensity, strengthens adaptive flexibility, lowers
ecological disruption, and improves the ability of societies to respond to systemic risks under conditions of
uncertainty.

Interviewees pointed in particular to advances in battery chemistries, material substitution, recycling technologies,
urban mining, modular product design, Al-assisted material sorting, digital optimisation systems, and resource-
efficiency innovations. Several studies noted that technological adaptation may reduce critical mineral intensity
more rapidly than entirely new extraction systems can be developed (Cotrina-Teatino & Marquina-Araujo, 2025;
Zhao et al., 2024). Innovation in monitoring technologies, environmental data systems, and ocean science was
also viewed as important for strengthening adaptive governance capacity, scientific transparency, and ecological
monitoring (AlQhtani, 2025; Amon et al., 2025; Guo et al., 2024).

Interviewees further stressed that innovation pathways depend on long-term investment stability, industrial learning,
coordinated public policy support, and social legitimacy. Effective scaling may therefore require sustained
investment in Research and Development (R&D), educational and scientific capacity-building, industrial policy
coordination, and technology-sharing arrangements. Examples include battery recycling infrastructure, modular
product-design standards, regional urban-mining ecosystems, and cross-border circular supply-chain
partnerships that are capable of expanding recovery rates while reducing dependence on concentrated refining
systems (EC, 2024b; IEA, 2025b).

At the same time, interviewees cautioned against treating innovation primarily as a technological fix. Technological
lock-ins, unequal innovation capacity, rebound effects, and continued dependency on manufacturing ecosystems
may generate new vulnerabilities and inequalities. Innovation centred primarily on extraction expansion may
reproduce rather than resolve structural insecurity (Hickel & Kallis, 2020; Vivoda, 2024). Innovation contributes to
resilience only insofar as it supports broader transformations towards lower material dependency, ecological
stability, and more adaptive governance systems.
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Pillar 2: Global and Local Partnerships as Strategic Resilience

Long-term resilience depends not only on technological adaptation and industrial diversification, but also on stable
systems of cooperation capable of managing ecological risks and geopolitical interdependence. Within the
resilience architecture developed in this study, global and local partnerships function as strategic infrastructure for
maintaining governance legitimacy, scientific coordination, conflict prevention, and industrial diversification.

Recent studies highlighted the continuing importance of multilateral governance frameworks such as UNCLOS and
the ISA for maintaining legal predictability and cooperative management of shared ocean systems (Bueger et al.,
2025; Mendenhall, 2022). Interviewees further stressed that long-term resilience depends on industrial
partnerships, technology-sharing arrangements, joint R&D systems, and regional cooperation frameworks capable
of supporting circular economy transitions and downstream diversification. Reducing dependency on concentrated
refining systems may require cooperative investment in recycling infrastructure, scientific collaboration, educational
exchange, and regional circular supply-chain ecosystems.

Several interviewees emphasised that regional cooperation frameworks should not be understood as
fragmentation of the multilateral order, but rather as complementary governance layers embedded within broader
global cooperation systems. Regional industrial partnerships, scientific networks, and circular supply-chain
alliances may strengthen resilience by distributing technological capacity and reducing excessive concentration
within global processing systems.

The resilience framework additionally highlights the importance of local participation, Indigenous and local
ecological knowledge systems, and inclusive governance arrangements. Studies and interviewees noted that
exclusionary governance systems may weaken legitimacy and externalise ecological and financial risks onto
vulnerable communities (Kasanawaga et al., 2023; Velasco-Herrejon & Bauwens, 2020). Mechanisms such as
Free, Prior and Informed Consent (FPIC), participatory monitoring systems, and capacity-building initiatives were
therefore viewed as important components of long-term governance resilience.

Interviewees and studies further stressed that Indigenous and local ecological knowledge may complement
scientific monitoring systems through long-term ecological observations and locally grounded understandings of
environmental change (Blue Climate Initiative, 2026; Qogandi, 2026). From this perspective, resilience emerges
not only through technological capacity or resource access, but also through dense networks of cooperation, trust-
building, shared learning, and inclusive governance capable of distributing adaptive capacity more equitably across
the international system.

