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Development and consultation process

This catalogue was developed through an iterative consultation process within MUNIMAP and
HELCOM. Planning began in 2024, and the initial concept was presented to MUNIMAP partners
in Vilnius in May 2025. Drafts were discussed through two rounds of HELCOM EG Submerged
consultation in November 2025 and March 2026, and at a BAT/BEP workshop in Stockholm in
March 2026. The documents remained open to comments from MUNIMAP partners throughout
theirdevelopment. Afinal HELCOM EG Submerged consultation takes place in September 2026.

This catalogue is intended to be maintained as a living guidance document. It may be
complemented by evidence, practical experience, methods, and tools developed through
MUNIMAP-related and other relevant projects, and should be reviewed and updated as new
scientific knowledge, technical capabilities, operational experience, legal requirements, and
regional guidance become available.
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Executive summary

This document contributes to the development of Best Environmental Practices (BEP) for the
comprehensive risk assessment of sea-dumped munitions, wrecks, and hazardous submerged
objects, and supports the future implementation of Best Available Techniques (BAT) for their
environmentally sound and safe management. It aligns with Action S34 of the HELCOM Baltic Sea
Action Plan (BSAP), which targets BEP development by 2025 and BAT implementation by 2028,
and draws on findings from the MUNIMARP pilot projects and related initiatives (HELCOM, 2021).

Key recommendations

e Survey and assessment: Apply a site-appropriate, quality-controlled combination of
hydroacoustic, magnetic, optical, and, where suitable, autonomous underwater vehicle (AUV)-
or remotely operated vehicle (ROV)-based methods to detect, locate, and characterise
submerged munitions while minimising unnecessary disturbance.

e Contamination assessment: Apply quality-assured and, where available, validated sampling
and analysis methods across relevant matrices—for example, sediment coring, passive
sampling, and biota sampling or caging—to assess chemical contamination, exposure, and
biological effects.

¢ Environmental risk assessment: Compare management options, including managementin
place, containment, recovery-based management, relocation where legally permissible, and
other measures, using site-specific environmental, safety, technical, legal, and operational
evidence.

* Remediation techniques: Where a site- and object-specific assessment demonstrates that
recovery provides a more favourable overall outcome than management in place, containment,
relocation, or another option, recovery may be followed by controlled post-recovery treatment
or destruction through an authorised route. Depending on munition condition, object density,
containment and transport feasibility, receiving capacity, and site constraints, the route may
involve an offshore contained-treatment system, such as a static detonation chamber, or
transfer to a suitable authorised land-based or coastal facility. Blast-in-place detonation is
distinct from post-recovery treatment: it should not be treated as a default remediation option
and may be considered only as a last-resort, item-specific disposal measure where an
immediate or otherwise unacceptable risk has been identified and no lower-impact practicable
alternative is available.

e Safety arrangements: Apply risk-based safety, occupational-health, environmental-protection,
access-control, detection, decontamination, and emergency-response arrangements
proportionate to the planned activity and identified hazards.

* Monitoring strategy: Establish proportionate, long-term monitoring arrangements with
documented locations, methods, quality controls, performance criteria, and decision triggers to
support adaptive management.
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¢ Legal and operational framework: Support cross-border information sharing, coordination
among competent authorities, and decision-support arrangements that enable consistent
regional practice while respecting national legal requirements.

Identified gaps

¢ Lack of harmonised, operational criteria for BAT/BEP designation across Baltic Sea Region
countries.

¢ Limited long-term data on the performance of remediation and management-in-place routes.

* Incomplete evidence on the condition, release behaviour, and handling feasibility of different
munition source configurations.

¢ Insufficient operational validation and integration of robotics, artificial intelligence (Al), and
other advanced technologies in workflows for use in relevant marine conditions.

* Fragmented and uneven legal, regulatory, and institutional arrangements for environmental-
risk-driven remediation of sea-dumped munitions. Existing mandates may prioritise safety,
defence, navigation, or incident response and may not define clear environmental-remediation
duties, authorisation routes, decision criteria, responsibility allocation, or funding
arrangements.

¢ Insufficient regionally available capacity for recovery, transport, treatment, and destruction of
sea-dumped munitions at scale, including authorised mobile or offshore systems and suitably
permitted land-based or coastal facilities.

Key takeaways for BAT/BEP concerning sea-dumped munitions

¢ Risk assessment: Integrate environmental, chemical, biological, safety, and security
information.

e Technology integration: Use appropriate robotics, sonar, chemical sensors, and other
advanced technologies.

e Stakeholder collaboration: Support international cooperation and consistent regional
practice.

¢ Adaptive management: Review and adapt BAT/BEP as new evidence and technologies
become available.
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This document is intended for:

e Policymakersinvolved in developing or updating regional environmental and maritime safety
frameworks.

e Technical experts responsible for planning, assessing, and evaluating monitoring or
remediation strategies for sea-dumped munitions.

o Field operators and practitioners conducting surveys, sampling, handling, or remediation
activities in areas where sea-dumped munitions may be present.

1 Use and limitations

This document provides technical guidance based on current knowledge, good practices, and
regional experience. It is not a legal instrument, does not replace national or international
legislation, and does not grant authorization to conduct activities involving sea-dumped
munitions. All recommendations in this document must therefore be applied within the
framework of existing legal, occupational, and safety requirements. The guidance is intended for
practical use and should not be treated as purely academic. Users are responsible for ensuring
that their work complies with the regulatory obligations of their own country when implementing
any activities related to sea-dumped munitions.

Users of this document are expected to:

o Understand and comply with all applicable national laws, regulations, and permitting
requirements relevant to their activities.

o Apply professional judgement and appropriate expertise, ensuring that any actions
taken are carried out safely, lawfully, and within their institutional mandates.

e Treatthe document as a supporting guideline, not a substitute for operational training,
risk assessments, or legally binding standards.

2 Concepts and definitions

In this catalogue, “sea-dumped munitions” is the overarching term for munitions disposed of at
sea. Where a distinction is necessary, the document refers to sea-dumped conventional
munitions and sea-dumped chemical munitions containing chemical warfare agents (CWAs).

Best Environmental Practice (BEP) for comprehensive risk assessment of munitions,
wrecks, and hazardous submerged objects, and Best Available Techniques (BAT) for
environmentally sound and safe management of munitions, supporting Action S34 of the
Helsinki Commission (HELCOM) Baltic Sea Action Plan (BSAP)
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The definitions of Best Available Techniques (BAT) and Best Environmental Practice (BEP) used in
this document are aligned with those established under the Industrial Emissions Directive and
regional marine conventions such as the OSPAR Commission. In this context, these concepts are
adapted to the specific challenges of marine munitions management, including underwater
operations, site-specific risk assessment, and minimization of environmental disturbance.

Where chemical warfare agents are discussed, CWA refers to the active chemical warfare agent.
Relevant degradation or transformation products shall be referred to explicitly as such. CWM
refers to the physical munition item or associated container that contains, or may have
contained, a CWA. The term “material” should not be used where the intended meaning is the
active chemical agent.

2.1 Best Available Techniques (BATSs)

Best Available Techniques (BAT) refer to the most effective and advanced stage in the
development of activities and their methods of operation, indicating the practical suitability of
techniques for limiting discharges and/or underwater noise.

When determining BAT, consideration should be given to factors such as comparable techniques
that have been successfully implemented elsewhere; recent technological advances and
developments in scientific knowledge; economic and technical viability; realistic timeframes for
implementation; the nature and volume of emissions; the use of low-waste or non-waste
approaches; and adherence to the precautionary principle.

In the context of this document, BAT includes methods, technologies, and operational
approaches that are:

e Technically and economically viable

e Proven to minimize environmental impact

e Applicable to the detection, monitoring, and remediation of dumped munitions
Examplesinclude:

e Advanced underwater detection systems (e.g. sonar, magnetometers)

e Robotic orremotely operated vehicles (ROVs) for safe inspection

¢ Chemical sensors for detecting leakage of explosives or toxic substances

¢ Quality-assured, fit-for-purpose sampling and analytical methods for water, sediment,
and biota, including documented instrument calibration, use of blanks and reference
materials, and other appropriate QA/QC measures.

e Dataintegration platforms for mapping and risk assessment
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2.2 Best Environmental Practices (BEPSs)

Best Environmental Practice (BEP) refers to the application of the most appropriate combination
of measures to minimize negative environmental impacts in a given context. A range of measures
should be considered, including public information and education; development and application
of codes of good environmental practice; use of labelling systems; provision of adequate
collection and disposal systems; efficient use of resources; recycling, recovery and re-use;
avoidance of hazardous substances; application of economic instruments; and implementation
of permitting or licensing systems.

Best Environmental Practices also describe how survey, assessment, and remediation activities
are planned, prioritised, interpreted, and sequenced in order to minimise environmental harm
and avoid unnecessary intervention, while making effective use of Best Available Techniques
(BAT).

In determining BEP, account should be taken of site-specific conditions, ecological sensitivity,
uncertainty, and the potential risks associated with both action and inaction. Particular
consideration should be given to the precautionary principle, ecological risks, scientific and
technical developments, feasibility of alternatives, implementation timeframes, and relevant
social and economic factors. The precautionary principle requires balancing uncertain risks of
action and inaction, favouring measures that minimise potential irreversible harm and
environmental disturbance.

Quantitative screening and modelling outputs illustrate why precaution and explicit uncertainty
management are central to BEP in this context. Significant quantities of sea-dumped chemical
munitions (approximately 11,000 tonnes gross weight) have been reported in the Baltic Sea east
of Bornholm, motivating ongoing concern regarding potential environmental risks even under
conservative assumptions about release and solubility. In screening-level fate and effects
analysis for the dump-site area, a conservative scenario (70 m water depth; focus on chronic
toxicity; near-bottom layer 0-20 cm above sediment) yielded a total mixture toxic unit (TU) of 0.62,
with the highest realistic fish-community risk contributions attributed to triphenylarsine (0.2 TU)
and Adamsite (0.17 TU), followed by Clark | (0.086 TU) and Yperite (0.083 TU). The potentially at-
risk seawater volume was estimated to be concentrated near the seabed (less than 4 m above
sediment) and extend downstream (less than 58 km), reinforcing that risk may be spatially
structured and strongly dependent on site and transport conditions (Sanderson et al., 2009).
Despite growing evidence of local release and contamination, the long-term environmental
consequences of CWA release from sea-dumped chemical munitions remain incompletely
characterised, providing a basis for BEP to address uncertainty, data gaps, and conservative
assumptions in decision-making (Greenberg et al., 2015; Vanninen et al., 2020).

In this document, BEP is operationalised through practical procedures and management
strategies aimed at:

e preventing or minimising pollution,
e ensuring safe handling, monitoring, and decision-making, and

e supporting long-term environmental protection.
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Examples of BEP include:

adoption of non-disturbance or minimally invasive approaches in high-risk or sensitive
areas,

e implementation of monitoring programmes for chemical leakage and ecological
impacts,

o stakeholder engagement and transparent communication, and

e training, preparedness, and protocols for emergency response and risk mitigation.

2.3 Relationship between BAT and BEP

The practical operationalisation of BAT and BEP in marine governance is a recognised challenge
across regulatory domains and is not unique to sea-dumped munitions management. Analyses
of marine-resource regulation emphasise that “best practices” concepts, including BAT and BEP,
are widely used to signal exemplary environmental protection, but inaccurate definitions and a
lack of operational guidance can hinder consistent implementation and reduce their
effectiveness. Draft regulatory definitions in other marine contexts have therefore been critiqued
and refined to improve operational clarity; for example, the term “latest” in BAT definitions has
been argued to be less appropriate than language emphasising “effective and advanced”
measures, and BEP has been framed as a dynamic obligation that evolves with improved
knowledge, understanding, or technology (Xu et al., 2023).

BAT refers primarily to technologies and technical solutions, whereas BEP encompasses
planning, management, and procedural approaches. Both are complementary and should be
applied together.

2.4 Relationship to the MUNIMAP monitoring strategy

The Strategy for the Baltic Sea Marine Munitions Monitoring System (MUNIMAP 02.2) is a
complementary project output to this catalogue. The monitoring strategy sets out a Baltic Sea-
wide approach to the planning, coordination, and long-term development of monitoring for
marine munitions and their associated environmental risks. This catalogue identifies BATs and
BEPs for survey, contamination assessment, biota-impact assessment, and remediation.

The two outputs shall be applied together. Monitoring information supports risk assessment, site
prioritisation, selection of management measures, verification of remediation performance, and
adaptive reassessment. Conversely, the monitoring design should reflect the relevant munition
types, contaminant pathways, ecological receptors, management objectives, and decision
triggers identified through the BAT/BEP framework. Neither document replaces site-specific risk
assessment, competent-authority decisions, or applicable legal and operational requirements.
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3 Scope of activities and process chain

Detection, identification, clearance, disposal and monitoring are operational activities. Risk
assessment and remediation are strategic planning activities.

Detection (survey) covers all processes related to finding munition in the sea using sensor
technologies.

Depending on the type and goals of the survey (including technical, as-found and as-left)
classification or identification can be required:

Mapping is the process of large-scale detection of objects in specific areas.
Classification names the differentiation of objects on a broad scale, to distinguish
munition from scrap and other materials.

Identification encompasses all activities related to the specification of detected
munition. Sensor technologies are used to identify the type of munition of each
reference object. For further detail on sensor technologies and methods used for
munition identification, see Part Il: Detection and Survey.

Clearance is the process of removing munition from the sea by direct treatment in place or by
recovery and transport for subsequent disposal.

Clearance considers the ideal technical solution to remove the munition as safe (avoiding
unintended leakage) and complete (no traces left) as possible. Clearance is commonly

undertaken to manage safety or security risks in a defined area; within this document, it is
assessed as one possible action within a broader environmental and risk-management
framework. Clearance further differentiates where the munition is treated:

Preparation: locating, exposing, or otherwise preparing objects for recovery,
containment, or controlled treatment.

In situ destruction: Munition is treated directly in place without recovery. This can
happen after relocation. Subsequent decontamination might be required.

Recovery: Munition is retrieved from the seabed for subsequent treatment.

Relocation (transfer): Munition is moved under water to a different site or containment
device.

Transport: Munition is transported safely on the surface.

Decontamination: Munition-related chemical residues, including explosives, chemical
warfare agents, and their degradation products, are removed from or reduced in
affected water and sediment following clearance.

10
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Disposal (elimination, treatment) refers to the process of safe elimination of munition after
clearance, including off-shore and on-shore treatment.

Contamination assessment encompasses all measures to determine the contamination of the
environment due to exposure of munition compounds.

Monitoring is the tracking of environmental parameters at specific sites over time, typically the
levels of chemical contaminants/pollutants in the environment, including water and fauna. It
includes repeated measurements used to track munition condition, contaminant release,
environmental exposure and effects, the performance of management measures, and the need
for reassessment.

Rehabilitation includes all measures that are taken to re-establish resilience of the affected
ecosystems.

Risk assessment is the identification of potential risks to environment, human health,
economics and security.

Remediation is the site-specific evaluation and planning of management actions to reduce
environmental, safety, public health, infrastructure, and security risks, taking into account their
environmental, human health, economic, and security impacts. It is informed by a comparative
assessment of the risks associated with action and inaction.

The risk-based decision pathway in Figure 1 shows how assessment of site conditions, risks, and
management options informs the selection of proportionate remediation and long-term
management measures.

11
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1. Preliminary information and site screening
Historical records ¢ Site use ®* Known munitions

|

2. Survey and characterisation
Detection ¢ Classification/identification
* Munition condition ®* Contaminationindicators

|

3. Credible, unacceptable risk?

No i ‘ Yes
4.Leave in place 5. Integrated risk assessment
* Monitoring ¢ Access controls Chemical + Biological + Ecological
* Periodic reassessment + Operational + Security

.

6. Compare management options
Leave in place/ Access restriction / Targeted monitoring / Recovery
/ Transport/ Controlled treatment or destruction

Utilise the Evaluation Criteria

|

7. Demonstrable net risk reduction?

No l l Yes

8. Revise evidence base 9. Select BAT & BEP
e Apply precautionary measures ¢ Obtain approvals
* Monitor * Reassess l

10. Implement safely
HSE / security plan ¢ controlled
operations ¢ incident readiness
e documentation

|

11. Verify outcome and adapt
As-left survey: verify completion of the selected action, assess residual objects and site
condition, and determine whether further monitoring, controls, or intervention are required.
* Contamination/biota monitoring ® Review decision triggers

Figure 1. Risk-based decision pathway for the management and remediation of sea-dumped
munitions.

12
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4 Background

Action S34 of the Baltic Sea Action Plan (BSAP) mandates that HELCOM Contracting Parties
develop Best Environmental Practices (BEP) for comprehensive munitions risk assessments and
implement Best Available Techniques (BAT) for environmentally sound, safe management. The
in-situ testing and subsequent evaluations within the MUNIMAP pilot projects will provide a basis
for recommending whether a given method qualifies as BAT or BEP in accordance with HELCOM
BSAP policies.

Sea-dumped chemical munitions are distributed across several officialdumping areas, including
the Bornholm Deep, Gotland Deep, and Little Belt, as well as the Skagerrak, which lies outside
the geographical Baltic Sea but forms part of the wider regional munitions problem. Additional
unofficial or dispersed sites occur along transport routes and in the Gdansk Deep. Corroding
chemical munitions release chemical warfare agents (CWAs) and transformation products to
adjacent water and sediments. Field evidence indicates that contamination can extend more
than 250 m from individual chemical-munition objects, with concentrations generally declining
with distance and patterns controlled by bottom currents and topography. Bornholm Deep has
shown the highest measured sediment concentrations, while peaks have also been observed in
the Gdansk Deep and near dispersed munitions. Phenylarsenic CWAs, including Clark I, Clark Il,
and Adamsite, and sulfur mustard degrade to additional chemicals, some of which remain toxic
and are relevant to risk assessment and monitoring. (Betdowski & Long, 2012; Vanninen et al.,
2020)

Conventional munitions also represent a major source of marine contamination. An estimated
300,000 tonnes of relic munitions are present in German Baltic Sea waters alone; this figure
should not be presented as an estimate for the entire Baltic Sea. Their explosive fills include TNT,
RDX, and DNB, which can be released as casings corrode and are therefore relevant to
environmental assessment and monitoring. (Beck et al., 2025)

The output of MUNIMAP GoA 2.1 is a catalogue of state-of-the-art methods and procedures
designed for the remediation of various marine munitions under the specific conditions of the
Baltic Sea. Safety protocols will be considered in all phases. This catalogue will be structured
according to the different stages of the remediation process:

o Early Stages:

o Methodologies for surveying and assessing environmental hazards (e.g., impacts
on biota, chemical contamination).

e Later Stages:
o0 Environmental risk assessment
0 Remediation techniques

Each recommended approach will detail indicative pricing, practical application considerations,
and prescribed utilization methods—such as incineration in plasma ovens, use of static
detonation chambers, or chemical neutralization in dedicated destruction facilities both on land
and via specialized vessels.

13
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The evaluation criteria, developed in collaboration with the Methods Reference Group, will
balance each method’s advantages and disadvantages. Ultimately, this catalogue will be
developed in collaboration with other relevant projects (See Chapter 6) to a comprehensive
reference document for Baltic Sea Region countries, forming an attachment to the Baltic Sea
Munitions Remediation Roadmap.