Supporting Adaptive Systems and Industrial Capacity

Circular economy pathways depend on supportive adaptive systems capable of translating strategic objectives
into operational capacity. Resilience requires not only alternative technologies or additional supply sources, but
also enabling infrastructures such as industrial standards, skilled labour, digital tracking systems, recovery
infrastructure, financing mechanisms, and institutions capable of coordinating long-term transition under
uncertainty (lattoni et al., 2026; Marx et al., 2024; Schréder & Barrie, 2024). Examples include battery passports,
Al-assisted sorting systems, regional recycling hubs, and public procurement frameworks supporting secondary
material markets and circular supply chains.

At the same time, adaptive systems may themselves reproduce new forms of dependency if digital infrastructures,
standards, financing systems, or technological capabilities become excessively concentrated. Several studies
therefore emphasise safeguards such as open and interoperable standards, diversified recycling systems, public-
interest data governance, anti-monopoly regulation, and investment in scientific and industrial capacity-building
across developing economies and SIDS (EASAC, 2023; UNEP, 2024).

Strategic Stockpiling, Contingency Planning, and Supply Diversification

Within the circular-economy-centred resilience pathway outlined in Figure 9, stockpiling, contingency planning,
and transitional supply diversification function as buffer mechanisms. Their role is to absorb short-term shocks,
maintain operational continuity, and create time for circular economy systems and industrial adaptation to scale.

Strategic reserves can reduce immediate exposure to supply disruptions, price volatility, and geopolitical coercion.
Historical parallels include strategic petroleum reserves, gas storage measures after the 2022 Russian invasion of
Ukraine, semiconductor security strategies, and policies for rare earth stockpiling. The IEA, for example, requires
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member countries to hold emergency oil stocks equivalent to at least 90 days of net oil imports (IEA, 2025b; OECD,
2026). Similar strategies are being applied to critical minerals. Following China’s restrictions for rare earth exports
in 2010, Japan expanded strategic stockpiling systems, diversified overseas supply, invested in recycling, and
strengthened state-backed resource security mechanisms through the Japan Organisation for Metals and Energy
Security (JOGMEC). These measures reduced Japan’s dependence on Chinese rare earth imports from roughly
90 per cent in 2010 to around 60-63 per cent by 2024, although major dependencies remain, particularly for heavy
rare earths (IEA, 2025b; JOGMEC, 2025).

Crisis management and contingency planning can further strengthen resilience through supply-chain stress testing,
emergency procurement frameworks, substitution protocols, and coordinated public—private response
mechanisms. Such measures became particularly visible during the 2021-2023 semiconductor shortage, which
triggered emergency coordination measures, supplier diversification and longer-term industrial initiatives including
the EU Chips Act, the US CHIPS and Science Act, and allied coordination frameworks such as the EU-US Trade
and Technology Council and the Chip 4 Alliance (Haramboure et al., 2023). Similar approaches may become
increasingly relevant for batteries, defence technologies, grid infrastructure, and renewable-energy systems
vulnerable to disruptions in lithium, cobalt, nickel, graphite, rare earths, or copper supply.

Transitional supply diversification seeks to reduce excessive dependence on single suppliers, transport corridors,
or processing hubs by broadening sourcing relationships and refining partnerships. Following the 2010 rare earth
crisis, for example, Japan diversified supply through partnerships with Australia, Vietnam, India, and Kazakhstan
while simultaneously investing in recycling and substitution technologies (JOGMEC, 2025). These investments were
significant not only because they diversified supply, but also because they sought to increase access to materials
already circulating within the economy. By recovering and reusing critical minerals, circular economy strategies can
gradually reduce dependence on new extraction and external suppliers, thereby strengthening long-term resource
security and strategic resilience.

Similarly, the EU’s Critical Raw Materials Act seeks to ensure that by 2030 no more than 65 per cent of any strategic
raw material is sourced from a single third country, while also expanding domestic processing and establishing a
target that 25 per cent of annual strategic raw material consumption should be met through recycling, thereby
integrating circular economy principles into broader resource-security policy (EC, 2024a). At the same time,
diversification should not be equated with resilience itself. If diversification merely shifts dependency from one
supplier to another without reducing material intensity or strengthening circular systems, similar vulnerabilities may
simply reappear in new geographic configurations.