The MUNIMAP project will design a strategy for a straightforward, cost-effective long-term
monitoring system at designhated munition hotspots and, where needed, appropriate reference
locations. The strategy will consider site-appropriate fixed or moored monitoring systems,
including specially designed moorings where suitable. It will address both procedural aspects—
such as selecting measurement points, defining data transmission protocols, assigning
responsibilities, and establishing maintenance routines—and technical considerations,
including determining which parameters to monitor, the appropriate monitoring intervals, the
most suitable methods, and their associated costs.

HELCOM BSAP:

“A healthy Baltic Sea environment with diverse biological components functioning in balance,
resulting in a good ecological status and supporting a wide range of sustainable economic and
social activities.”

This document examines the multifaceted challenges of munitions clearance in marine
environments and the protection of critical offshore infrastructure. Drawing on insights from
different research projects and Baltic Sea state programmes, it highlights scalable strategies and
lessons that can inform global munitions remediation and clearance efforts. The analysis
emphasizes the need to balance environmental preservation with economic viability, presenting
approaches to minimize environmental impacts while ensuring cost-effective operations.

The discussion extends to the impacts of rapid ocean industrialization, particularly in the context
of offshore wind farm development, which necessitates innovative methods for unexploded
ordnance (UXO) clearance in increasingly complex industrial zones. Emerging technologies—
including robotics, advanced data management, and unmanned systems—are evaluated for
their potential to transform the detection and remediation process, enhancing efficiency, safety,
and cost-effectiveness across the clearance value chain.

Security concerns are also addressed, focusing on the protection of munition dump sites and
clearance areas from unauthorized access, and exploring technical and policy-driven measures
to mitigate such risks. Finally, the development of harmonized legal and operational frameworks
is presented as essential for fostering effective international collaboration and ensuring robust
preparedness in the face of future crises.

Collectively, these BEPs and BATs provide a holistic perspective on contemporary munitions
remediation and clearance practices and offer strategic recommendations for addressing the
challenges inherent in managing both legacy ordnance and the evolving demands of offshore
infrastructure protection.

14
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5 Evaluation framework for BAT and BEP designation

5.1 Purpose and scope

This framework provides a transparent and consistent basis for determining whether atechnique,
procedure, or management approach qualifies as BAT, BEP, or both. It supports comparison of

alternatives across all activity categories and ensures that designhations reflect documented
evidence, site-specific conditions, environmental protection, safety, technical feasibility, and

practical implementation.

BAT/BEP status is conditional rather than universal. A method may be appropriate in one context

but not in another because of differences in munition condition, environmental sensitivity,
operational constraints, or the balance of risks and benefits.

5.2 Evaluation criteria

The following core criteria apply to every activity category.

Criterion

Description

BAT status

Evaluation status of the technology as BAT candidate. (unverified / review /
revision / approved / rejected)

Environmental
impact

Degree to which the method contributes to the health of the marine environment.

Effect of the methods on the protective goods (environmental factors), evaluated
by environmental impact assessment (EIA). Considering positive and negative
impacts.

Technical
Effectiveness

Proven ability to contribute to the specific goals of the activity.

Technical effectiveness provides information on the technical specifications
required to evaluate the applicability for the specific activities. Information needs
to be supported with scientific verification and validation as proof of concept.

Complementary
technologies

Technical required complement or mitigation of side-effects.

Proof of concept

Proven application of the technology readiness.

Accessibility

Availability of technology for the market-scaling.

Accessibility addresses the scalability on the market for maximised impact. It
provides information on the technologyl readiness level (TRL) to assess its
maturity; the complexity, to assess professional requirements; and information
on a generic level on the market situation, to determine the number of providers
and variety of licenses (intellectual property and patents); as well as the
interoperability (compatibility with open standards). If applicable information on
security issues (e.g. limiting military security risks) should be provided. If regional
availability is affected information should be provided as well.
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Scalability

Applicability of the technology in other regions (site types, sizes and locations).

Scalability provides information on the regional conditions (e.g. salinity,
temperature, seabed type) and operational contexts under which the technology
can be used.

Safety for Humans
and surroundings

Assessment of measures ensuring the protection of personnel and surrounding
infrastructure during operations.

Includes work in sensitive environments (e.g., marine contexts). Emphasis on
preventing accidents, limiting exposure to hazardous substances, shock waves,
and maintaining safe working conditions.

Risk Assessment
and Mitigation

Evaluation of the identification, analysis, and minimisation of risks to personnel,
equipment, and the environment.

Particularly when handling potentially contaminated or hazardous materials.
Includes the implementation of appropriate procedures to manage uncertainties
and prevent adverse impacts.

Economic
feasibility

Associated costs of the technology application.

Economic feasibility addresses the broad category of costs associated with the
procurement of the technology; required infrastructure; and training demands.
Cost effectiveness differentiates low, medium or high costs. Estimates can be
provided, if available. Economic feasibility should be balanced with the costs of
no action.

Regulatory
Compliance

Application in specific countries or regions.

Alignment with EU directives, and international conventions and national
regulations and known regulatory constraints in respective countries.

Stakeholder
compliance

Compliance with requirements of presumed stakeholders.

Stakeholder compliance includes industrial feasibility and the acceptance by
public.

The core criteria are tailored for the relevant activity category:

survey and detection;

contamination assessment;

biota-impact assessment;

monitoring;

clearance/recovery;

transport and treatment/disposal; and

remediation and long-term management.

The evaluation framework is applied at the option-comparison stage of the risk-based decision
pathway (see Figure 1) to support transparent selection of BATs and BEPs.
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6 Cross-cutting considerations

6.1 Safety considerations

Safety shall be integrated into all activities covered by this document, including survey, sampling,
contamination assessment, biota-impact assessment, monitoring, recovery, transport,
treatment, and remediation. Safety measures shall be selected and implemented in response to
the site- and activity-specific risks identified through the risk-assessment and risk-management
process described in Section 6.2. Safety requirements differ materially between conventional
munitions and chemical munitions containing chemical warfare agents (CWAs). Sampling
around suspected CWA contamination may require enhanced exposure control, specialist
chemical-hazard competence, contamination screening, packaging, transport,
decontamination, and chain-of-custody arrangements; these requirements can make water,
sediment, and biota sampling substantially more demanding than comparable work around
conventional munitions. Samples suspected of containing CWAs or relevant degradation
products shall be analysed only by laboratories authorised and appropriately equipped for the
applicable agents and matrices. Samples associated solely with conventional munitions may
generally be analysed by laboratories with appropriate explosives-analytical capability, provided
that the relevant safety, analytical, and quality-assurance requirements are met.

6.1.1 Safety planning and operational readiness

Before field or remediation activities begin, the responsible organisation shall prepare and
approve a site- and activity-specific Health, Safety, Security and Environment plan. The plan shall
define the scope of work; foreseeable hazards; operational limits and stop-work criteria; roles,
responsibilities, and competence requirements; communication and escalation arrangements;
emergency contacts; decontamination and waste-management arrangements; and relevant
notification, permitting, and reporting requirements.

Operations shall be undertaken by personnel competent for the relevant marine, explosive-
ordnance, chemical-hazard, environmental, and vessel-based tasks. Personnel, vessel, and
emergency-protection requirements vary by country and shall be confirmed with the competent
authorities before operations begin. Where national requirements or the site-specific CWA
hazard assessment so require, sampling shall be undertaken from vessels with sealed,
overpressurised accommodation and other appropriate emergency protective capabilities.
Briefings shall be repeated whenever material changes occur in the planned activity, weather,
vessel configuration, object information, or contamination status.

6.1.2 Prevention of exposure during survey, sampling, and handling

Survey, sampling, recovery, and handling activities involving equipment or material that may
have contacted hazardous submerged objects or contaminated sediment shall be planned as
potential exposure scenarios. Controls shall include appropriate personal protective
equipment; controlled work areas; containment and labelling of samples; prevention of deck
and equipment contamination; contamination screening where required; and decontamination
arrangements for equipment, work areas, and personnel.
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The DAIMON Sampling safety procedures Recommended Operating Procedure (ROP) should be
used as an operational reference for equipment and sample handling. It addresses protective
clothing, contamination-recognition equipment, equipment and deck decontamination, and
action following detection of contamination (Loriska et al. 2020b). All samples and equipment
shall be handled, packed, stored, transported, and disposed of in accordance with approved
procedures and applicable legal requirements.

6.1.3 Contamination and incident response

Any suspected chemical contamination, unexpected munition disturbance, loss of containment,
or potential personnel exposure shall trigger the approved incident procedure. The procedure
shall define how work is stopped or modified; how the affected area is secured; how secondary
exposureis prevented; howthe incident is assessed and documented; when responsible persons
and competent authorities are notified; and how emergency and medical arrangements are
activated.

The DAIMON People safety procedures ROP should be used as an operational reference for
contamination recognition, protective measures, decontamination workflow, handling of
contaminated clothing, and incident documentation (Lonska et al. 2020a). Detailed medical
treatment instructions shall remain within the competence of designated emergency and
medical services and the approved site-specific emergency plan.

6.1.4 Protection of the public, vessels, and infrastructure during operations

Operational controls shall prevent exposure of non-participating sea users, coastal populations,
vessels, and infrastructure. Depending on the assessed risk and applicable national
requirements, controls may include notification and coordination with maritime authorities;
appropriate safety or exclusion zones; work-area marking or surveillance; vessel-traffic
measures; and restrictions on activities that could disturb known or suspected munitions.

6.1.5 Operational site and munition security

Known or suspected dumping sites, recovered munitions, contaminated samples, and
associated operational information shall be protected against unauthorised access,
interference, removal, or misuse. Exact coordinates, maps, and other geospatial data for known
or suspected conventional or chemical munitions, including munitions containing CWAs, shall
be treated as controlled information and shared only with authorised persons and competent
authorities for legitimate operational, regulatory, or scientific purposes. Access control, custody
arrangements, information-sharing rules, and incident-reporting pathways shall be defined
before operations begin and maintained through recovery, transport, storage, treatment, and
disposal.

6.1.6 Documentation and continuous improvement

Safety-related decisions, briefing records, contamination-screening results, decontamination
actions, incidents, near misses, and deviations from the approved plan shall be documented in
a traceable manner. The DAIMON sampling procedure specifically calls for linked records of
sampling location, equipment, detection findings, responsible personnel, and decontamination
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actions (Lonska et al. 2020b). These records shall support post-operation review and continuous
improvement.

6.2 Risk assessment, risk management, and risk mitigation

Risk assessment provides the evidence base for selecting BATs and BEPs. It shall be site-specific,
proportionate to the potential consequences and uncertainties, and documented in a
transparent manner. It shall consider both the risks posed by leaving munitions in place and the
risks created or changed by survey, recovery, transport, treatment, destruction, or other
intervention.

6.2.1 Risk domains to be assessed

The assessment shall address, as relevant:
e personnel safety;
e public safety, including other sea users and coastal populations;
e environmentalimpacts, including chemical exposure and biological effects;
e vessels, equipment, and infrastructure; and

e site and munition security, including unauthorised access, interference, removal, or
misuse.

The assessment shall also consider the condition, type, location, accessibility, and potential
instability of munitions; the characteristics and sensitivity of the receiving environment; the likely
exposure pathways; and the consequences of both action and inaction. This reflects the
remediation framework’s requirement to weigh explosive, chemical, contact, environmental, and
security risks in a structured and transparent way.

6.2.2 Evidence and environmental-risk assessment

Risk assessment shall integrate relevant environmental, chemical, biological, safety, security,
technical, operational, and historical information. Environmental risk assessment shall follow
the marine risk-assessment principles applied in the European Union (EU) Technical Guidance
Document (TGD) (2003) and use a TRIAD weight-of-evidence approach where appropriate,
integrating chemical, ecotoxicological, and ecological lines of evidence (European Commission,
2003; Wagelmans, 2010).

6.2.3 Methodological limitations and integrated assessment approach

Published evidence indicates that harmonised, operationally usable methods for offshore
explosive ordnance disposal risk assessment remain incomplete. Frey (2024) reviewed nine risk-
assessment approaches against criteria relevant to applied EOD decision-making and found that
none met all specified requirements. The review identifies a need for an EOD-specific approach
that is sufficiently applied, predominantly quantitative where evidence permits, attentive to
probability as well as consequences, and capable of supporting short-term decisions at local
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spatial scales. It also recognises that limited incident and accident data may require structured
expert judgement (Frey 2024).

This limitation does not prevent risk-based decision-making. Rather, it requires an integrated and
transparent approach. Environmental risks shall be assessed using the EU TGD and TRIAD
principles described in Section 5.2.2. Operational EOD decisions shall additionally consider
munition condition, explosive content, fuse condition where known, water depth, accessibility,
potential receptors, and the consequences of a credible incident. The relationship between
environmental, safety, security, technical, and socio-economic considerations shall be
documented explicitly, including the evidence available, assumptions made, and the role of
expert judgement.

6.2.4 Prioritisation and stakeholder-informed decision-making across the
activity chain

Risk-assessment outputs shall support prioritisation and management decisions across the full
activity chain, from survey and monitoring through recovery, treatment, and remediation.
Prioritisation shall distinguish: (a) scientific evidence on risk magnitude and uncertainty; (b)
technical feasibility and expected risk reduction; and (c) governance, societal, and
implementation considerations.

Stakeholder engagement can strengthen this translation from risk assessment to practicable
decisions. In a Baltic Sea stakeholder study, participants identified environmental impacts,
critical infrastructure, social well-being, security, and munition casing corrosion as relevant
remediation-prioritisation criteria. Participants regarded environmental impact as the preferred
driver in principle, while observing that infrastructure and security risks may make action more
feasible because they are more immediate and visible to decision-makers and the public
(Dugasseh et al. 2026).

Accordingly, environmental protection shall remain a central decision criterion, but
recommendations shall transparently state how public safety, infrastructure, security, legal
requirements, operational feasibility, cost, and stakeholder concerns affect the timing,
sequencing, and practicability of a selected measure. Stakeholder-derived criteria shall inform
prioritisation and communication; they shall not replace the scientific assessment of
environmental, safety, or health risks.

6.2.5 Relationship between assessment, management, and mitigation

Risk assessment identifies and characterises hazards, exposure pathways, potential
conseguences, uncertainties, and the acceptability of risk. Risk management uses those results
to determine whether action is necessary and, if so, to compare and select proportionate
management options. Risk mitigation is the implementation of the selected measures to reduce
an identified unacceptable risk to an acceptable level, while avoiding disproportionate
secondary environmental, safety, or security impacts.

Risk management shall not assume that intervention is inherently preferable. Depending on site-
specific conditions, options may include leave-in-place with monitoring, access restrictions,
targeted survey, contamination monitoring, recovery, transport, controlled treatment or
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destruction, or other protective measures. Remediationis a broader, risk-based processinwhich
clearance is one possible option; technologies are BAT only when they deliver demonstrable net
risk reduction.

6.2.6 Selection of management and mitigation measures

Management measures shall be selected by comparing their anticipated risk-reduction benefit
with their potential adverse consequences. The comparison shall address effectiveness;
environmental disturbance and secondary impacts; technical feasibility and maturity; safety of
personnel, third parties, and other sea users; security implications; practical constraints; and
proportionality under uncertainty.

No remediation technique shall be regarded as universally BAT. The appropriate option depends
on munition type and condition, site conditions, environmental sensitivity, exposure pathways,
available infrastructure, and the quality of available evidence. The remediation framework
already treats BAT status as conditional and site- and scenario-dependent.

6.2.7 Cross-cutting management requirements

All selected management options shallinclude:

¢ handling of hazardous or contaminated materials: arrangements for containment,
traceability, transport, storage, treatment, disposal, and prevention of secondary
contamination; and

¢ management of uncertainty: explicit documentation of assumptions, data gaps,
confidence in the assessment, and decision triggers for additional investigation,
monitoring, or revision of management measures.

The precautionary principle shall guide decisions where uncertainty is material and potential
harm may be serious or irreversible. Uncertainty alone does not determine the choice of
intervention; it must be considered alongside the plausible risks of action and inaction.

6.2.8 Review and adaptive management

Risk assessment and management decisions shall be reviewed when new information becomes
available, including new survey data, evidence of deterioration or contaminant release,
monitoring results, incidents, changes in site use, or advances in available techniques.
Monitoring and reassessment are therefore active elements of risk management, not merely
follow-up activities. This is consistent with the document’s existing position that remediation
choices must remain risk-based, site-specific, and adaptive.
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7 Legal and operational frameworks

7.1.1 The Decision Support System (DSS)

The Decision Support System (DSS) initially developed under the EU-funded DAIMON and
DAIMONZ2 projects provides a non-binding, expert-driven tool to support national authorities in
evaluating, prioritizing, and managing risks associated with sea-dumped chemical and
conventional munitions. For a given munition finding, it draws together scientific information,
environmental data, munition characteristics, and relevant legal considerations to produce a
structured, case-specific assessment. Each assessment expresses the risk to defined protection
goods — such as divers, fisheries, flora and fauna, tourism, shipping, and infrastructure —
together with an indication of uncertainty and a set of recommended management measures
ranging from continued monitoring to active remediation. The system was originally created
within the DAIMON project and subsequently optimized in DAIMON2 to improve usability,
performance, and clarity of its recommendations. Further information, including supporting
documentation, is available at the DAIMON Decision Support System (DSS) for marine
munitions:

http://www.daimonproject.com/decision-support-system-dss.html

The DSS was operationally integrated into AMUCAD - Ammunition Cadastre Sea. As this platform
is no longer operational, the DSS is currently being integrated in north.io’s Ocean Data Platform.
By combining evidence from scientific research, environmental monitoring, munitions
management practices, and applicable legal frameworks the system generates evidence-based
suggestions for risk categorisation and potential management actions. In doing so, it helps
competent maritime, defence, and environmental authorities identify and justify management
options consistent with Best Available Techniques (BAT) and Best Environmental Practices (BEP).
It does not substitute for legal obligations or expert judgement; rather, it is designed to assist
those authorities in their decision-making processes.

7.1.2 Legal frameworks

The MUNIMAP output “Legal Aspects of Marine Munitions Management in the Baltic Sea Region”
is a two-volume policy report and the first comprehensive legal assessment, which
systematically compares national legal frameworks for munitions in the Baltic Sea Region and
derives tangible proposals for EU-wide harmonization (Gericke et al. 2026). It gives an overview
on international and European legislation regarding munitions at sea, relevant international
research projects and the national situation on handling munition in Denmark, Estonia, Finland,
Germany, Latvia, Lithuania, Norway, Poland and Sweden.
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8 Emerging technologies, ongoing projects, and future
developments

Both BATs and BEPs should be viewed as evolving concepts, adapting to new scientific insights,
emerging technologies, and changing social and economic contexts.

The projects described below demonstrate a strong complementarity in advancing knowledge,
methodologies, and practical solutions for the management of sea-dumped munitions. Together,
they span key aspects such as risk assessment and mapping the development and evaluation of
detection, clearance, and disposal technologies. MUNIMAP, under which this document is
produced, provides a common regional framework for integrating BAT and BEP principles. The
projects described below contribute complementary evidence, methods, and technologies that
caninform future implementation. In this way, MUNIMAP facilitates a collaborative ecosystem in
which future advances can be more effectively integrated into robust, scalable, and sustainable
solutions.

The following projects make complementary contributions across the marine-munition
management chain, from risk assessment and environmental evidence to detection, clearance,
disposal, monitoring, and decision support.

¢ MMiInE-SwWEEPER - A Europe-wide research and innovation project advancing the
management of marine munitions through robotics, Al-supported data analysis, 3D
imaging, chemical sensing, and field trials. It spans detection, classification, corrosion
assessment, recovery support, environmental monitoring, and capacity building, linking
technology development to practical and environmentally sustainable remediation
options. https://mminesweeper-munition.eu/

¢ CAMMera- A project focused on the clearance, recovery, transport, treatment, and
disposal end of the marine-munition EOD chain. Its work includes remote and
autonomous clearance and transport, removal of exposed explosives and degraded
munition, surveillance of remediation sites, industrial-scale disposal concepts, post-
clearance environmental assessment, and convergence of EOD technologies towards
BAT-based practice. CAMMera also contributes to the structured evaluation and
convergence of EOD technologies, supporting the identification of Best Available
Techniques and their application within environmentally responsible remediation
practice. https://cammera-munition.eu/

e CONMAR - A German research project developing an evidence base for managing
munition-contaminated areas in the North and Baltic Seas. It combines data
management, field measurements, contamination and corrosion studies, ecological
and toxicological assessment, environmental modelling, and stakeholder engagement
to support risk assessment, site prioritisation, and ecologically and economically
informed remediation strategies. https://conmar-munition.eu/
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e BorDEx-Atechnology-development project building a mobile demonstrator for the
thermal disposal of explosives from recovered, conventional, large-calibre, and difficult-
to-transport maritime munitions. It aims to close a disposal-chain gap through a system
designed to minimise operational and environmental risks, with potential future use at
different locations and, subject to further development, on sea-based platforms.
https://www.bordex.de/eng/

¢ MUNI-RISK - A Baltic Sea project focused on identifying and prioritising environmental
risks from submerged munitions. It is compiling data into a common database,
addressing data gaps, developing site-specific risk-assessment and EIA-support
methods, and providing guidance for authorities and infrastructure planning; its results
are intended to be transferable beyond the Baltic Sea. https://muni-risk.eu/

¢ REMARCO - Remediation, Management, Monitoring and Cooperation addressing North
Sea UXO - is a European project funded by Interreg North Sea, dedicated to tackle
World War munitions degrading on the seafloor or in war wrecks along the North Sea
coasts. REMARCO brings together science, industry, and public authorities to confront
this challenge through cutting-edge research, smart monitoring and robotic remediation
solutions, and transnational cooperation. https://www.interregnorthsea.eu/remarco
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1 Best Available Techniques for survey and data
collection at munition dump sites

Survey and detection activities form the foundation of any munition clearance or remediation
strategy. Best Available Techniques (BATs) for survey aim to reliably identify, locate, and
characterise munition-related objects while minimising disturbance of the seabed and the
munitions themselves. High-quality survey data are essential for risk assessment, prioritisation,
selection of remediation measures, and long-term monitoring.

BATs for survey are applicable to both conventional and chemical munitions, noting that for
chemical munitions, non-intrusive techniques are particularly critical due to the risks associated
with disturbance and agent release.

Numerous technologies are available for seabed survey and detection of dumped munitions.
Helsinki Commission (HELCOM)’s “Thematic assessment on Hazardous submerged objects in
the Baltic Sea - Warfare materials in the Baltic Sea” details various modes of detection for this
purpose. The following BATs and BEPs are based on DAIMON and DAIMONZ2 project results and
the BAT classified methods provided in the HELCOM assessment. Wehner and Frey (2022)
provides a comprehensive workflow for unexploded ordnance surveys in the sea.

Before mitigative actions can be undertaken, warfare materials must first be located. A variety of
survey technologies are available for this purpose, including geophysical, magnetometric,
hydroacoustic, and optical methods. Among these, only geophysical and hydroacoustic
technologies are currently recognized as best available technologies for commercial application.

The guidance further notes that, in addition to geophysical, hydroacoustic, and optical methods,
artificial intelligence (Al)-supported detection and classification is being developed within the
MMInE-SWEEPER project, including Al-assisted detection and identification systems,
autonomous underwater vehicles (AUVs)/uncrewed surface vessels (USVs), corrosion prediction
tools, and environmental monitoring during remediation.

The following principles apply to all survey BATs:

e Non-intrusive first: Survey methods should avoid physical contact with munitions
wherever possible.

e Multi-method approach: No single method is sufficient under all site conditions; BAT
requires combining complementary techniques.

¢ Quality-controlled data acquisition: Sensor calibration, positioning accuracy, and
documentation are integral parts of BAT.

e Site-specific optimisation: Method selection must consider sediment type, burial depth,
debris density, water depth, and historical context.

¢ Traceability and reproducibility: Survey results must be verified and suitable for regulatory
review and future reassessment.
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BAT for munition surveys is not a single method, but an integrated survey strategy
combining:

e magnetic and electromagnetic methods for object detection,

e acoustic techniques—side-scan sonar (SSS), multibeam echosounder (MBES), and
synthetic aperture sonar (SAS)—for seabed imaging,

e sub-bottom profiler (SBP) and three-dimensional sub-bottom profiler (3D-SBP) for burial
and sediment assessment.

The final selection and configuration of survey BATs must be site-specific and justified through
documented quality criteria and risk considerations (Detection of Marine Dumped Munition and
Clearance Options, 2025). The use of loud hydroacoustic imaging equipment and acoustic
underwater positioning systems, e.g., Ultra-Short Baseline (USBLs) or Long Baseline (LBLs),
must also consider the possible risk to noise sensitive species (HELCOM, 2019) and possible
mitigation methods.

Relevance for chemical munitions

For chemical munitions, survey BATs play a particularly critical role, as nhon-intrusive detection
and monitoring are often the preferred management approach. The survey BATs provide the
technical basis for:

o identifying potential chemical munition locations,

e supporting risk-based decisions to leave munitions in place with monitoring where site-
specific assessment indicates that intervention would create greater overall risk than
non-intervention,

e informing monitoring programmes,

e and enabling future reassessment if intervention becomes necessary.

Best Environmental Practices (BEP) for survey activities address how survey methods are
planned, prioritised, sequenced, and interpreted to ensure that the application of BATs
minimises environmental harm and avoids unnecessary disturbance of seabed sediments and
munitions. While BATs define the most effective technical approaches for detecting and
characterising munition-related objects, BEPs focus on risk-informed decision-making,
precautionary application, and proportionality in the use of survey techniques. In the context of
dumped munitions, BEPs are particularly important to ensure that survey activities themselves
do not increase the likelihood of munition damage, agent release, or adverse environmental
impacts (such as noise disturbance to sensitive species), especially at sites where uncertainty
and environmental sensitivity are high.
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The widely approved methods for detection of sea dumped munitions include

e Geophysical methods (magnetic and electromagnetic methods)

e Hydroacoustic methods (Side-Scan Sonar (SSS), Synthetic Aperture Sonar (SAS),
Multibeam Echosounder (MBES), Sub-bottom Profiler (SBP), 3D-SBP)

e Optical methods

Side-scan sonar (SSS) and synthetic aperture sonar (SAS) are distinct, complementary imaging
techniques. SSS is a conventional and widely deployable method for imaging seabed-surface
features and exposed contacts. SAS uses synthetic-aperture processing to achieve higher-
resolution imagery over its intended operating range, but requires suitable platform navigation,
stability, and data processing. The selection between them shall be based on the survey
objective, required resolution, area coverage, platform availability, site conditions, and the need
for repeat monitoring.

Additionally, Al-supported detection and classification developed in the MMIinE-SWEEPER
project:

o Al-assisted detection and identification systems

e Autonomous underwater vehicles (AUVs)/uncrewed surface vessels (USVs)

e Corrosion prediction tools

e Environmental monitoring during remediation

1.1 General workflow

The following prerequisites should normally be addressed before a full survey programme is
initiated. Their level of detail and sequencing should be proportionate to the survey objective,
available information, and site-specific risks. Where dumped munitions are suspected or nearby
investigations are already under way, a limited, non-intrusive preliminary scan may be
undertaken to establish the information needed to plan the subsequent survey.

¢ Available preliminary information, which may include:

general site description,
documentation of site conditions,
historical survey,

threat assessment

O O O O

o Definition of the survey objective, including:

detection depth,
reference object,
positioning uncertainty,
signal-to-noise ratio (SNR)

O O oo
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e Selection of measurement methods and sensor platforms based on site conditions and
expected unexploded ordnance (UXO) characteristics.

e Preparation of a proportionate method statement and Health, Safety and Environment
(HSE) plan before activities with material operational, safety, or environmental
implications.

e Preliminary consideration of acoustic environmental requirements in accordance with
Section 1.1.1.

¢ Notification and, where required, approval by competent authorities.

1.1.1 Acoustic environmental considerations

Survey activities using hydroacoustic equipment, including side-scan sonar (SSS), synthetic
aperture sonar (SAS), multibeam echosounders (MBES), sub-bottom profilers (SBP), and 3D-SBP,
shall be planned and conducted to minimise unnecessary acoustic disturbance to marine fauna.

The potential for acoustic disturbance from hydroacoustic survey does not depend on source
level alone. It depends on the frequency content, duration, repetition rate, beam pattern, and
received exposure of the specific system, together with local propagation conditions and the
hearing sensitivity, seasonal presence, and behaviour of potentially affected species. Different
hydroacoustic methods operate in different frequency bands and may therefore present different
exposure profiles. Higher-energy or lower-frequency systems used to obtain sub-seabed
penetration may require particular attention, but the potential for disturbance shall be assessed
for the actual equipment and operating mode rather than inferred from the method name alone.

Before operations, the responsible organisation should assess the potential for disturbance in
relation to the specific equipment and operating mode, the planned survey area and duration,
local sound-propagation conditions, and the presence of noise-sensitive species, protected
areas, and biologically sensitive periods. The assessment should use available information on
the acoustic characteristics of the system, including operating frequency band, source level,
pulse duration, pulse-repetition rate, beam pattern, and relevant side-lobe or harmonic
emissions where available. Identification of potentially affected species, relevant frequency
ranges, and biologically sensitive periods shall draw on the Baltic-specific information in
HELCOM (2019), including the sensitive-species list (Table 1, p. 20), frequency information (p.
34), and sensitive-period information (Table 4, p. 35), together with applicable national
requirements and site-specific acoustic advice.

Where a material risk of disturbance is identified, proportionate mitigation measures shall be
incorporated into the survey plan. Depending on the site and applicable requirements, these may
include seasonal or spatial avoidance; adjustment of survey timing, route, or duration; use of the
lowest practicable source setting; soft-start where technically applicable; observation or passive
acoustic monitoring where required; and defined procedures for modifying, postponing, or
stopping operations when trigger conditions are met.
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Acoustic-risk assessment, selected mitigation measures, operational settings, observations,
and any deviations from the survey plan shall be documented. The method-specific sections
should refer to this subsection rather than repeat its requirements.

This retains a proportionate approach: it does not assume every SSS or MBES survey creates a
significant ecological risk, but it requires the operator to assess the actual equipment, site,
receptors, and operating conditions. That is consistent with HELCOM'’s focus on sensitive Baltic
Sea species and site-specific mitigation (HELCOM 2019).

1.1.2 Mobilisation

Before data acquisition, BAT requires formal mobilisation:
e Functional testing of all sensors, sensor platforms, and positioning systems.
o Verification of:

0 surface positioning using a global navigation satellite system (GNSS)-based
solution capable of meeting the documented positional-accuracy requirements
(minimum USBL),

0 anunderwater navigation solution, where required, capable of meeting the
documented positional-accuracy requirements; acoustic positioning may be
used where necessary,

0 attitude and heading reference systems (AHRS), where used

e Calibration and levelling in accordance with manufacturer specifications and applicable
standards referenced in these guidelines.

e Preparation of a mobilisation report, documenting:

0 operability of devices,
o0 calibration status,
0 system configuration

Survey work shall not begin until mobilisation has been completed and accepted.

1.1.3 Survey platforms

The following platforms can be used when mounting devices for performing surveys.
1. Research vessels

2. Towed systems

3. Autonomous Underwater Vehicles (AUVs)

4. Remotely Operated Vehicles (ROVs)

5. Divers
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Magnetic and electromagnetic-induction methods are complementary geophysical techniques
and should be distinguished in survey planning. Magnetic methods passively measure distortions
of the Earth’s magnetic field and are primarily suited to detecting ferromagnetic objects.
Electromagnetic-induction methods actively transmit an electromagnetic field and measure the
induced response of conductive objects; they can provide additional information for object
discrimination and may detect non-ferrous metallic components that passive magnetic methods
do not detect reliably. The selection and combination of methods shall reflect expected munition
materials, target size, burial depth, seabed conditions, water conductivity, and the required level
of confidence in target interpretation.

1.2 Magnetic methods

Magnetic survey methods use passive magnetometers to detect anomalies in the Earth’s
magnetic field caused by ferromagnetic material. They are a core BAT for locating steel- or iron-
cased munition objects, including objects that are buried where the magnetic signal remains
detectable.

BAT characteristics

o Passive detection of anomalies caused by ferromagnetic materials.
o Effective for both exposed and buried objects.
e Applicable across a wide range of water depths.

Strengths

o High sensitivity to steel-cased munitions.
o Effective even when objects are buried beneath sediments.
e Low environmental impact and fully non-intrusive.

Limitations

e Magnetic methods may not reliably detect non-ferrous munition components or objects
whose ferromagnetic casing has substantially corroded or degraded.
o Limited ability to distinguish munition types without complementary methods.

BAT application

Magnetic methods should be used as a baseline survey technique, typically combined with
acoustic methods to improve object classification and spatial interpretation.

BAT implementation

e Magnetic surveys shall be conducted using passive magnetic sensors deployed on
suitable platforms (e.g. towed systems, ROVs, or AUVSs).
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e Sensor configuration, sensor height above seabed, survey speed, and survey line
spacing shall be selected in relation to the defined detection depth and reference
object.

e Survey lines shall be executed systematically to ensure complete spatial coverage of the
survey area.

BAT quality assurance

¢ Continuous monitoring of signal quality and signal noise levels are required during data
acquisition.

e Functional testing of sensors shall be performed prior to survey commencement and
repeated during operations as necessary.

e Anchoring within the survey area shall not be permitted due to potential UXO presence.

e Survey gaps, positioning errors, or quality deviations shall be documented and
corrected through repeat surveys.

1.3 Electromagnetic (EM) methods

Electromagnetic-induction (EMI) methods actively transmit an electromagnetic field and
measure the induced response of conductive objects. EMI is a complementary BAT for detecting
and characterising metallic targets, including non-ferrous components that may not produce a
detectable passive magnetic anomaly. The response can provide additional information relevant
to target discrimination, such as electrical conductivity and object geometry.

BAT characteristics

o Detection based on induced electromagnetic response.
o Capable of providing additional information on object size and conductivity.

Strengths

e Improved discrimination between metallic objects compared to magnetic methods
alone.

e Can provide complementary information in cluttered areas containing munition-like
targets alongside scrap metal, wreck material, cables, anchors, other anthropogenic
debris, or naturally magnetic geological features.

Limitations
o Detection depth depends strongly on sediment properties and sensor configuration.
o Performance may be reduced in highly conductive sediments.

o EMlperformance depends on target size, geometry, orientation, burial depth, sediment
properties, sensor configuration, and background conductivity. In marine environments,

9
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conductive seawater can alter the magnitude and phase of the induced response;
method selection, calibration, and interpretation shall therefore be adapted to site
conditions (Shubitize et al 2009).

BAT application

EMI should be considered alongside magnetic and hydroacoustic methods where the survey area
contains non-ferrous metallic components, dense anthropogenic debris, naturally magnetic
geological features, or other sources of ambiguous anomalies. A multi-method approach should
be used where a single sensor modality cannot provide sufficient confidence for the intended
decision.

BAT implementation

o Active electromagnetic sensors shall be operated using configurations and operating
parameters selected in relation to the defined detection depth, reference object,
positioning uncertainty, and sediment conditions.

o Sensors shall be deployed on appropriate platforms and operated at controlled height
and speed to ensure stable signal acquisition.

o EMI surveys shall be conducted along predefined survey lines providing systematic
coverage of the survey area.

BAT quality assurance
¢ Continuous monitoring of data quality during acquisition is mandatory.

e Sensor functionality shall be verified through functional testing before and during survey
operations.

o Threshold values for inclusion of anomalies shall be applied consistently during data
interpretation.

e Survey sections that do not meet quality requirements shall be re-surveyed.

1.4 Side-scan sonar (SSS)

Side-scan sonar is BAT for detecting and documenting unburied or partially exposed munition
objects and for characterising seabed surface conditions. The potential for acoustic disturbance
shall be assessed for the specific SSS system and planned operating mode.

The assessment should document the manufacturer-specified or measured acoustic
characteristics, including operating frequency band, source level, pulse duration, pulse-
repetition rate, beam pattern, survey duration, and relevant side-lobe or harmonic emissions
where information is available. These characteristics shall be considered together with local
propagation conditions, sensitive receptors, seasonal biological activity, and applicable national
or regional requirements to determine whether mitigation is needed.

10
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BAT characteristics

e High-resolution acoustic imaging of the seabed surface, supported by appropriate data
acquisition, processing, and interpretation (Blondel, 2009).
o Effective for object shape recognition and spatial context.

Strengths

o Excellentvisualisation of proud munitions and debris.

e Supports interpretation of survey results from magnetic and EM methods.

o Useful for mapping seabed disturbance (such as trawl marks) and other anthropogenic
features.

Limitations

¢ Not designed for reliable detection of objects buried beneath the seabed surface; SSSis
primarily a seabed-surface imaging method.

o Performance depends on seabed roughness, sediment type, object exposure, and
acoustic shadowing.

BAT application

SSS should be used as a complementary method to magnetic or electromagnetic survey for
detecting and characterising seabed-surface contacts, assessing object exposure, and guiding
subsequent investigation or monitoring. SSS imagery alone shall not be treated as final
confirmation of munition type; where the decision requires higher confidence, targeted ground-
truthing or complementary evidence shall be obtained.

BAT implementation

e SSS systems shall be operated at frequencies and ranges appropriate to the seabed
type and expected object size.

e Acoustic environmental considerations shall be addressed in accordance with Section
1.1.1. System-specific settings and mitigation shall be documented in the survey plan.

o Towfish or platform altitude, survey speed, and line spacing shall be selected to achieve
continuous seabed coverage and adequate image resolution.

e Survey lines shall be planned to minimise acoustic shadowing and data gaps.
BAT quality assurance

¢ Sonarimagery shall be monitored continuously for coverage, resolution, and
interference.

o Areas affected by acoustic disturbance, insufficient coverage, or shadowing shall be
documented.

e Such areas shall not be signed off as target-free unless additional survey coverage is
completed.