These buffer measures also involve important realist caveats. Large-scale stockpiling can distort price signals and
indirectly incentivise further extraction, while emergency diversification may generate new dependencies or weaker
environmental standards. Such mechanisms therefore contribute most effectively to resilience when embedded
within longer-term strategies centred on the circular economy rather than being treated as substitutes for structural
transformation.

State Capacity and Differentiated Resilience Pathways

The feasibility of different resilience pathways varies significantly according to state capacity, industrial structure,
financial resources, and geopolitical position. Great powers may possess the fiscal, technological, and industrial
capabilities required to pursue multiple strategies simultaneously, including industrial subsidies, strategic
partnerships, processing diversification, stockpiling, and potentially DSM itself. Middle powers may strengthen
circular economy systems and diversify supply chains selectively, but often remain dependent on external refining,
technology, and security frameworks.

Small states and many SIDS, by contrast, frequently possess limited capacity to influence global supply chains,
absorb ecological shocks, or finance large-scale industrial adaptation. For these actors, DSM may generate new
forms of dependency on foreign processing infrastructure, external capital, technical expertise, and geopolitical
patrons rather than meaningful strategic autonomy. In EEZ and ECS contexts, limited regulatory capacity may
further increase exposure to contractual asymmetries and environmental liability. State capacity therefore shapes
not only which resilience strategies are available, but also how ecological, financial, technological, and governance
risks are distributed across the international system.
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6.2 Resilience under Fragmentation: Governance and Knowledge

The resilience pathways outlined above operate within an increasingly fragmented geopolitical environment that
may itself undermine cooperative transition strategies and governance legitimacy. DSM increasingly functions as a
stress test for the rules-based maritime order under conditions of strategic competition, ecological uncertainty,
and institutional fragmentation. The central challenge has to do with whether multilateral institutions retain sufficient
legitimacy, scientific credibility, and coordinating capacity to govern emerging ocean-industrial frontiers under
conditions of intensifying geopolitical rivalry.

DSM governance rests on the UNCLOS principle that the deep seabed constitutes the Common Heritage of
Humankind. The ISA therefore functions not only as a technical regulator, but also as a political institution mediating
competing claims regarding extraction, environmental protection, sovereignty, and benefit-sharing. From this
perspective, the ISA’s mandate extends beyond managing access to seabed resources and includes safeguarding
the long-term interests of present and future generations. This places questions of precaution, ecological
stewardship, and long-term security at the centre of debates over how the Common Heritage principle should be
interpreted and implemented under conditions of scientific uncertainty. These tensions are particularly significant
for DSM in international waters governed through the ISA under UNCLOS Part XI. By contrast, DSM within EEZs
and ECS raises additional concerns surrounding sovereign discretion, uneven regulatory capacity, and liability
management under national jurisdiction. Recent studies warned that unilateral licencing approaches, competing
legal interpretations, and intensifying strategic rivalry may progressively weaken institutional legitimacy and
fragment governance frameworks (Feichtner & Ginzky, 2024; Jaeckel, 2024).

Maintaining institutional legitimacy therefore increasingly becomes a strategic objective in itself. This includes
strengthening coherence between the ISA, the BBNJ Agreement, biodiversity governance frameworks, and
broader sustainability objectives, while avoiding fragmentation through competing legal pathways and unilateral
approaches. Interviewees and recent studies further stressed that governance legitimacy depends on upholding
existing obligations under UNCLOS, including Article 145, which requires effective protection of the marine
environment from harmful effects arising from activities in the Area (Antonino, 2025; Bueger et al., 2025; Feichtner
& Ginzky, 2024). From this perspective, proceeding with commercial DSM in the absence of sufficient scientific
knowledge, environmental baselines, or reliable monitoring capacity may itself weaken the legal credibility and
precautionary foundations of the UNCLOS framework.

Resilience capacities remain unevenly distributed. States with stronger legal, scientific, financial, and administrative
capabilities possess greater ability to shape governance standards and influence emerging regulatory frameworks.
Many developing economies and SIDS remain more vulnerable to external dependency, regulatory asymmetries,
and limited negotiating capacity.

Epistemic Resilience and Scientific Independence

DSM involves competition not only over resources, but also over knowledge, monitoring capacity, and the authority
to define acceptable environmental risk. Control over environmental data, monitoring technologies, and scientific
infrastructures increasingly functions as a form of strategic power under conditions of profound scientific
uncertainty (Hernandez, 2018; Rafliana & Hernandez, 2024).