11
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1.5 Multibeam echosounders (MBES)

MBES is a BAT for high-resolution bathymetric mapping and seabed characterisation that
supports munition detection, interpretation, survey planning, and repeat monitoring.

BAT characteristics

High-resolution bathymetric and backscatter data (Lurton, 2010).
Provides continuous coverage of seabed morphology.

Strengths

Supports identification of seabed features associated with munition presence
Enables detection of changes over time (e.g. burial, exposure)
Valuable for survey planning and risk assessment

Limitations

Limited direct detection capability for buried objects
Requires interpretation in combination with other methods

BAT application

MBES is a supporting BAT, essential for contextualising other survey data and for long-term
monitoring of munition sites.

BAT implementation

MBES surveys shall use calibrated sensors and a positioning, navigation, and attitude-
reference solution capable of meeting the documented horizontal and vertical accuracy
requirements of the survey. For vessel-mounted systems, this will normally include
GNSS-based positioning integrated with appropriate attitude and motion sensors. For
AUV- or ROV-mounted systems, the navigation solution shall be selected according to the
required positional accuracy, mission duration, platform capability, and site conditions;
acoustic positioning may be used where necessary.

Survey line layouts shall ensure complete bathymetric coverage of the survey area.
Bathymetric and backscatter data shall be recorded concurrently.

Acoustic environmental considerations shall be addressed in accordance with Section
1.1.1. System-specific settings and mitigation shall be documented in the survey plan.

BAT quality assurance

Sound-velocity measurements shall be performed regularly to ensure depth accuracy.

Data artefacts, gaps, or inconsistencies shall be identified during acquisition or
processing and corrected through repeat surveying where necessary.

MBES results shall be documented as part of the survey dataset.

12
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1.6 Sub-bottom profilers (SBP)

SBP is a BAT where information on sediment structure, burial depth, or the possible presence of
buried munition-related objects is needed to support risk assessment and survey interpretation.
SBP systems are designed to direct acoustic energy primarily downward to obtain sub-seabed
penetration; however, the actual beam pattern, side-lobe emissions, and acoustic footprint
depend on the specific system and operating mode.

BAT characteristics

e Acoustic penetration into seabed sediments, with survey design and data quality
assessed in relation to the defined survey objective and reference object (Wehner &
Frey, 2022).

e Provides stratigraphic information.

Strengths

e Supports estimation of burial depth and sediment dynamics
o Useful for understanding migration and exposure processes

Limitations

e Limited object discrimination capability
e Performance depends on sediment composition, burial depth, and acoustic penetration

BAT application

SBP should be applied where burial depth and sediment processes are relevant to risk
assessment or remediation planning.

BAT implementation

e SBP systems shall be operated at frequencies appropriate to sediment type and
required penetration depth.

e Acoustic environmental considerations shall be addressed in accordance with Section
1.1.1. System-specific settings and mitigation shall be documented in the survey plan.

e Survey transects shall be planned to provide representative subsurface coverage of the
survey area.

¢ Data acquisition shall be conducted without physical disturbance of the seabed.
BAT quality assurance

e Penetration depth, reflector continuity, and signal quality shall be monitored during
acquisition.

13
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¢ SBP data shall be processed and interpreted to document sediment stratigraphy and
potential burial depths.

e Results shall be included in survey documentation.

1.7 3D-Sub-bottom profilers (3D-SBP)

3D-SBP is a BAT where detailed volumetric characterisation of subsurface features is needed to
provide enhanced confidence in object location, burial context, or sediment structure. It uses
closely spaced and accurately positioned sub-bottom acoustic profiles to reconstruct a three-
dimensional representation of the subsurface (Gutowski et al.,, 2015). Compared with
conventional SBP, 3D-SBP requires more intensive survey-grid design, positioning control, data
processing, and interpretation.

BAT characteristics

o Volumetric imaging of subsurface features
e Improved spatial resolution compared to conventional SBP

Strengths

e Enhanced discrimination of object geometry and burial context
¢ Improved confidence in object interpretation
e Particularly valuable in complex sedimentary environments

Limitations

e Highertechnical complexity and cost
e Requires advanced data processing and expertise

BAT application

3D-SBP is BAT in high-priority or complex sites, where detailed subsurface understanding is
required to support remediation decisions.

BAT implementation
e 3D-SBP surveys shall be limited to defined priority areas.

e Survey grids shall be designed with line spacing sufficient to enable volumetric
reconstruction.

e Positioning accuracy and system synchronisation shall be verified prior to and during
acquisition.

e Acoustic environmental considerations shall be addressed in accordance with Section
1.1.1. System-specific settings and mitigation shall be documented in the survey plan.

14
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BAT quality assurance

o Data completeness, consistency, and spatial resolution shall be verified during
processing.

¢ Volumetric datasets shall be interpreted by qualified personnel.

o Results shall be documented and integrated into survey outputs.

1.8 Synthetic Aperture Sonar (SAS)

Compared with conventional SSS, SAS can provide higher-resolution imagery and reduce the
usual range-resolution trade-off, provided that the platform, navigation, environmental
conditions, and processing workflow are suitable. It is therefore particularly useful where high
confidence contact interpretation or repeat high-resolution monitoring is required.

BAT characteristics

e SASisdescribed as producing very high-resolution imagery and maps and being
considered state-of-the-art sonar imaging for extreme resolution seabed mapping
(Hansen, Geilhufe, et al., 2019).

e SASisreported as not being subject to the traditional range-resolution trade-off that
constrains conventional sonar imaging approaches such as towed SSS (Jdegard et al.,
2018).

¢ Interferometric SAS has been applied to inspection of the Skagerrak chemical-
munitions dump site (Seebg et al., 2016).

Strengths

e SASisreported to be capable of image resolutions better than 5x5 cm and mapping
rates of 2 km2/hour, supporting efficient high-resolution coverage over large areas
(Hansen, 2018).

¢ SAS data can be enhanced through post-processing techniques that exploit the high
information content inherent in SAS data, enabling more effective interpretation of
targets and site structure from repeated passes (ddegard et al., 2018).

Limitations

¢ SAS performance is sensitive to alignment and stability requirements, which are
described as essential for optimising SAS performance on an AUV platform (Uchihori,
2021).

¢ High-frequency SAS has limited direct capability for detecting buried objects. Low-
frequency SAS may support buried-object detection in suitable survey geometries;

15
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however, achievable detection range and depth depend on the detection system, water
depth, sediment type, target properties, and burial depth (van Vossen et al., 2021).

SAS imagery and derived products may still require subsequent close-range
confirmation via optical inspection or other ground-truthing steps as part of an
integrated workflow, rather than relying on acoustics alone for final identification in all
cases (Uchihori, 2021; Bryan et al., 2022).

BAT application

SAS should be applied for high-resolution mapping of suspected dumpsites and for detailed re-
survey/monitoring of areas where conventional SSS imagery is insufficient for confident
interpretation, because SAS provides higher quality imagery than traditional SSS and avoids the
conventional range-resolution trade-off that limits towed systems (ddegard et al., 2018). Where
survey objectives require a high-confidence decision on whether a contact is munition-like,
SAS-derived contact lists should be followed by targeted ground-truthing (e.g., optical
documentation) within an integrated workflow to reduce ambiguity before any intervention is
considered (Uchihori, 2021).

BAT implementation

Use a platform configuration that supports the alignment and stability requirements
described as essential for optimising SAS performance, particularly when SAS is
deployed on AUVs (Uchihori, 2021).

Apply post-processing techniques designed to exploit the high information content of
SAS data to enhance imagery and bathymetry interpretation and support repeat-pass
comparisons (Jdegard et al., 2018).

Where shadow-based interpretation is needed (e.g., height inference), incorporate SAS
processing approaches that explicitly make shadow length indicative of object height
(e.g., grazing normalisation) to strengthen interpretability of contact morphology (Gall et
al., 2026).

Acoustic environmental considerations shall be addressed in accordance with Section
1.1.1. System-specific settings and mitigation shall be documented in the survey plan.

BAT quality assurance

Implement data-quality checks that verify stable platform alighment/attitude, given that
stability is described as essential for optimising SAS performance (Uchihori, 2021).

Require repeatability checks using multiple passes and apply post-processing
enhancements consistently to ensure that high information content is exploited
comparably across surveys and timepoints (ddegard et al., 2018).

Validate a subset of SAS contacts via follow-up close-range observation (e.g., ROV or
opticalinspection) to confirm interpretation outcomes in operational decision-making
workflows (Uchihori, 2021).

16
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1.9 Al-Assisted Detection and Classification

Al-assisted detection and classification covers the use of machine-learning and deep-learning
methods to automate or semi-automate detection and/or classification of objects of interestin
sonar-derived imagery and related survey datasets, with the aim of improving efficiency and
reducing analyst workload in large-area surveys. The underlying evidence base includes
demonstrations that transfer-learning-based deep learning can improve the efficiency of object
detection using real and semi-synthetic datasets, and that object detection supports
classification of mine-like objects and other targets of interest in underwater
environments (Divyabarathi et al., 2021). Al-assisted methods may also support magnetic-data
denoising, interpolation, and target prioritisation, subject to validation against survey objectives
(Kovalenko et al., 2025; McGinnity et al., 2024).

BAT characteristics

o Deep learning methods using transfer learning are reported to improve the efficiency of
object detection in real and semi-synthetic datasets, supporting operationally relevant
automation of interpretation steps (Divyabarathi et al., 2021).

o Al-enabled autonomy concepts can integrate deep-learning-based detection and
classification outputs into vehicle control/autonomy software as candidate targets for
mapping and prosecution, linking perception and mission execution (Nguyen et al.,
2022).

Strengths

e Al systems are explicitly described as valuable decision-support tools that enable rapid
analysis of large datasets and filtering of information for subsequent human analyst
verification, which can reduce post-mission analysis burden (Caricchio et al., 2025).

e Physics-informed neural network designs that explicitly account for underlying physical
acoustics (e.g., resonant behaviour in low-frequency UXO returns) are reported to offer
improved accuracy and efficiency for UXO detection and classification in SAS-derived
data, including when training data are limited (Hoang et al., 2023).

Limitations

e ltisreported as unlikely that neural networks will fully replace human operators in mine
countermeasure missions in the short to medium term, implying the need for human
oversight and validation in operational use (Caricchio et al., 2025).

o Reliability is sensitive to training data and annotation quality; for example, the precision
of training data is directly linked to how reliable an artificial neural network (ANN)
outcome will be in a multibeam-based UXO workflow (Kampmeier et al., 2021).

o Requires large, representative, and accurately annotated training datasets; data
preparation, annotation, and quality assurance can be time-consuming, and model
training may require substantial computational resources.
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BAT application

Al-assisted detection/classification should be applied as a decision-support layer for interpreting
outputs from hydroacoustic sensors (including SSS and SAS) by triaging large volumes of data
into prioritised contact lists for expert review and follow-up, consistent with evidence that neural
networks are valuable for rapid filtering rather than full operator replacement in the near term
(Caricchio et al., 2025). Where available, Al models that incorporate domain physics (e.g.,
resonant scattering effects in munitions responses) should be preferred for robustness and
performance in challenging real-world conditions (Hoang et al., 2023). Al-assisted analysis may
also be explored for sub-bottom profiling data where buried-object detection is a defined
objective (Cong et al., 2026).

BAT implementation

Implement the detection-classification separation explicitly, consistent with the
framing that detection reduces data volume by identifying mine-like-size objects while
classification requires expertise and often multiple sonar views to determine mine-
likeness (Gall et al., 2026).

Document the training dataset and annotation protocol, and include pre-annotation
quality checks (e.g., quality factors that ensure data fit the object detection purpose) to
improve downstream reliability (Kampmeier et al., 2021).

Where SAS is used, incorporate preprocessing steps that enhance interpretability (e.g.,
making shadow length indicative of object height) to support robust automated
detection pipelines and consistent human review (Gall et al., 2026).

BAT quality assurance

Quantify and report model performance on representative, held-out test data using
metrics appropriate to the classification task and class distribution. Document the
dataset, class definitions, evaluation methodology, and uncertainty or confidence
thresholds used for operational deployment.

Report performance metrics appropriate to the classification task and class
distribution, together with the dataset, class definitions, evaluation methodology, and
any confidence or uncertainty information used to support expert review.

Maintain a requirement for human expert validation of Al-generated contacts, reflecting
that neural networks are not expected to fully replace operators in the short to medium
term and are positioned as decision-support tools (Caricchio et al., 2025).

1.10 Autonomous Underwater Vehicles and Uncrewed Surface

Vessels as Survey Platforms

AUVs are increasingly used as survey platforms for long-duration underwater searches and can
carry multiple mission sensor payloads relevant to munitions survey, including SAS, SSS, and
multibeam echo sounders, enabling consistent data acquisition patterns over wide
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areas (Divyabarathi et al., 2021). The guidance document itself lists AUVs/USVs as part of Al-
supported detection and classification capabilities under development, motivating the need for
a dedicated BAT section on platforms as distinct from sensors (Kampmeier et al., 2021).

BAT characteristics

e AUV payloads can include hydroacoustic sensors such as SAS, SSS, and MBES,

enabling flexible configurations aligned to survey objectives and site conditions
(Uchihori, 2021).

e AUV endurance is reported as up to 24 hours using lithium-ion rechargeable batteries,
supporting extended survey missions without tethering (Uchihori, 2021).

e AUV platforms can also support hovering magnetometry surveys where sensor stability
and positioning are adequate (Seidel et al., 2023).

Strengths

e AUV-based workflows can support staged survey operations in which wide-area
acoustic mapping is followed by targeted ground-truthing; for example, contact lists can
be generated from high-resolution multibeam mapping and then ground-truthed with

AUV surveys using detailed photography and magnetometer mapping (Greinert et al.,
2023).

e AUV operations can be integrated with subsequent detailed observation and underwater
work via ROV, providing a structured path from detection to confirmation in a risk-
managed sequence (Uchihori, 2021).

Limitations

e Stable alignment and stability are described as essential for optimising SAS
performance, implying platform control and navigation constraints when high-resolution
SAS products are required (Uchihori, 2021).

e USV-specific operational constraints, communications, and navigation roles should be

specified based on project- and site-specific procedures and available platform
documentation.

BAT application

AUVs should be applied as platforms for systematic, pre-planned hydroacoustic survey and
repeat monitoring, particularly where high-resolution SAS/SSS/MBES payloads are required and
long mission endurance provides operational efficiency (Uchihori, 2021). AUV deployments
should be embedded within an integrated workflow that includes upstream mapping/contact list
generation and downstream ground-truthing using optical and magnetometer data where
needed to confirm the identity and state of detected contacts (Greinert et al., 2023).
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BAT implementation

o Select payload sensor suites that match survey objectives, using documented
capability to equip SAS, SSS, and MBES as mission payloads on AUVs (Uchihori, 2021).

e Ensure platform alignment and stability controls are adequate for SAS missions,
consistent with the requirement that stability is essential for optimising SAS
performance (Uchihori, 2021).

¢ Implement an integrated workflow in which MBES mapping produces contact lists and
AUV missions are used for ground truthing via detailed photography and magnetometer
mapping where appropriate (Greinert et al., 2023).

BAT quality assurance

o Use mission logs and sensor/vehicle status data to evidence platform stability and
alignment during SAS operations, given that stability is described as essential for SAS
performance (Uchihori, 2021).

e Document and verify AUV mission duration and coverage to ensure that the claimed
endurance and operational plan translate into achieved survey outputs, e.g., long-
duration operations up to 24 h where relevant (Uchihori, 2021).

e Confirm a defined ground-truthing subset and track confirmation outcomes (e.g.,
photography and magnetometer mapping) to evaluate and calibrate confidence in
acoustic contact interpretations (Greinert et al., 2023).

2 Documented procedures and supporting
methodologies for survey BATs

Documented procedures provide the operational and quality-assurance basis for applying survey
BATs consistently. In this document, a Standard Operating Procedure (SOP) is a standardised
method intended to support repeatable implementation and comparable results, while
a Recommended Operating Procedure (ROP) provides recommended operational steps that may
be adapted to the activity and site context. Toolbox fact sheets, technical reports, and peer-
reviewed methodologies provide supporting evidence and implementation examples but are not
necessarily SOPs or ROPs.

The existence of a documented procedure does not by itself establish universal BAT or BEP
status. A procedure supports BAT/BEP designation where it contributes to effective, safe,
environmentally responsible, quality-assured, and reproducible implementation in the specified
activity and site context. Its application shall remain subject to the evaluation framework in Part
I, the survey objective, site-specific conditions, applicable requirements, and the risk-
management process.
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2.1 High-resolution sonar, magnetometry, and optical imaging

This section covers survey-based methods that use high-resolution hydroacoustic,
magnetometry, and optical imaging techniquesto detect, localise, and preliminarily characterise
dumped munitions on or beneath the seabed. These approaches are based on remote sensing
and visual inspection methods, allowing efficient coverage of large areas while minimising
disturbance and risks for human safety. The methods described in this section support the
identification and prioritisation of munition-like objects for further investigation.

2.1.1 Munitions detection procedure with hydroacoustic and
magnetometry equipment
DAIMON Toolbox Fact Sheet 1.1 — documented methodology

This DAIMON Toolbox Fact Sheet (Grabowski, 2019b) describes a remote-sensing workflow for
detecting and preliminarily characterising potential munition-related objects on or beneath the
seabed using hydroacoustic and magnetometry methods. The combined approach supports
efficient coverage of large areas while avoiding direct contact with munition objects and reducing
physical disturbance of the seabed and potential munition objects. It produces spatially
referenced outputs, including sonar mosaics, magnetic-anomaly maps, and object-geometry
information, to support target prioritisation, subsequent visual inspection, and identification.
Acoustic environmental considerations associated with hydroacoustic equipment shall be
assessed separately in accordance with Section 1.1.1.

Role in the BAT/BEP application

This documented methodology supports implementation of survey BATs by describing an
integrated, remote and non-contact workflow that combines complementary hydroacoustic and
magnetic evidence. It may be applied where the survey objective and site conditions require
detection and preliminary characterisation of potential munition-related objects. Method
selection, sensor configuration, data quality requirements, interpretation, and any subsequent
inspection shallremain site-specific and follow the evaluation framework in Part | and the survey-
planning requirements in this document.
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BAT/BEP application summary — DAIMON Toolbox Fact Sheet 1.1 (documented

methodology)

Category

BAT classification

Assessment
category

Purpose

Survey type

Target

Applicable
matrices

Spatial scale

Key equipment

Acoustic
environmental
considerations

Platforms

Output

Interpretation

Advantages

Description

Documented methodology supporting application of survey BATs/BEPs
— DAIMON Toolbox Fact Sheet 1.1; not an SOP or ROP.
Munitions detection and identification

Detection and preliminary identification of dumped munitions on and
beneath the seabed

Remote sensing survey using hydroacoustic and magnetometry
methods

Munition-like objects and associated seabed features

Seabed surface and sub-bottom sediments

Site-specific to large-area surveys

Side-scan sonar (SSS; towed or AUV-mounted); magnetometer (MAG);
sub-bottom profiler (SBP); GNSS-based positioning for surface-platform
navigation; and, where required for an AUV or ROV, an integrated
underwater-navigation solution that may include USBL or LBL acoustic
positioning.

Hydroacoustic survey and any acoustic positioning shall be planned and
operated in accordance with Section 1.1.1. Where the site-specific
assessment identifies a material risk to noise-sensitive species, the
survey plan shall specify proportionate mitigation, which may include
spatial or seasonal avoidance, timing outside sensitive periods, lowest
practicable source settings, monitoring or observation where required,
and defined modification, postponement, or stop-work triggers.

Research vessel, towed systems, autonomous underwater vehicle (AUV)

Georeferenced seabed maps, SSS mosaics, magnetic anomaly maps,
SBP profiles, and object databases including size and geometry

Supports localisation, characterisation, and prioritisation of potential
munition targets for further investigation

Remote and non-contact with respect to sediment and munition objects;
high spatial coverage; suitable for detecting and preliminarily
characterising exposed, partly buried, or magnetically detectable
munition-related objects; and reduced risk of contaminant release
arising from physical contact with objects or disturbance of sediment.
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Acoustic environmental effects are assessed separately in accordance
with Section 1.1.1.

Limitations Indirect detection; requires expert interpretation; cannot confirm
munition type without follow-up visual inspection

Reference method = DAIMON Toolbox Fact Sheet 1.1: Munitions detection procedure with
hydroacoustic and magnetometry equipment, (Grabowski, 2019b)

2.1.2 Munitions detection with synthetic aperture sonar and identification
with optical camera

DAIMON Toolbox Fact Sheet 1.4 — documented methodology and Hansen, supported by
Lagstad & Seebg (2019) — technical report.

DAIMON Toolbox Fact Sheet 1.4 describes an AUV-based workflow for detecting, preliminarily
classifying, and monitoring potential munition-related objects and associated seabed features
using synthetic aperture sonar (SAS) and optical imaging. The workflow is supported by Hansen,
Lagstad & Saebg (2019). It combines high-resolution seabed mapping with targeted optical
inspection to support the localisation and preliminary characterisation of potential munition-
related objects, shipwrecks, and other seabed contacts. The approach may support both initial
surveys and repeat monitoring where changes over time are to be assessed, and may inform
prioritisation of objects and areas for further investigation.

SAS selection, configuration, data-quality assurance, and interpretation shall follow Section 1.8.
Acoustic environmental considerations associated with SAS operations and any acoustic
positioning used by the AUV shall be assessed separately in accordance with Section 1.1.1.

Role in BAT/BEP application

This technical report provides a documented implementation example for AUV-based SAS
survey. It may support the application of SAS within a site-specific survey BAT suite where the
survey objective requires high-resolution mapping, contact localisation, or repeat monitoring.
Platform selection, navigation, acquisition settings, data-quality requirements, interpretation,
and any follow-up inspection shall remain site-specific and follow the Part | evaluation framework
and the survey-planning requirements in this document.
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BAT/BEP application summary — Hansen, Lagstad, et al. (2019) (technical report)

Category

BAT
classification

Purpose

Survey type

Target

Applicable
matrices

Spatial scale

Platform

Key sensors

Output

Interpretation

Description

Documented methodology supporting application of survey BATs/BEPs —
DAIMON Toolbox Fact Sheet 1.4 and Hansen, Lagstad & Sabg (2019)
technical report; not an SOP or ROP.

Detection, preliminary classification, optical identification, and repeat
monitoring of potential munition-related objects and associated seabed
features.

AUV-based, staged remote survey: SAS detection and contact analysis,
followed by targeted optical data collection for identification.

Potential munition-related objects and associated seabed features,
including small objects such as barrels, crates, and UXO, as well as
shipwreck-related contacts, on the seabed.

Seabed surface. The optical component operates in the near-bottom water
column to document targets.

Defined survey areas to large-area searches, where AUV deployment,
navigation, and data-processing capability are appropriate to the survey
objective.

Autonomous underwater vehicle (AUV) equipped with SAS and an optical
camera. The AUV shall use a navigation solution capable of meeting the
documented positional-accuracy requirements. USBL or LBL acoustic
positioning is not inherently required, but may be used where necessary for
the platform, mission duration, site conditions, and required data quality.
Where acoustic positioning is used, acoustic environmental considerations
and any mitigation measures shall be addressed in accordance with Section
1.1.1.

Synthetic aperture sonar (SAS) as the primary detection and high-resolution
imaging sensor; optical camera with lighting for targeted identification. MBES
may be used as a complementary sensor for bathymetric context or search
and classification of larger features, such as shipwrecks.

High-resolution SAS imagery and georeferenced contact locations; optical
images or video for target documentation and identification; and, where
repeat surveys of the same area are undertaken using comparable
acquisition and processing, change-detection results showing material
differences in contacts, target exposure, or surrounding seabed conditions
overtime.

SAS data are reviewed to identify and preliminarily classify contacts; targeted
optical inspection provides additional evidence for identification. Results
support prioritisation, follow-up investigation, and repeat monitoring, but
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should not be treated as definitive identification where image quality or
contextual evidence is insufficient.

Advantages Very high-resolution seabed imaging; efficient coverage of defined or large
survey areas; remote and non-contact with respect to seabed sediments and
munition objects; and suitability for repeat surveys and monitoring. Potential
acoustic disturbance to noise-sensitive species shall be assessed and
proportionate mitigation documented in accordance with Section 1.1.1,
including, where required, seasonal or spatial avoidance, use of the lowest
practicable source setting, monitoring or observation, and modification,
postponement, or cessation of operations under defined trigger conditions.

Limitations Requires specialised AUV, navigation, launch-and-recovery, and data-
processing capability; SAS contact interpretation requires quality assurance
and may need corroboration; optical identification is constrained by water
clarity, illumination, range, and target exposure; and acoustic survey and any
acoustic positioning require site-specific environmental assessment under

Section 1.1.1.
Reference DAIMON Fact sheet 1.4: Munitions detection with synthetic aperture sonar
method and identification with optical camera. Primary supporting technical report:

Hansen, Lagstad, & Seebg (2019). Supporting literature: Bryan et al. (2022);
Hansen, Geilhufe, et al. (2019); Seebg et al. (2016).

This workflow uses SAS to generate high-resolution seabed imagery and georeferenced contact
information over the defined survey area, followed by targeted optical inspection where
additional evidence is needed for target interpretation or identification (Hansen, Lagstad, &
Seebg, 2019; ddegard et al., 2018). MBES may complement the workflow where bathymetric
context or search and classification of larger features, such as shipwrecks, is required (Hansen,
Lagstad, & Seebg, 2019). SAS-derived contactinterpretations shall be quality-assured and, where
material to management decisions, corroborated through optical inspection or other
complementary evidence (Bryan et al.,, 2022; Hansen, Geilhufe, et al., 2019). Where repeat
monitoring is planned, acquisition, navigation, coverage, and processing shall be sufficiently
comparable to support defensible change detection (Hansen, Lagstad, & Saebg, 2019; @degard
etal., 2018).

2.1.3 Identification and close-range inspection of detected munition-like
objects using ROV-based optical and acoustic imaging

This DAIMON Toolbox Fact Sheet 1.2 (Grabowski, 2019a) describes an ROV-based workflow for
close-range inspection and identification of potential munition-related objects previously
detected by survey. The workflow uses optical imaging and, where required, acoustic imaging or
sonar to validate contacts, document object characteristics, support preliminary identification
using available historical information, and assess visible condition indicators such as corrosion.
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It may also support collection of sediment samples where this is justified, authorised, and safely
planned. Acoustic environmental considerations associated with acoustic cameras, sonar, and
any acoustic positioning shall be addressed in accordance with Section 1.1.1.

Role in BAT/BEP application

This documented methodology supports application of target-focused ROV inspection following
detection by geophysical or hydroacoustic survey. It combines close-range optical inspection
and, where needed, acoustic imaging to obtain additional evidence for target interpretation,
condition assessment, and decision-making on follow-up actions. Platform configuration,
navigation, sensor selection, data quality, acoustic settings, sediment sampling, and safety
controls shall remain site-specific and follow the Part | evaluation framework and survey-
planning requirements.

BAT/BEP application summary — DAIMON Toolbox Fact Sheet 1.2 (documented

methodology)
Category

BAT classification

Assessment
category

Purpose

Survey type

Target

Applicable
matrices

Spatial scale
Platform

Key sensors and
equipment

Underwater
positioning

Description

Documented methodology supporting application of survey BATs/BEPs
— DAIMON Toolbox Fact Sheet 1.2; not an SOP or ROP.

Munitions detection and identification.

Identification and validation of previously detected munition-like
objects.

ROV-based close-range optical and acoustic inspection of previously
detected targets.

Potential munition-related objects or anomalies previously detected by
geophysical, hydroacoustic, or other survey methods.

Seabed surface and near-bottom water column; sediment only where a
sample is justified, authorised, and safely collected.

Site-specific, target-focused inspections
Remotely operated vehicle (ROV) deployed from a research vessel

Digital video camera and lighting; close-range multibeam imaging sonar
(acoustic camera); omnidirectional sonar where needed; GNSS-based
vessel positioning; ROV navigation system; and, where justified and
authorised, a sediment sampler.

USBL or LBL acoustic positioning may be used where necessary to meet
documented positional-accuracy requirements.
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Acoustic imaging sonar and any acoustic positioning shall be assessed
and, where required, mitigated in accordance with Section 1.1.1.

Video footage and stillimages from the optical camera; close-range two-
dimensional acoustic images (sonograms) from the ROV-mounted
multibeam imaging sonar, where used; object dimensions where reliably
derived from calibrated imagery or sonar data; condition observations;
and, where sampling is justified and authorised, sediment samples from
the object vicinity.

Supports validation and preliminary identification of munition-related
objects, subject to the quality of optical or acoustic evidence and
available reference information. It can document visible condition
indicators, including corrosion, and inform classification, risk
assessment, and decisions on further investigation.

Close-range optical documentation and, where visual conditions are
inadequate, complementary acoustic imaging to support target
interpretation; direct observation of object condition; and remote
operation that avoids diver contact with munition objects. Acoustic
environmental considerations, including the actual imaging-sonar
configuration and proportionate mitigation where required, shall be
addressed in accordance with Section 1.1.1.

Localised coverage; requires ROV, vessel, launch-and-recovery, and
navigation support; optical-image quality is constrained by water clarity,
illumination, range, and target exposure; acoustic-image interpretation
depends on the actual sonar configuration and viewing geometry; and
acoustic imaging sonar or acoustic positioning require site-specific
environmental assessment under Section 1.1.1.

DAIMON Toolbox Fact Sheet 1.2: Identification and visual inspection of
detected munitions-like objects (Grabowski, 2019a). Supporting
literature: Betdowski et al. (2018); Grabowski et al. (2018)

2.1.4 Specialised neutron-based identification methods

Specialised neutron-based methods, including neutron activation analysis and emerging
neutron-sensor approaches, may support object-specific, hon-contact inference on munition
composition in exceptional cases. Their use requires specialist equipment, radiation-protection
arrangements, regulatory authorisation, close deployment to the object, and suitably qualified
personnel. Field availability and operational suitability are therefore site- and project-specific.
These methods are not included as core survey BATs in this catalogue but may be considered as
niche supporting methods where a specific information need justifies their use (Vainionpa3,
2019; Silarski et al., 2023).
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3 Best Environmental Practices for survey activities

BEPs for survey activities address how survey methods are planned, prioritised, sequenced, and
interpreted to ensure that the application of BATs minimises environmental harm, including
potential acoustic disturbance to noise-sensitive species, and avoids unnecessary disturbance
of seabed sediments and munition objects. While BATs define the technical methods and
capabilities available for detecting and characterising munition-related objects, SOPs and ROPs
set out standardised or recommended operational steps for applying particular methods. BEPs
provide the risk-informed, precautionary, and proportionate framework for selecting, adapting,
combining, and implementing BATs and documented procedures in site-specific circumstances.

In the context of dumped munitions, BEPs are particularly important to ensure that survey
activities themselves do not increase the likelihood of munition damage, agent release, or
adverse environmental impacts. This is especially relevant at sites where uncertainty regarding
munition condition, burial state, or environmental sensitivity remains high. Where hydroacoustic
equipment or acoustic positioning systems are proposed, including SSS, SAS, MBES, SBP, 3D-
SBP, USBL, or LBL, potential acoustic disturbance to noise-sensitive species shall be assessed
from the planning stage through survey operations in accordance with Section 1.1.1. The survey
plan shall document the selected system and operating mode, site-specific receptors and
sensitive periods, applicable requirements, and any proportionate mitigation measures,
operational trigger conditions, and deviations from the plan.

Survey BEPs are intended to support subsequent contamination assessment, impact evaluation,
and remediation planning by ensuring that survey data are fit for purpose, transparently
documented, and collected in a manner that minimises environmental harm. The outcomes of
survey activities should directly inform prioritisation and decision-making in later phases of
munition management.

3.1 Core BEP principles

The following BEPs apply to all previously described survey methodologies that are used for
detection and characterization of dumped munitions.

Risk-informed prioritization

Survey activities should be prioritised based on available information on munition presence,
degradation state, environmental sensitivity, and potential exposure pathways. Blanket or
non-targeted surveys should be avoided where sufficient information already exists.

Non-disturbance as the default approach

Survey methods should, wherever possible, avoid physical contact with munitions and minimise
disturbance of seabed sediments. Intrusive or high-energy survey activities should only be
undertaken when clearly justified by defined information needs considering also noise sensitive
animals and respective mitigation measures.
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Stepwise and adaptive survey design

Survey activities should follow a phased approach, starting with low-impact, wide-area methods
and progressing to higher-resolution or more intrusive techniques only where necessary. Survey
plans should remain adaptable and be refined as new information becomes available.

Proportionality of survey intensity

The spatial resolution, coverage, and duration of survey activities should be proportionate to the
identified risks and objectives of the survey. High-resolution survey methods should be used
where they are needed to resolve material uncertainty, support a management decision, or
provide a robust baseline for repeat monitoring. They may also be used where they can be
achieved without material additional cost, operational burden, or environmental impact and
would meaningfully strengthen the decision basis. Conversely, unnecessarily intensive survey
should be avoided where it would not provide meaningful additional information relative to its
additional burden. Hydroacoustic settings shall be selected to achieve the required data quality
while minimising unnecessary acoustic exposure, in accordance with Section 1.1.1.

Consideration of environmental sensitivity and acoustic exposure

Survey planning shall identify and take account of sensitive habitats, protected species, seasonal
biological activity, and other environmental constraints before survey methods, platforms,
timing, routes, and operating settings are finalised. Where hydroacoustic equipment or acoustic
positioning systems are proposed, potential acoustic exposure to noise-sensitive species shall
be assessed and managed in accordance with Section 1.1.1. The survey plan shall document
relevant environmental sensitivities, the planned activity and operating mode, applicable
requirements, and any mitigation measures or operational trigger conditions. Where appropriate,
survey timing, spatial extent, route, duration, platform, or equipment settings shall be adjusted
to minimise environmental impacts.

Integrated interpretation of survey data

Survey results should be interpreted using multiple complementary datasets rather than relying
on single anomalies or indicators. Uncertainty and limitations of individual methods should be
clearly documented and communicated.

Avoidance of unnecessary repetition and disturbance

Existing survey data, historical records, and previous investigations should be used to the
greatest extent possible to avoid repeated surveys and cumulative disturbance of the seabed and
also of sensitive species.
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3.2 Method-specific BEP considerations

While BEPs for survey are largely common across methods, the following method-specific
considerations should be taken into account:

e Acoustic survey methods (e.g. SSS, SAS, MBES, SBP, 3D-SBP)
Acoustic survey activities should be planned to minimise unnecessary exposure of the
marine environment to acoustic energy, particularly in environmentally sensitive areas
or during biologically sensitive periods. SAS should be selected where the expected
improvement in resolution or repeat-survey comparability is necessary for the decision
at hand. Survey design shall account for the platform-stability, navigation, data-
processing, energy-use, and environmental requirements of the system. SAS-derived
contact interpretations shall be quality-assured and, where material to a management
decision, corroborated using complementary evidence or targeted ground-truthing.

e Sub-bottom profiling methods (SBP and 3D-SBP)
The use of subsurface profiling shall be justified by prior survey results and clearly
defined information needs. Where SBP or 3D-SBP is proposed, potential acoustic
exposure of noise-sensitive species shall be assessed from the planning stage in
accordance with Section 1.1.1. The survey plan shall consider proportionate mitigation,
including seasonal or spatial avoidance of sensitive areas or periods where appropriate,
and shall document the selected operating mode, mitigation measures, and any
operational trigger conditions.

e Magnetic and electromagnetic surveys
Anomalies detected by magnetic or electromagnetic methods should be interpreted in
conjunction with other survey data to avoid unnecessary follow-up actions or intrusive
investigations.

For Al-assisted detection and classification outputs, good practice is to treat model results as
decision-support products that enable rapid filtering of large datasets for subsequent human
analyst verification, rather than as fully automated replacements for expert review in the short to
medium term (Caricchio et al., 2025). Training datasets and annotation processes should be
documented and quality-checked because workflow evidence indicates that pre-annotation
quality factors affect suitability for object detection and that the precision of training data affects
the reliability of artificial neural network outcomes (Kampmeier et al., 2021). Model performance
should be evaluated and reported using metrics appropriate to the classification task and class
distribution, including, where relevant, accuracy, precision, recall, F1 score, and confusion
matrices. Any confidence or uncertainty information should support, not replace, expert review.
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1 Best Available Techniques for assessment of
contaminated water, sediment, and biota

Comprehensive contamination assessment of marine environments requires the analysis of
multiple environmental matrices, including water, sediments, passive samplers, and biota. The
water- and passive-sampling methods covered in this chapter focus on dissolved explosives,
whereas particulate-associated contamination is expected to be addressed primarily through
sediment sampling. Passive sampling provides time-integrated measurements of contaminants
in the water column, complementing discrete water samples, while biota sampling monitors
bioaccumulation and biological effects in marine organisms. Sediment sampling is a critical
component of contamination assessment, enabling the analysis of chemical warfare agents
(CWAs), explosives, and their degradation products. These complementary approaches form the
basis for the following sampling BATs.

1.1 General workflow

The following cross-cutting steps should be addressed before and during contamination-
assessment activities. Their level of detail and sequencing should be proportionate to the
assessment objective, available information, site-specific conditions, and identified safety and
environmental risks.

1.1.1 Assessment design and sampling plan

The number of samples collected at a given site shall be determined on a site-specific basis,
taking into account the characteristics of the environmental matrix, spatial heterogeneity, and
the objectives of the assessment. Due to the typically heterogeneous distribution of
contaminants in areas affected by sea-dumped munitions, collection of a single sample is
generally not sufficient to characterise contamination. Multiple samples should therefore be
obtained to ensure representativeness and support reliable interpretation of results. The
sampling design should be proportionate to the expected variability and informed by prior survey
data, where available.