Deep-sea ecosystems remain among the least understood regions on Earth, while major uncertainties persist
regarding biodiversity loss, ecosystem dynamics, and long-term ecosystem functioning (Amon et al., 2025; WWF,
2025; Levin et al., 2020). Interviewees repeatedly noted that many ecological baseline studies, monitoring systems,
and impact models remain heavily dependent on contractors, affiliated research institutions, or technologically
advanced states. This creates forms of epistemic dependency in which regulators and smaller states participate
formally in governance processes while lacking sufficient scientific capacity to evaluate environmental risks
independently or challenge technical claims.

Governance resilience depends not only on scientific production itself, but also on the independence, transparency,
accessibility, and distribution of knowledge systems. Interviewees stressed the importance of independent
monitoring infrastructures, publicly accessible environmental databases, transparent verification systems, and
stronger separation between commercial contractors and environmental oversight mechanisms. Regional marine-
science hubs, South-South scientific cooperation, educational exchange, and shared monitoring systems may
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further strengthen long-term scientific autonomy and reduce epistemic asymmetries for African states, SIDS, and
other actors with limited marine-science infrastructure (Oztig, 2025; Rafliana & Hernandez, 2024).

DSM governance is therefore not merely a technical regulatory challenge, but part of a broader political struggle
over how security, sovereignty, industrial transformation, and ecological risk are governed within an increasingly
fragmented international order.

6.3 Interim Conclusion — Uneven Strategic Capacities and Resilience Pathways

The strategic implications of DSM differ significantly across actors depending on industrial capacity, geopolitical
positioning, ecological exposure, and technological dependency. Major economies are pursuing different resilience
strategies. The EU combines precautionary governance, circular economy measures, and industrial diversification,
including the Circular Economy Action Plan and the Critical Raw Materials Act (EC, 2024a). China integrates circular
economy policies with downstream processing capacity and industrial upgrading while maintaining strategic
flexibility within selectively supported multilateral arrangements (A. Zhang et al., 2025). The US emphasises
strategic autonomy through supply-chain diversification, bilateral mineral partnerships, industrial subsidies,
domestic processing initiatives, and accelerated extraction policies (Baskaran, 2026). India pursues a strategy of
strategic hedging and long-term industrial positioning while recent developments surrounding the country’s
suspended offshore mineral licencing round highlighted continuing technological and commercial constraints
surrounding seabed extraction (Arora, 2026; Shetty, 2024).

For many African states, the central challenge concerns industrial sovereignty, technological upgrading, and value
capture rather than extraction alone (Riofrancos, 2023). Pacific SIDS face particularly constrained strategic
conditions in which DSM debates intersect with climate vulnerability, limited economic diversification opportunities,
ecological exposure, and unequal adaptive capacity (Brotherson & Whipps, 2025; El Sayed, 2025). While some
SIDS attempt to use DSM strategically to expand bargaining power and development options, these strategies
often remain embedded within broader asymmetries in finance, industrial infrastructure, technological capacity,
and adaptive resilience.

Non-state actors also increasingly shape governance outcomes through finance, insurance, scientific expertise,
ESG standards, litigation, and reputational pressures, expanding the range of actors influencing whether and under
what conditions DSM proceeds. DSM governance is therefore increasingly shaped by broader struggles over how
security, sovereignty, industrial transformation, and ecological risks should be managed under conditions of
geopolitical fragmentation and systemic uncertainty.

The analysis presented throughout this report suggests that DSM does not create a uniform security challenge,
nor does it offer a uniform security solution. Strategic implications vary significantly according to industrial capacity,
technological capabilities, ecological exposure, governance resources, and position within global value chains.
Actors possessing strong financial, scientific, and industrial capabilities generally retain greater flexibility to pursue
diversification, substitution, stockpiling, circular economy strategies, or technological innovation. By contrast, many
SIDS, coastal developing states, and resource-dependent economies face more constrained choices while
remaining disproportionately exposed to ecological disruption, external dependencies, and governance outcomes
over which they exercise limited influence.