Methods covered in this chapter:

e Integrated water sampling

e Passive samplers (POCIS, Chemcatcher, EVA)

e Sediment sampling with gravity corer

e Sediment sampling with ROV

e Sediment sampling with Box corer and Van Veen grab
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e Mussel caging approach
e Sampling of mussels
e Sampling of wild fish
e Fish caging approach

Specialised platforms, including crawler-based sediment samplers, may be considered for
targeted sampling within munition dump sites where their sampling performance, operational
limits, safety arrangements, and sample-integrity controls are documented. They are not
classified as BATs in this chapter pending such documentation.

Comprehensive assessment of chemical contamination in marine environments relies on a
variety of laboratory analytical methodologies, including diverse approaches for sample
preparation, extraction, and instrumental analysis. Techniques range from solvent extraction and
solid-phase extraction to advanced cleanup and concentration procedures, tailored to each
matrix and target compound. Instrumental methods, including chromatography, mass
spectrometry, and spectroscopic techniques, may enable detection and quantification of CWAs,
explosives, and their degradation products at trace levels where they are validated for the relevant
target analytes and matrices. Biota samples require specialized preparation, such as tissue
homogenization and matrix-specific extraction, to assess bioaccumulation and internal
exposure in marine organisms. Together, these methodologies form the basis for the following
laboratory BATs, supporting accurate characterization of marine contamination and informed risk
assessment.

Published work also shows that achievable analytical sensitivity depends on the matrix and
sample-preparation approach. Matrix-specific methods have been developed for selected
nitroaromatic explosive compounds and their metabolites in marine water, sediment, and
mussels (Bunning et al., 2021).

Laboratory methods covered in this chapter:

e Chemical analysis of sea-dumped chemical warfare agents in sediment, and pore
water

e Chemical analysis of sea-dumped explosives in sediment

® Passive samplers for determination of chemical warfare agents and explosives in
sea water

e Homogenisation of fish liver and mussel digestive gland tissues

e Homogenisation of fish muscle and mussel gill tissues

e Chemical analysis of degradation products of phenylarsenic CWAs in mussel

® (Chemical analysis of degradation products of phenylarsenic CWAs in fish

e [Extraction and analysis of explosives and metabolites in fish bile via HPLC-QQQ-MS
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1.1.2 Sample handling, storage, and transport

An important aspect of all sampling activities is the appropriate handling, packaging,
storage, and transport of samples. Sample containers, preservation, holding times,
transport conditions, and chain-of-custody requirements should be selected in relation
to the matrix, target analytes, available analytical guidance, and receiving laboratory
requirements. Where a validated method, SOP, or ROP is available, it should be followed.
Sediment samples should be placed in robust, leak-proof containers appropriate for the
target analytes and analytical method. Passive-sampler holders should be dried before
transport where required by the sampler type and analytical procedure; desiccants (e.g.
silica gel) may be used where appropriate to minimise moisture and corrosion. Biota
samples intended for chemical analysis shall be placed in suitable leak-proof
containers, frozen at -20 °C, and maintained frozen during storage and transport. Biota
samples intended for biomarker analysis shall be snap-frozen in liquid nitrogen and
stored at —80 °C, unless the validated analytical method specifies otherwise. Frozen
samples shall be transported on dry ice or by another validated method that maintains
the required storage temperature. Samples from suspected munition locations shall be
handled as potentially hazardous until the applicable safety screening and handling
requirements have been met. Packaging shall prevent leakage, cross-contamination,
loss of sample identity, and unauthorised exposure during transport.

2 Sampling and deployment

Due to the highly heterogeneous distribution of munitions-related contaminants in
sediments, conventional discrete sampling may not provide representative results. Multi-
increment sampling approaches, based on the collection of numerous spatially
distributed sub-samples within a defined decision unit, can improve representativeness
and reduce sampling uncertainty (Voie & Mariussen, 2017). The number and spatial
distribution of increments should be adapted to site-specific conditions to ensure that
the resulting sample reflects the average contamination level of the investigated area.

To ensure sample integrity and comparability of results, appropriate quality assurance
and quality control (QA/QC) procedures should be applied during sampling. This
includes the use of clean or acid-washed equipment where appropriate, rinsing of
sampling tools between stations, and the use of inert materials to minimise
contamination. Samples should be handled using protective equipment and stored
under conditions suitable for the target analytes.

2.1 Water and porewater sampling

Water samples may include both water column and porewater samples and should be collected
using appropriate sampling techniques designed to minimise contamination and preserve in situ

6
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conditions (e.g. closed or remotely triggered samplers for water column sampling, or low-
disturbance extraction methods for porewater). Where appropriate, passive sampling techniques
may also be applied to obtain time-integrated information on contaminant availability.

Sampling depths and locations should be selected based on site-specific conditions and
expected contaminant distribution. Sampling equipment should remain closed until reaching the
target depth where possible and should be handled in a manner that minimises contact with
potential contamination sources.

Sample containers should be pre-cleaned and, where appropriate, rinsed with sample water
prior to collection. Samples should be transferred into suitable containers, securely sealed, and
stored under appropriate conditions (e.g. refrigerated or frozen) depending on the target analytes.

Where required, specific procedures should be applied to ensure compatibility with trace-level
analytical methods.

2.1.1 Water-column sampling

Category Description

Sampling method Water samples should be collected using appropriate sampling systems
(e.g. closed or remotely triggered water samplers) designed to minimise
contamination and preserve in situ conditions.

Sampling depth | Sampling depths should be selected based on site-specific conditions,

selection expected contaminant distribution, and assessment objectives.
Contamination Sampling devices should remain closed until reaching the target depth
control where possible, in order to minimise contact with potential

contamination sources.

Sample collection | Water should be transferred into clean containers suitable fortrace-level
and transfer analysis, using procedures that minimise contamination and sample
alteration.

Sample containers | Containers should be pre-cleaned and, where appropriate, rinsed with
sample water prior to collection. The use of inert, contamination-
resistant materials (e.g. metal-free or polymer-based containers) is
recommended.

Sample handling Samples should be sealed immediately after collection and handled ina
manner that preserves sample integrity and prevents contamination
during transport and storage.

Storage conditions = Samples should be stored under appropriate conditions (e.g.
refrigerated at low temperature) depending on the target analytes and
analytical requirements.
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Sampling procedures should include appropriate QA/QC measures,
including the use of clean equipment, consistent handling practices,
and minimisation of cross-contamination between sampling locations.

2.1.2 Porewater sampling

Category

Sampling method

Sampling location
and depth

Contamination
control

Sample collection
and transfer

Sampling

equipment

Sample handling

Storage conditions

Quality assurance

Description

Porewater samples should be collected using low-disturbance
extraction techniques (e.g. rhizon samplers or equivalent systems)
designed to preserve in situ conditions and minimise alteration of
sediment structure.

Sampling locations and depths should be selected based on site-
specific conditions, sediment characteristics, and expected
contaminant distribution within the sediment column.

Sampling devices should be clean and, where possible, single-use or
properly prepared prior to use in order to minimise contamination. Care
should be taken to avoid introduction of external materials during
insertion and sampling.

Porewater should be collected directly into clean containers using
controlled extraction procedures that avoid exposure to airand minimise
changes in redox conditions where relevant.

The use ofinert and contamination-resistant materials is recommended,
and the use of sterile or pre-cleaned components (e.g. syringes or tubing)
is encouraged for trace-level analysis.

Samples should be transferred promptly into appropriate containers and
handled in a manner that preserves chemical composition and prevents
contamination.

Samples should be stored under appropriate conditions (e.g. frozen or
refrigerated) depending on the target analytes and analytical
requirements.

Sampling procedures should include appropriate QA/QC measures,
including the use of clean or single-use equipment, consistent handling
procedures, and minimisation of cross-contamination between
sampling points.
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2.1.3 Dissolved munition compounds in seawater

Dissolution fluxes of TNT (0.001-3.2 mg/cm2/day), RDX (0.0001-0.04 mg/cm2/day) and DNB
(0.003-1.7 mg/cm2/day) were quantified in situ from exposed munitions in the Baltic Sea (Beck et
al., 2019), providing empirical parameterisation for exposure assessments and informing BAT
selection for time-resolved dissolved-phase monitoring.

Solid-phase-extraction preconcentration followed by UHPLC-ESI-MS enabled detection of
eleven munition compounds, with analytical limits of detection of 0.01-25 pg. Seven compounds
were detected in Baltic Sea waters after 1,000-fold preconcentration; the reported dominant
compounds were present at concentrations of 0.1-11.8 ng/L (Gledhill et al., 2019).

The reported compounds do not represent an exhaustive target-analyte list. Target selection shall
be based on munition type, site history, and the conceptual site model and should include
relevant parent explosives and transformation products, such as HMX (cyclotetramethylene-
tetranitramine) and 2- and 4-amino-dinitrotoluene (2-ADNT and 4-ADNT), where applicable.

2.1.4 Passive samplers

POCIS passive samplers detected TNT and RDX in situ at a former underwater munitions training
site; POCIS-derived time-averaged concentrations agreed with grab samples within a factor of 3,
while sediment and porewater concentrations at the same stations were below detection (Rosen
etal., 2022), demonstrating the sensitivity advantage of integrative passive sampling for capturing
spatially localised, low-level dissolved contamination at dump sites.

2.2 Sediment

Sediment samplingis a core component of contamination assessment and provides the basis for
analysing chemical warfare agents (CWAs), explosives, and their degradation products in marine
environments. Samples collected from suspected munition locations shall be treated as
potentially hazardous until the applicable site-specific safety screening and handling
requirements have been met. Proper labelling, documentation, and electronic tracking are
essential to ensure traceability and data quality.

Sediment sampling may be performed using standard grab samplers (e.g. Van Veen) or coring
systems (e.g. multi-corers), depending on site conditions and sampling objectives. Subsampling
should be carried out using inert materials (e.g. PTFE) and appropriate procedures to minimise
contamination and maintain sample integrity.

Three documented sediment-sampling procedures are included.

2.2.1 Sediment sampling with gravity corer (ROP)

This Recommended Operating Procedure describes a standardised method for collecting
undisturbed sediment cores from the seabed using a gravity corer deployed from a research
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vessel. The method is designed to obtain high-quality sediment samples for the analysis of
explosives, chemical warfare agents (CWAs), and their degradation products. Immediate slicing,
careful documentation, and appropriate sample handling are emphasised to preserve sediment
stratification and ensure traceability and analytical reliability.

BAT/BEP application summary

Category

BAT
classification

Assessment
category

Purpose

Target analytes

Applicable
matrices

Spatial scale
Platform
Sampling device
Output

Interpretation

Advantages

Limitations

Safety
considerations

Reference
method

Description

Documented ROP supporting application of contamination-assessment
BATs/BEPs

Contamination assessment — sediment sampling

Collection of undisturbed sediment cores for chemical analysis

Chemical warfare agents (CWAs), explosives, and their degradation
products

Seabed surface and sub-surface sediments

Site-specific sampling

Research vessel

Gravity corer (e.g. Gemax, Gemini)

Vertically resolved sediment slices stored for laboratory analysis

Supports characterisation of contaminant
distribution in sediments

presence and vertical

Simple and widely used; provides stratified samples; suitable for soft
sediments

Requires calm sea conditions; limited penetration in hard sediments;
potential disturbance if improperly handled

Samples from suspected munition locations shall be treated as potentially
hazardous until the applicable site-specific safety screening and handling
requirements have been met; appropriate protective equipment and
handling procedures are required.

DAIMON ROP 1: Sediment sampling with gravity corer (version 1.0),
(Lastumaki & Niemikoski, 2020)
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2.2.2 Sediment sampling with ROV (ROP)

Because sediment studies are conducted in a wide range of marine environments, sampling
techniques must be adapted to local conditions. This Recommended Operating Procedure
describes a precise ROV-based sediment sampling method using an attached sampler for the
analysis of explosives, chemical warfare agents (CWAs), and their degradation products. The
procedure supports targeted sampling directly adjacent to detected objects as well as at defined

distances, enabling characterisation of spatial concentration gradients in sediments.

BAT/BEP application summary

Category

BAT
classification

Description

Documented ROP supporting application of contamination-assessment
BATs/BEPs

Assessment Contamination assessment — sediment sampling
category
Purpose Targeted collection of surface sediment samples for chemical analysis

Target analytes

Applicable
matrices

Spatial scale

Chemical warfare agents (CWAs), explosives, and their degradation
products

Seabed surface sediments

Object-specific and site-specific sampling

Platform Research vessel with remotely operated vehicle (ROV)

Sampling ROV-mounted sediment sampler

device

Positioning ROV navigation solution capable of meeting the documented positional-
accuracy requirement; USBL or LBL acoustic positioning may be used
where necessary. Where acoustic positioning is used, acoustic
environmental considerations shall be addressed in accordance with Part I
(Detection and Survey), Section 1.1.1.

Output Discrete sediment samples from defined locations and distances relative to

Interpretation

detected objects

Supports assessment of contaminant presence and spatial gradients in
sediments

Advantages High spatial precision; suitable for sampling close to detected objects;
flexible transect sampling
Limitations Samples may be disturbed or mixed; limited to surface sediments;

resource-intensive operations

11
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Samples from suspected munition locations shall be treated as potentially
hazardous until the applicable site-specific safety screening and handling
requirements have been met; prescreening and appropriate protective
equipment are required.

DAIMON ROP 2: Sediment sampling with ROV (version 1.0), (Grabowski et

al., 2020)

2.2.3 Sediment sampling with Box corer and Van Veen grab (ROP)

This Recommended Operating Procedure describes the collection of surface sediment samples
using Box corers and Van Veen grabs for contamination assessment. These sampling devices
provide a time-efficient alternative to gravity coring and are suitable for a range of sediment types,
including harder sediments. The method supports qualitative and, where appropriate,
quantitative sampling for the analysis of explosives, chemical warfare agents (CWAs), and their
degradation products, while emphasising careful handling, documentation, and safety measures
in potentially contaminated environments.

Applicable national requirements vary. In some jurisdictions, including Germany, sediment
sampling at dump sites or close to wrecks may be permitted only with video-controlled
deployment systems; the sampling plan shall document the applicable requirement and
selected control measures before deployment.

BAT/BEP application summary

Category

BAT
classification

Assessment
category

Purpose

Target analytes

Applicable
matrices

Spatial scale
Platform

Sampling
devices

Output

Description

Documented ROP supporting application of contamination-assessment
BATs/BEPs

Contamination assessment — sediment sampling

Collection of surface sediment samples for chemical analysis

Chemical warfare agents (CWAs), explosives, and their degradation
products

Seabed surface sediments

Site-specific sampling
Research vessel

Box corer; Van Veen grab

Surface sediment samples from defined depth intervals
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Interpretation Supports assessment of contaminant presence in surface sediments

Advantages Rapid deployment; suitable for hard sediments; box corer allows relatively
undisturbed surface sampling

Limitations Limited vertical resolution; Van Veen grab may disturb sediment layering;
less suitable for fine-scale stratigraphic analysis

Safety Sampling shall be undertaken only after appropriate acoustic or visual site

considerations @ inspection. Samples from suspected munition locations shall be treated as
potentially hazardous until the applicable site-specific safety screening and
handling requirements have been met; appropriate protective equipment
and handling procedures are required.

Reference DAIMON ROP 3: Sediment sampling with Box corer and Van Veen grab

method (version 1.0), (Siedlewicz et al., 2020)

2.3 Biota sampling and caging

To assess contamination from sea dumped munitions, biota caging is a widely used approach for
monitoring bioaccumulation and biological effects under controlled in situ exposure conditions.
Mussel caging, in particular, provides a standardised and sensitive method for linking
contaminant exposure to biological responses in marine organisms. Although the referenced
SOPs focus on blue mussel (Mytilus trossulus), the described methodologies are equally
applicable to Mytilus edulis, which is more commonly occurring in the Skagerrak region. The
following summarises best available techniques based on DAIMON Standard Operating
Procedures.

2.3.1 Mussel caging approach (SOP)

This Standard Operating Procedure describes the caging of Baltic Sea blue mussels (Mytilus
trossulus and Mytilus edulis) to assess in situ exposure to conventional munitions or chemical
warfare agents (CWAs) and related contaminants from sea-dumped munitions. Mussels
collected from a clean reference area are transplanted into cages deployed near suspected
contamination sources for a defined exposure period. Where feasible, parallel cages should be
deployed in a reference area free from munition contamination but comparable in hydrographic
conditions. Subsequent chemical and biological analyses enable the assessment of
contaminant accumulation and associated biological effects, supporting the interpretation of
exposure-response relationships under field conditions.
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BAT/BEP application summary

Category

BAT
classification

Assessment
category

Purpose

Target
organisms

Target
contaminants

Exposure type
Spatial scale

Exposure
duration

Platform

Output

Interpretation

Advantages

Limitations

Safety
considerations

Reference
method

Description

Documented SOP supporting application of contamination-assessment
BATs/BEPs.

Contamination assessment — biota exposure

Assessment of in situ exposure, bioaccumulation, and biological effects

Blue mussel (Mytilus trossulus, Mytilus edulis)

Chemical warfare agents (CWAs) and related contaminants, explosives
(Tgrnes et al., 2024)

In situ caging near suspected contamination sources
Site-specific exposure with reference locations

Typically 1-2 months

Cages deployed by vessel or appropriately authorised divers using a
configuration suitable for the exposure objective and site conditions. Where
anchoring, mooring, or seabed fixation is used, it shall be planned to avoid
contact with munition objects and unnecessary seabed disturbance.

Mussel tissue samples for chemical analysis and biological effect
measurements

Supports evaluation of contaminant bioavailability and biological
responses

Controlled exposure; integrates chemical and biological endpoints; widely
standardised

Influenced by seasonal variability and environmental conditions; requires
reference sites

Site-specific deployment and recovery plan; avoidance of contact with
munition objects and unnecessary seabed disturbance; diver safety where
diving is used; and any required permissions for deployment, collection, or
work in the survey area.

DAIMON SOP 14: Mussel caging approach (version 1.1), (Ahvo, 2020c)
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2.3.2 Sampling of mussels (SOP)

This Standard Operating Procedure describes the sampling and dissection of Baltic Sea blue
mussels (Mytilus trossulus and Mytilus edulis) for chemical and biological analyses related to
contamination from sea-dumped munitions. The method applies to both caged mussels and
mussels collected from natural populations and ensures consistent handling, tissue separation,

and storage to support reliable assessment of contaminant concentrations and biological

responses.

BAT/BEP application summary

Category

BAT classification

Assessment
category

Purpose
Target organisms

Target
contaminants

Applicable
matrices

Spatial scale
Sampling context
Platform

Output

Interpretation

Advantages

Limitations

Safety

considerations

Reference method

Description

Documented SOP supporting application of contamination-assessment
BATs/BEPs.

Contamination assessment - biota sampling

Collection of mussel tissues for chemical and biological analyses
Blue mussel (Mytilus trossulus, Mytilus edulis)

Chemical warfare agents (CWAs) and related contaminants, explosives
(Tgrnes et al., 2024)

Mussel soft tissues (e.g. gills, digestive gland, whole soft tissue)

Site-specific sampling, including reference locations
Caged mussels and natural populations
Scuba diving or vessel-based collection

Tissue samples preserved for chemical analysis and biomarker
measurements

Supports assessment of bioaccumulation and biological effects

Standardised and widely used; compatible with multiple analytical
endpoints

Influenced by seasonality and environmental conditions; requires
careful handling to avoid contamination

Diving restrictions near munitions; appropriate permissions may be
required

DAIMON SOP 15: Sampling of mussels (version 1.1), (Ahvo, 2020d)
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2.4 Fish sampling and caging

Sampling of wild fish is essential for assessing the uptake and biological effects of
munitions-related compounds under in situ conditions. Standardised procedures ensure
comparability across seasons, locations, species, and sampling methods. These approaches
provide robust data for evaluating contamination levels and biological impacts in marine
environments affected by sea-dumped munitions.

2.4.1 Sampling of wild fish (SOP)

This Standard Operating Procedure describes the standardised sampling of wild fish for
integrated chemical and biological assessment of exposure to munitions-related compounds
under field conditions. Wild fish act as sentinels of environmental contamination, reflecting
uptake from water, sediment, and food. The SOP provides general principles for sampling design,
species selection, handling, and documentation to ensure data comparability across sites,
seasons, and studies.

BAT/BEP application summary

Category

BAT classification

Assessment
category

Purpose
Target organisms

Target
contaminants

Applicable
matrices

Spatial scale
Sampling context

Sampling methods

Output

Description

Documented SOP supporting application of contamination-assessment
BATs/BEPs.

Contamination assessment - biota sampling

Collection of wild fish for integrated chemical and biological analyses
Wild marine fish species (e.g. cod, dab, flounder, hagfish)

Chemical warfare agents (CWAs), explosives, and their degradation
products

Whole fish and selected tissues (e.g. muscle, liver, bile, blood)

Site-specific to regional sampling
Offshore, coastal, and munitions-affected areas

Trawling (bottom or pelagic), gill nets, traps, longlines (gear selected
according to site conditions)

Fish specimens and tissue samples for chemical analysis and biological
effect measurements
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Interpretation Supports assessment of contaminant uptake and biological effects
under in situ conditions

Advantages Ecologically relevant; integrates exposure pathways over time;
compatible with multiple indicators

Limitations Influenced by species biology, mobility, seasonality, and sampling gear;
requires careful design

Safety Vessel and gear safety; handling of live fish; restrictions near dumped
considerations munitions

Reference method = DAIMON SOP 19: Sampling of wild fish (version 1.1), (Lang & Straumer,
2020)

2.4.2 Fish caging approach (SOP)

This Standard Operating Procedure describes an in-situ exposure approach using caged fish to
assess bioaccumulation and biological effects of contaminants in marine environments affected
by sea-dumped munitions. Fish collected from a clean reference area are placed in cages near
suspected contamination sources for a defined exposure period, after which chemical and
biological endpoints are measured. The method may support controlled field exposure and
assessment of contaminant uptake and associated biological responses. However, it has so far
been applied only once in this context and with limited success; it should therefore be treated as
a specialised, case-by-case option rather than a routine monitoring method.

BAT/BEP application summary

Category Description

BAT Documented SOP for a specialised fish-caging methodology; may support

classification a BAT determination only where its limited operational evidence, site-
specific suitability, animal-welfare case, and required approvals are
documented.

Assessment Contamination assessment — biota exposure

category

Purpose In situ exposure of fish to assess contaminant uptake and biological effects

Target Wild fish species (e.g. common dab Limanda limanda)

organisms

Target Chemical warfare agents (CWAs), explosives, and related contaminants

contaminants

Exposure type In situ caging near suspected contamination sources
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Spatial scale Site-specific exposure with reference cages

Exposure Site- and condition-dependent (typically weeks)

duration

Platform Cages deployed by vessel or appropriately authorised divers using a

configuration suitable for the exposure objective and site conditions. Where
anchoring, mooring, or seabed fixation is used, it shall be planned to avoid
contact with munition objects and unnecessary seabed disturbance.

Output Fish tissue samples for chemical analysis and biological effect
measurements

Interpretation Supports evaluation of exposure-related biological responses under field
conditions

Advantages Controlled exposure; ecologically relevant; compatible with multiple
endpoints

Limitations Limited demonstrated field application; requires permits, ethical approval,

and approval by the competent veterinary authority; influenced by
environmental conditions, seasonality, and fish welfare.
Safety Animal-welfare and permitting requirements; site-specific deployment and
considerations recovery plan; avoidance of contact with munition objects and unnecessary
seabed disturbance; and diver safety where diving is used.
Reference DAIMON SOP 28: Fish caging approach (version 1.1), (Straumer et al., 2020)
method

2.4.3 Crustaceans - related sampling considerations

Sampling of crustaceans may be included as part of contamination assessment to complement
fish-based observations, particularly for benthic and demersal exposure pathways. While no
single standardised SOP exists equivalent to fish sampling protocols, established approaches
from shellfish monitoring programmes and fisheries surveys provide a robust methodological
basis. Crustaceans such as crabs, lobsters, and shrimp can be collected using traps, trawls, or
targeted hand collection, depending on site conditions and species behaviour.

Sampling design should ensure representativeness with respect to size, sex, and spatial
distribution. For contaminant analysis, particular attention should be given to tissue selection,
as concentrations may vary substantially between muscle tissue and the hepatopancreas,
which is known to accumulate higher levels of contaminants. Where appropriate, both tissues
should be analysed separately to support interpretation of ecological and human health risks.

Handling, storage, and transport procedures should follow general shellfish sampling protocols
to ensure sample integrity and comparability of results.
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3 Laboratory analysis

Laboratory analysis is a key component of contamination assessment and provides qualitative
and quantitative information on munitions-related compounds in environmental samples In the
context of sea-dumped munitions, laboratory analysis is applied to water, sediment, pore water,
passive-sampler extracts, and biota samples to measure chemical warfare agents, explosives,
and their degradation products. Validated and documented analytical procedures support data
quality, comparability, and traceability across studies and sampling campaigns.

3.1 Sediment and pore water analysis

This section covers laboratory analysis of contaminants in sediment and associated pore water,
reflecting both solid-phase contamination and dissolved fractions.

3.1.1 Chemical analysis of sea-dumped chemical warfare agents in
sediment, and pore water (ROP)

Field evidence indicates that phenylarsenic chemicals (Clark I, Clark Il, Adamsite) and sulfur
mustard are released to sediments and undergo environmental degradation to transformation
products, some of which remain toxic (Vanninen et al., 2020). The contamination plume
extends >250 m from CWA objects, following a power-curve decrease with distance, supporting
the need for spatially explicit, gradient-based sampling design at dumpsites.

This Recommended Operating Procedure describes laboratory methods for the analysis of
chemical warfare agents (CWAs) and their degradation products in sediment and associated
pore water samples. The procedure includes sample preparation, separation of solid and pore
water fractions, and quantitative determination using gas chromatography-tandem mass
spectrometry (GC-MS/MS) and liquid chromatography-tandem mass spectrometry (LC-MS/MS).
By analysing both sediment and pore water fractions from the same sample, the method
supports integrated assessment of CWA presence in solid and dissolved phases.

BAT/BEP application summary
Category Description

BAT classification Documented ROP supporting application of contamination-assessment

BATs/BEPs
Assessment Contamination assessment — laboratory analysis
category
Purpose Quantitative determination of sea-dumped chemical warfare agents and

degradation products
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Target analytes CWAs (e.g. sulfur mustard, Adamsite, Clark I/ll, Lewisite, tabun) and
associated degradation products

Applicable Sediment (solid phase) and pore water (dissolved phase)

matrices

Sample Separation of sediment and pore water fractions by centrifugation,
preparation followed by matrix-specific extraction and derivatisation

Analytical GC-MS/MS (El, MRM); LC-MS/MS (HESI, MRM)

techniques

Output Concentrations of CWAs and degradation products in sediment (ug/kg dw)

and pore water (pg/L)

Interpretation Supports assessment of contaminant presence, degradation, and
partitioning between solid and dissolved phases

Advantages High sensitivity; integrated analysis of sediment and pore water; validated
QA/QC procedures

Limitations Resource-intensive; requires specialised instrumentation and expertise

Safety Samples treated as hazardous; laboratory chemical safety and waste

considerations procedures required

Reference DAIMON ROP 30: Chemical analysis of sea-dumped chemical warfare

method agents in sediment and pore water (version 1.0), (Hakulinen, Kjellberg, et
al., 2021)

Soderstrom, et. al., (2023)

3.1.2 Chemical analysis of sea-dumped explosives in sediment (ROP)

This Recommended Operating Procedure describes laboratory methods for the analysis of
explosive compounds and their transformation products in sediment samples from areas
affected by sea-dumped munitions. The procedure covers sample preparation, extraction, and
quantitative determination using gas chromatography-tandem mass spectrometry (GC-
MS/MS). The method is optimised for the detection of common military explosives, particularly
TNT-based compounds, and supports reliable assessment of explosive contaminationin
marine sediments.
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BAT/BEP application summary

Category

BAT classification

Assessment
category

Purpose

Target analytes

Applicable
matrices

Sample
preparation

Analytical
techniques

Output

Interpretation

Advantages

Limitations

Safety
considerations

Reference method

Description

Documented ROP supporting application of contamination-assessment
BATs/BEPs

Contamination assessment — laboratory analysis

Quantitative determination of sea-dumped explosives in sediments

Explosives and related compounds (e.g. TNT, DNTs, ADNTs,
nitrotoluenes)

Sediment (solid phase)

Separation of pore water and solid phase by centrifugation; extraction of
sediment fraction

GC-MS/MS (El, MRM)

Concentrations of explosive compounds in sediment (ug/kg dw)

Supports assessment of presence and distribution of explosive
contamination in sediments

Sensitive and selective; suitable for common military explosives;
validated QA/QC

Limited to sediment matrix; does not address dissolved phase directly

Handling of potentially energetic materials; laboratory chemical safety
procedures

DAIMON ROP 33: Chemical analysis of sea-dumped explosives in
sediment (version 1.0), (Hakulinen, Kuula, et al., 2021)

Valtanen et. al., (2023)

3.2 Passive-sampler analysis

Passive sampling can provide time-integrated information on dissolved munitions-related
compounds in seawater. Its suitability and quantitative interpretation depend on the sampler and

sorbent used, target compounds, deployment conditions, and calibration. Passive-sampler
results should be interpreted together with other relevant water and sediment data.

A shipboard HPLC-ESI-MS system enabled <10 min determination of DNB (3.7 ng/L), ADNT (1.8
ng/L), TNT (3.6 ng/L) and RDX (10.7 ng/L) in Baltic coastal seawater without shore-based

21



SUSTAINABLE WATERS |||I

* *

miILerre 5 Co-funded by
Baltic Sea Regig Taas” the European Union MUNIMAP

laboratory support (Esposito et al., 2023), supporting the incorporation of at-sea analytical
capacity into BAT pathways requiring near-real-time confirmation of dissolved contamination
during survey operations.

In addition to established passive sampling approaches, exploratory research methods are
briefly described to illustrate emerging techniques that may inform future monitoring strategies.

3.2.1 Passive samplers for determination of chemical warfare agents and
explosives in sea water

Passive samplers for determination of chemical warfare agents and explosives in sea water
(DAIMON/Tgrnes et al.)

This DAIMON technical guidance describes the application of passive sampling techniques for
the detection of chemical warfare agents (CWAs) and explosives in seawater. The document
evaluates different commercially available passive samplers and sorbent materials, outlines
their operating principles, and discusses laboratory testing and field deployment during the
DAIMON project. Passive sampling can provide a time-weighted average concentrations and are
particularly suited for monitoring low-level, dissolved contamination in areas affected by
sea-dumped munitions.

BAT/BEP application summary

Category Description

BAT Documented technical guidance supporting application of contamination-
classification assessment BATs/BEPs.

Assessment Contamination assessment — laboratory analysis / passive sampling
category

Purpose Time-integrated detection of dissolved CWAs and explosives in seawater

Target analytes = Chemical warfare agents, explosives, and selected degradation products

Applicable Seawater (dissolved phase)

matrices

Sampling Passive diffusion and sorption onto an adsorbent over time
principle

Passive POCIS, Chemcatcher?®, silicone rubber sheets, EVA polymers
sampler types

Deployment In situ deployment for days to weeks; can be caged or uncaged
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Output

Interpretation

Advantages

Limitations

Reference
method

Accumulated analyte mass per sampler; and, where compound- and
deployment-specific calibration supports it, estimated time-weighted
average dissolved-water concentrations.

Supports detection of low-level dissolved contamination and comparison of
time-integrated exposure across locations or deployments. Quantitative
concentration estimates require compound-specific uptake-rate
information and interpretation in the context of deployment conditions.

No power requirement; time-integrated sampling; suitable for low
concentrations

Uptake rates influenced by flow, temperature, and biofouling; calibration
required

Tornes et al., Passive samplers for determination of chemical warfare agents
and explosives in sea water (DAIMON). Additional literature Tarnes et al.
(2024).

3.2.2 Passive sampling of chemical warfare agents in the marine
environment

This section summarises a research-based investigation into the use of passive sampling for
monitoring chemical warfare agents (CWAs) in the marine environment, based on a Master’s
thesis (Pruccoli, 2018) conducted within the DAIMON project framework. The study explores the
applicability of silicone rubber sheets as passive samplers for selected CWAs and their
degradation products under laboratory-controlled conditions. While the results demonstrate
methodological potential, the approach remains experimental and requires further validation
before it can be considered a best available technique.

Technique summary (research-based proposition)

Category
Method status
BAT classification

Assessment
category

Purpose

Target analytes

Description
Research-based proposition (Master’s thesis)
Not a BAT - exploratory method

Contamination assessment - laboratory / passive sampling

Investigation of passive sampling as a monitoring tool for CWAs

Selected CWAs and degradation products (e.g. sulfur mustard
derivatives, phenylarsenic compounds, CN)
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Applicable matrices = Seawater (dissolved phase)

Sampling material Silicone rubber sheets (PDMS)

Analytical GC-MS/MS and LC-MS/MS

techniques

Output Uptake kinetics, recovery data, qualitative and semi-quantitative
results

Interpretation Demonstrates feasibility for selected stable compounds with suitable

partition coefficients

Strengths High sensitivity for hydrophobic, stable compounds; strong theoretical
framework
Limitations Laboratory-scale validation only; limited field testing;

compound-specific applicability

Validation status Not validated for routine monitoring

Recommendation Further method development, calibration, and field validation required
Reference Master’s thesis: Passive sampling of chemical warfare agents in the
document marine environment, (Pruccoli, 2018)

3.3 Biota sample preparation and analysis

Laboratory analysis of biota samples provides essential information on the bioavailability,
uptake, and biological effects of munitions-related compounds in marine organisms.
Standardised laboratory procedures are required to ensure that tissue samples are prepared in a
reproducible manner that preserves biochemical integrity and allows reliable comparison of
results across studies. In the context of sea-dumped munitions, biota laboratory analysis
focuses on sample preparation and chemical determination of contaminants and their
degradation products in selected tissues of fish and mussels.

For chemical analysis of explosives, relevant fish matrices may include bile, liver, gill, muscle,
blood, and urine, depending on the assessment objective, exposure timeframe, and validated
analytical method. In mussels, gill and hepatopancreas tissues may be analysed. The selected
tissue or body-fluid matrix shall be documented and justified in relation to the target analytes and
intended interpretation.

For chemical concentration analysis, pooled composite samples may be appropriate where the
objective is to estimate average site-level exposure and the pooling design is specified in
advance. Combining multiple individuals of the same species and relevant size class can provide
a more representative measure of contaminant levels at the site level, reduce the influence of
individual variability, and improve comparability in environments where contamination is
spatially heterogeneous. The number of individuals, species, size class, sex where relevant,
tissue type, and tissue mass represented by each composite shall be documented. Individual
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specimens shall be analysed or retained separately where individual variability, condition factors,
biomarker responses, exposure-response relationships, or repeated monitoring of the same
organism are relevant to the assessment objective.

3.3.1 Homogenisation of fish liver and mussel digestive gland tissues

(SOP)

This Standard Operating Procedure describes the homogenisation of fish liver and mussel
digestive gland tissues for the preparation of samples used in biochemical biomarker analyses
related to exposure to sea-dumped munitions. The method involves mechanical tissue
disruption in buffer, followed by centrifugation to obtain a supernatant suitable for downstream
toxicity and biomarker assays. The procedure has been applied in the CHEMSEA and DAIMON
projects and provides standardised preparation of biota samples for laboratory analysis.

BAT/BEP application summary

Category

BAT classification

Assessment category

Purpose

Target organisms
Target tissues
Applicable matrices

Sample preparation

Analytical context
Output

Interpretation

Advantages

Limitations

Safety considerations

Description

Documented SOP supporting application of contamination-
assessment BATs/BEPs.

Contamination assessment — laboratory analysis (biota)

Preparation of biota tissue samples for biomarker and toxicity
analyses

Fish; blue mussel
Fish liver; mussel digestive gland
Biota tissues

Mechanical homogenisation in potassium phosphate buffer
followed by centrifugation

Biochemical biomarker and toxicity assays
Clarified tissue supernatant stored for laboratory analysis

Supports  assessment  of biological responses to
munitions-related contamination

Standardised, reproducible preparation; compatible with
multiple biomarker endpoints

Applicable to selected tissues only; requires cold handling and
prompt processing

Standard laboratory safety procedures
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and DAIMON SOP 8: Homogenisation of fish liver and mussel

digestive gland tissues (version 1.1), (Ahvo, 2020a)

(Turjaet al., 2014)

3.3.2 Homogenisation of fish muscle and mussel gill tissues (SOP)

This Standard Operating Procedure describes the homogenisation of fish muscle and mussel gill
tissues for the preparation of samples used in acetylcholinesterase (AChE) and related
biochemical analyses. The method involves mechanical tissue disruption in buffer, followed by

centrifugation to obtain a supernatant suitable for downstream enzymatic assays. The procedure
has been applied within the DAIMON project and provides standardised preparation of biota
samples for laboratory-based effects analysis.

BAT/BEP application summary

Category

BAT classification

Assessment category

Purpose

Target organisms
Target tissues
Applicable matrices

Sample preparation

Analytical context
Output

Interpretation

Advantages

Limitations

Safety considerations

Description

Documented SOP supporting application of contamination-
assessment BATs/BEPs.

Contamination assessment — laboratory analysis (biota)

Preparation of biota tissue samples for enzymatic and
biomarker analyses

Fish; blue mussel
Fish muscle; mussel gills
Biota tissues

Mechanical homogenisation in sodium phosphate buffer with
detergent, followed by centrifugation

Acetylcholinesterase (AChE) and related biomarker assays
Tissue homogenate supernatant stored for laboratory analysis

Supports assessment of biological effects related to
munitions-derived contaminants

Standardised and reproducible; suitable for sensitive enzymatic
measurements

Tissue-specific applicability; enzyme activity decreases during
long-term storage

Standard laboratory safety procedures
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and DAIMON SOP 9: Homogenisation of fish muscle and mussel gill

tissues (version 1.1), (Ahvo, 2020b)

(Turja et al., 2014); (Leinio & Lehtonen, 2005)

3.3.3 Chemical analysis of degradation products of phenylarsenic CWAs in

mussel (ROP)

This Recommended Operating Procedure describes laboratory methods for the chemical
analysis of degradation products of phenylarsenic chemical warfare agents (CWAs) in mussel
tissue. The procedure covers sample preparation, extraction, and quantitative determination of

oxidised and methylated phenylarsenic compounds using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). The method is designed for trace-level detection and supports
assessment of exposure and accumulation of CWA-related compounds in marine biota collected
near sea-dumped munitions.