These asymmetries suggest that resilience cannot be understood solely in terms of access to mineral resources.
Rather, resilience increasingly depends on broader strategic capacities, including scientific independence,
governance capability, industrial diversification, financial flexibility, and the ability to adapt to changing technological
and ecological conditions. The central challenge is therefore not simply securing access to minerals but
strengthening the capacities that enable societies to manage uncertainty, absorb shocks, and reduce structural
vulnerability over time.
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7. The Future of Security, Stewardship, and Resilience in the Deep Ocean

DSM is often framed as a question of resource access. This study argues that DSM is more fundamentally a
question of how security, ecological risk, and industrial transition are governed under conditions of geopolitical
competition and ecological uncertainty. The central issue is therefore not only whether states can secure access
to critical minerals, but whether they can strengthen resilience without deepening ecological instability, strategic
dependency, and governance fragmentation.

The findings suggest that access to resources alone does not guarantee security. While DSM may diversify
upstream mineral access, major vulnerabilities remain concentrated in downstream processing, logistics, finance,
technological infrastructure, and governance legitimacy. The analysis therefore points towards a broader shift from
security through extraction towards resilience through vulnerability reduction, diversification, and adaptive capacity.

The scenario analysis illustrates how different governance pathways generate distinct security outcomes.
Fragmented Governance amplifies geopolitical rivalry and institutional fragmentation. Captured Governance
concentrates dependency and influence within formally functioning governance systems. Stewardship Governarce
prioritises precaution, diversification, scientific cooperation, and circular economy-centred resilience pathways.

A central finding of this study is that governance itself increasingly functions as a form of strategic infrastructure.
Under conditions of profound scientific uncertainty, control over environmental knowledge, monitoring systems,
and scientific infrastructures shapes not only political authority, but also the ability to define acceptable risk.
Governance resilience therefore depends not only on formal regulation, but also on sufficient independent scientific
data, transparent monitoring systems, public trust, and more equitable participation in knowledge production and
verification. Under conditions where baseline ecological data and long-term monitoring remain incomplete,
governance systems may struggle to assess cumulative risks, verify environmental harm, or maintain public
legitimacy under conditions of uncertainty.

At the same time, the study cautions against simplistic assumptions regarding alternative resilience pathways.
Circular economy strategies, substitution, stockpiling, diversification, and demand-side measures also face
technological, political, and financial constraints. Nevertheless, the findings suggest that such approaches may
provide more durable pathways for reducing long-term vulnerability than continued expansion into ecologically
uncertain extractive frontiers.

Significant scientific uncertainty remains regarding cumulative ecological impacts, recovery dynamics, sediment
plume behaviour, biodiversity loss, and interactions between DSM and already stressed marine ecosystems.
Further interdisciplinary research is therefore urgently needed, particularly regarding long-term ecosystem impacts,
fisheries interactions, climate implications, liability frameworks, monitoring systems, and the political economy of
emerging mineral supply chains. Greater investment is also needed in independent scientific infrastructure and
monitoring capacity, particularly for developing states and ocean-dependent regions currently facing major
asymmetries in technical and scientific resources.

Current EU policy positions further suggest that concerns regarding ecological risk, governance legitimacy, and
scientific uncertainty continue to outweigh arguments for accelerated DSM deployment despite wider geopolitical
debates surrounding strategic autonomy and mineral security.

Vulnerabilities nevertheless remain highly uneven across the international system. While some actors view DSM as
a hedge against future industrial insecurity, SIDS and fisheries-dependent coastal economies face disproportionate
exposure where ecological disruption intersects with existing climate vulnerability, limited adaptive capacity, and
structural dependency. Governance approaches that fail to recognise these asymmetries risk reinforcing the very
insecurities that DSM governance frameworks seek to mitigate. For many SIDS and coastal developing states,
security is defined less by access to minerals than by the continued functioning of marine ecosystems upon which
sovereignty, livelihoods, and social stability depend.

Ultimately, the future of DSM will depend not only on technological capability or mineral access, but on whether
states, multilateral institutions, scientific communities, industry actors, and civil society are capable of managing
ecological risk, industrial transition, and geopolitical competition without undermining uneven vulnerability and
ecological instability. Further interdisciplinary research, independent scientific cooperation, and more equitable
participation in knowledge production remain essential given continuing uncertainty surrounding long-term
ecosystem impacts, cumulative risks, and governance capacity.
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