BAT/BEP application summary

Category

BAT classification

Assessment category

Purpose

Target organisms

Target analytes

Applicable matrices

Sample preparation

Analytical techniques
Output

Interpretation

Advantages

Limitations

Description

Documented ROP supporting application of contamination-
assessment BATs/BEPs

Contamination assessment — laboratory analysis (biota)

Quantitative determination of phenylarsenic CWA degradation
products in mussels

Blue mussel

Oxidised and methylated phenylarsenic compounds (e.g.
adamsite oxide, diphenylarsinic acid)

Mussel soft tissue

Homogenisation, oxidation, solvent extraction, solid-phase
extraction, solvent exchange

LC-MS/MS (MRM mode)
Concentrations of phenylarsenic CWA degradation products (ng/g)

Supports assessment of bioaccumulation and exposure of
mussels to CWAs

High sensitivity and selectivity; suitable for trace-level screening

Compound-specific; requires specialised instrumentation and
reference standards
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Safety considerations Handling of arsenic-containing compounds; hazardous waste
disposal

Reference method and DAIMON ROP 32: Chemical analysis of degradation products of
scientific basis phenylarsenic CWAs in mussel, (Niemikoski & Vanninen, 2020b)

(Niemikoski, Straumer, et al., 2020); (Niemikoski, Soderstrom, et
al., 2020)

3.3.4 Chemical analysis of degradation products of phenylarsenic CWAs in
fish (ROP)

Diphenylarsinic acid (DPAA) and its degradation products exhibit multiple toxic mechanisms in
aquatic organisms including neurotoxicity and genotoxicity. A study conducted by Niemikoski et
al. (2020) provides a synthesis of DPAA metabolism pathways and environmental persistence
data directly relevant to assessing biota exposure at phenylarsenic CWA dumpsites. The
demonstrated bioaccumulation in fish tissue and slow environmental degradation of DPAA
support its inclusion as a priority monitoring target in phenylarsenic CWA contamination
assessments.

This Recommended Operating Procedure describes the laboratory analysis of degradation
products of phenylarsenic chemical warfare agents (CWAs) in fish tissues. The method targets
oxidised and methylated phenylarsenic compounds formed through environmental degradation
and biotransformation processes and supports the assessment of exposure and accumulation
of CWA-related substances in marine fish. The procedure applies to both fish muscle and liver
samples and is based on trace-level determination using liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

BAT/BEP application summary

Category Description
BAT classification Documented ROP supporting application of contamination-
assessment BATs/BEPs

Assessment category = Contamination assessment — laboratory analysis (biota)

Purpose Quantitative determination of phenylarsenic CWA degradation
productsin fish

Target organisms Fish (applicable also to other marine biota such as lobster and shrimp)

Target analytes Oxidised and methylated phenylarsenic compounds (e.g. adamsite
oxide, diphenylarsinic acid)

Applicable matrices Fish muscle (cut fillet) and fish liver
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Homogenisation, oxidation, acetonitrile extraction, hexane wash,
solid-phase extraction, solvent exchange

LC-MS/MS (MRM mode)
Concentrations of phenylarsenic CWA degradation products (ng/g)

Supports assessment of bioaccumulation and exposure of fish to
CWAs

High sensitivity and selectivity; suitable for trace-level screening in
complex biota matrices

Compound-specific; requires specialised instrumentation and
validated reference standards

Handling of arsenic-containing compounds; hazardous waste
disposal

DAIMON ROP 31: Chemical analysis of degradation products of
phenylarsenic CWAs in fish (Niemikoski & Vanninen, 2020a);
supporting scientific basis: Niemikoski, Straumer, et al. (2020).

3.3.5 Extraction and analysis of explosives and metabolites in fish bile via
HPLC-QQQ-MS (SOP)

This Standard Operating Procedure describes the laboratory analysis of explosive compounds
and their metabolites in fish bile. Fish bile reflects recent exposure to contaminants processed
by the liver and therefore provides sensitive information on the uptake and biotransformation of
explosives in fish inhabiting areas affected by sea-dumped munitions. The method is based on
solvent extraction followed by high-performance liquid chromatography coupled to
triple-quadrupole mass spectrometry (HPLC-QQQ-MS) and is suitable for trace-level
determination of nitroaromatic explosives and their degradation products.

BAT/BEP application summary

Category

BAT classification

Assessment category
Purpose

Target organisms

Description

Documented SOP supporting application of contamination-
assessment BATs/BEPs.

Contamination assessment — laboratory analysis (biota)
Determination of explosives and their metabolites in fish bile

Fish (e.g. flatfish species such as dab, flounder, plaice)
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Nitroaromatic explosives and degradation products (e.g. TNT,
RDX, HMX, ADNTs, DNTs)

Fish bile
Acetonitrile extraction, centrifugation, solvent reduction

HPLC coupled to triple-quadrupole MS (QQQ-MS), APCI
(negative), MRM mode

Concentrations of explosives and metabolites in bile (ng/mL)

Indicates uptake and recent metabolic processing of explosives
in fish

High sensitivity; bile is a responsive matrix for recent exposure

Reflects short-term exposure; bile composition may vary
between individuals

Handling of explosive standards and contaminated biota samples

DAIMON SOP 23: Extraction and analysis of explosives and
metabolites in fish bile via HPLC-QQQ-MS, (Koske, 2020)

(Koske et al., 2020)

Recent field research found TNT metabolites in urine and bile of flatfish from Baltic regions
containing munition dump sites, indicating that both matrices can support assessment of fish
exposure to explosive compounds (Kammann et al., 2025). This is emerging supporting evidence,
not a documented SOP or BAT for non-lethal repeated sampling. Any live-fish sampling approach
requires separate method validation, species-specific feasibility assessment, animal-welfare
approval, and regulatory authorisation.
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4 Best Environmental Practices for contamination
assessment

Best Environmental Practices (BEPs) for contamination assessment describe how sampling and
analytical activities are planned, prioritised, conducted, and interpreted to obtain reliable and
decision-relevant information while minimising environmental disturbance and avoiding
unnecessary or excessive intervention. While Best Available Techniques (BATs) define
appropriate sampling methods and analytical procedures, BEPs guide their responsible,
proportionate, and context-specific application in areas affected by sea-dumped munitions.

At munition dump sites, contamination assessment is closely linked to uncertainty regarding
munition condition, release mechanisms, and exposure pathways. BEPs therefore emphasise
risk-informed planning, precaution, and adaptive use of data, ensuring that contamination
assessment supports sound decision-making without creating additional environmentalimpacts
or compounding existing risks.

Vessel operations form an integral part of contamination assessment activities and should be
planned and conducted in accordance with Best Environmental Practices. Vessel positioning,
station keeping, and manoeuvring should be managed to minimise disturbance of seabed
sediments and reduce the risk of resuspension of contaminated material, particularly in areas
where munitions or contaminated sediments may be present. Where possible, anchoring on or
near suspected munition locations should be avoided. Alternative low-impact approaches, such
as dynamic positioning, may be used where appropriate, with due consideration of their potential
environmental effects. Sampling operations should be coordinated to limit repeated vessel
movements and cumulative disturbance, and procedures should be in place to prevent
cross-contamination between sampling sites, including appropriate handling, cleaning, and
storage of equipment and samples. Weather and sea-state conditions should be considered
during planning, and activities should be postponed where conditions could compromise safety,
data quality, or environmental protection.

BEP-based contamination assessment provides a critical input to subsequent biota impact
assessment and remediation planning. Results should be transparently documented and
communicated to ensure traceability and to enable reassessment as new information becomes
available. Long-term monitoring of biological responses to contamination is addressed
separately in the BEP chapter on biota impact.

4.1 Core BEP principles for contamination assessment

The following BEPs apply to all contamination assessment activities, including sampling of
sediments, water, biota, and passive samplers, as well as subsequent laboratory analysis:

31



SUSTAINABLE WATERS |||I

miLerre 5 Co-funded by
Baltic Sea Regiz Taas” the European Union MUNIMAP

* *

Risk-informed prioritisation of sampling activities

Contamination assessment should focus on areas, media, and substances most likely to
contribute to environmental or human exposure, based on survey results, historical information,
and known munition degradation processes.

A synthesis of 872 data points across five major Baltic Sea studies (2005-2020) showed that risk
quotient (RQ = PEC/PNEC) exceedances for Daphnia magna rose from 24 (without assessment
factors) to 263 (with AFs) (Fauser et al., 2023), illustrating that methodological choices strongly
control risk outcomes and must be transparently managed in contamination risk assessments.

Proportionality of sampling intensity

The number of samples, spatial coverage, and analytical scope should be proportionate to the
assessment objectives and the level of uncertainty. Over-sampling without a clear decision
purpose should be avoided.

Minimisation of environmental disturbance

Sampling strategies should minimise physical disturbance of sediments, benthic habitats, and
munitions, particularly in areas where disturbance could increase contaminant release.

Precaution in the presence of uncertainty

Where uncertainty is high and potential consequences are significant, BEP favours conservative
interpretation of results and avoidance of intrusive actions unless clearly justified.

Integration of multiple lines of evidence

Contamination data should be interpreted together with survey results, environmental
conditions, and biota information, rather than in isolation.

Adaptive assessment approach

Contamination assessment should be iterative. Early results should be used to decide whether
more sampling or more detailed analysis is needed.

4.2 BEPs for sampling activities

Sampling locations and depths should be selected on the basis of clearly defined information
needs or hypotheses, rather than applying uniform or grid-based sampling designs as a default
approach. However, grid-based sampling may be appropriate in certain cases, particularly for
sediment contamination assessments where a more systematic spatial coverage is required to
support statistical evaluation of contamination levels across an area. In all cases, sampling plans
should take into account site-specific sediment dynamics, hydrodynamic conditions, and
potential contaminant transport pathways in order to ensure that collected data are
representative and relevant for subsequent interpretation. Where adequate data already exist,
re-sampling of previously disturbed locations should be avoided to minimise cumulative
environmental disturbance and unnecessary intervention.
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4.2.1 Sediment sampling

Sediment sampling should be prioritised in areas where munition corrosion, burial, or
sediment reworking is likely to influence contaminant release.

Sampling depths should reflect expected contaminant distribution, avoiding unnecessary
deep penetration where it does not add decision-relevant information.

Direct disturbance of intact munition objects during sediment sampling should be avoided.

Background and reference locations should be included to help distinguish site-specific
contamination from natural conditions.

4.2.2 Water sampling

Water sampling should be designed to capture relevant temporal and spatial variability,
recognising that concentrations may be transient and episodic.

Grab sampling should be used cautiously and interpreted in the context of hydrodynamic
conditions at the time of sampling.

Water sampling should be coordinated with other activities to avoid artefacts caused by
survey or sampling disturbance.

4.2.3 Passive samplers

Passive samplers should be deployed where they provide added value in integrating
contaminant exposure over time.

Deployment locations and durations should be selected to balance representativeness with
practicality and environmental sensitivity.

Results from passive samplers should be interpreted in conjunction with sediment and water
data, recognising method-specific uncertainties. In particular, quantitative interpretation
depends on the determination of compound-specific uptake rates under site-specific
environmental conditions (e.g. water currents, salinity, and temperature), which may be
difficult to establish accurately. This uncertainty should be taken into account when deriving
concentration estimates and interpreting results.

4.2.4 Biota sampling

Biota sampling should focus on species that are ecologically relevant, representative of
exposure pathways, or of socio-economic importance.
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Destructive sampling should be minimised and justified by clear assessment objectives.
Sampling strategies should account for species mobility, life stage, and seasonal variability.

Ethical and regulatory considerations related to biota sampling should be fully observed.

4.3 BEPs for laboratory analysis and data interpretation

Analytical methods should be chosen to match the expected contaminants and
concentration levels, avoiding very broad screening when more targeted analysis is sufficient.

For each target analyte and matrix, the applicable ROP or analytical method should
document the detection limit, limit of quantification, and relevant analytical uncertainty.
These should be fit for the monitoring objective and intended decision use. Where an
assessment threshold applies, the reporting limit should support reliable interpretation in
relation to that threshold. Results below the limit of quantification should be interpreted with
appropriate caution.

Where total arsenic is measured, it should be treated as complementary contextual
information and not as a substitute for compound-specific analysis of CWA-related
compounds and their transformation products.

Results should be evaluated in relation to background levels, natural variability, and known
munition-related contamination patterns.

Single high contaminant values or isolated detections should not automatically trigger
management actions without supporting evidence.

Data quality objectives for contamination assessment and monitoring should be fit for

purpose, depending on the objective (initial screening, trend analysis, supporting
risk-informed prioritisation).
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1 Best Available Techniques for determining the impact
of sea-dumped munitions on biota

Explosive and chemical compounds are known to be released into the marine environment at
numerous sea-dumped munition sites worldwide. These substances, including chemical warfare
agents, explosives, and their degradation products, may induce a range of adverse biological
effects in exposed organisms, such as neurotoxicity, cytotoxicity, acute toxicity, genotoxicity, and
longer-term pathological changes. As chemical analysis alone may not capture the full spectrum
of biologically relevant exposure, Best Available Techniques (BATs) for assessingimpacts on biota
include a suite of laboratory-based biological and toxicological methods capable of detecting
effects across different levels of biological organisation.

This chapter describes BATs for determining the biological effects associated with exposure to
contaminants originating from sea-dumped munitions. The presented techniques encompass
mechanistic biomarkers, acute toxicity assays, and integrated biological effect endpoints,
providing complementary lines of evidence on organism-level responses. In particular, the
identification and consideration of previously unknown degradation products are essential and
should, at a minimum, be taken into account in impact assessment and long-term monitoring
programmes.

This chapter addresses biological exposure and effects associated with munition-related
chemicals and their degradation or transformation products. Acute physical effects of shock
waves, underwater noise, fragmentation, or seabed disturbance resulting from spontaneous
detonation, handling incidents, or an authorised blast-in-place operation require a separate,
operation- and site-specific assessment under the remediation framework. Where such an event
occurs or is authorised, follow-up biota monitoring may be selected where it is proportionate to
the assessed effect pathways, conservation objectives, and residual uncertainties.

The BATs described herein are based on established Standard Operating Procedures (SOPs) and
Recommended Operating Procedures (ROPs) that have been validated for use in marine and
freshwater systems. While individual assays target specific modes of action or biological
processes, they are not intended to be applied in isolation. Rather, BATs for biota impact
assessment rely on a weight-of-evidence approach, combining multiple endpoints to improve
robustness, comparability, and interpretability of results in complex environments such as
munition dump sites.

The site-specific selection, combination, sequencing, interpretation, monitoring, and review of
these methods form part of the BEP framework described in Section 2.1, particularly Integration
across biological organisation levels. No individual method should be treated as a stand-alone
assessment of biological impact.
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1.1 Neurotoxicity

Neurotoxicity represents a key mode of action for several munition-related contaminants,
potentially affecting organism behaviour, survival, and ecological interactions. Neurotoxicity
assessment focuses on detecting disruptions of neural function that may occur at low exposure
levels and before overt toxicity is observed.

1.1.1 Acetylcholinesterase inhibition (SOP)

Acetylcholinesterase (AChE) inhibition is a well-established biomarker for assessing neurotoxic
stress in aquatic organisms. As a documented SOP, this method may support a BAT
determination for neurotoxicity assessment where its species and tissue applicability, analytical
performance, reference design, and interpretive limits are appropriate to the site-specific
assessment.

BAT summary

AChE inhibition is a documented SOP-based biomarker that may support a BAT determination for
neurotoxicity assessment when applied to suitable fish muscle or mussel gill samples with
appropriate reference areas and complementary endpoints (Ahvo, 2020a). Reduced AChE
activity isa non-specific indication of neurotoxic stress and shall not alone be used to identify the
causative contaminant or establish ecological impact.

Category Description

BAT Documented SOP supporting neurotoxicity assessment; may support a BAT
classification determination where its documented performance, species/tissue
suitability, and interpretive limits fit the site-specific assessment.

Endpoint Neurotoxicity

addressed

Purpose Assessment of neurotoxic stress in biota exposed to contaminants
associated with sea-dumped munitions

Biological Inhibition of acetylcholinesterase reflects disruption of cholinergic

relevance neurotransmission and is an established indicator of neurotoxic stress

Bioindicator/ Acetylcholinesterase activity

biomarker

Applicable Fish muscle tissue and mussel gill tissue

matrices

Sampling Comparative sampling from suspected munition dump sites and suitable

requirements

Data output

uncontaminated reference areas

Enzyme activity normalised to protein concentration
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Interpretation Reduced activity relative to appropriate reference levels may indicate
neurotoxic stress; the magnitude of inhibition shall be interpreted in the
context of species, tissue, season, co-exposures, and complementary
endpoints.

Applicability Suitable for biological-effects monitoring and, where relevant, for the biota
component of a project-specific Environmental Impact Assessment (EIA) in
munition-affected marine environments. AChE inhibitionis a
suborganismal biomarker; potential ecological consequences, including
effects at other trophic levels, require interpretation alongside
complementary biological endpoints and site-specific ecological
assessment.

Advantages Well-established method; sensitive; applicable to multiple species;
demonstrated use in EU munition monitoring projects

Limitations Non-specific response; does not identify causative compounds; results
require contextual interpretation

Reference DAIMON SOP 6: Acetylcholinesterase inhibition (version 1.1), (Ahvo, 2020a)

methods o ] o
DAIMON SOP 9: Homogenisation of fish muscle and mussel gill tissues

(version 1.1), (Ahvo, 2020g)

Key references | Bocquené & Galgani (1998); Ahvo et al. (2020).

1.2 Acute toxicity

Acute toxicity testing provides information on short-term adverse effects resulting from exposure
to contaminants at environmentally relevant concentrations. BATs in this category are used to
identify potential hazard levels and to screen for substances or samples that may pose
immediate biological risks.

1.2.1 Zebrafish embryo acute toxicity test (FET) (SOP)

The zebrafish embryo acute toxicity test is a standardised and widely applied method for
assessing acute toxic effects on early life stages of fish. As a documented SOP, the test may
support a BAT determination for acute-toxicity assessment where its exposure design, test
conditions, analytical performance, and interpretive limits are appropriate to the site-specific
assessment.
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BAT summary
Category Description

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Test organism

Applicable
exposure

Data output

Endpoints
measured

Sampling / test
requirements

Interpretation

Applicability

Advantages

Limitations

Reference
methods

Key references

Documented SOP supporting laboratory-based acute-toxicity
assessment; may support a BAT determination where its documented
test conditions, performance, and interpretive limits fit the site-specific
assessment.

Acute toxicity (lethal and sub-lethal effects)

Assessment of acute toxic effects of munition-related chemicals or
mixtures on early life stages of fish

Apical endpoints reflect organism-level toxicity and developmental
impairment

Zebrafish embryos (Danio rerio)

Single substances or mixtures in controlled laboratory exposure

Median lethal concentration (LC,,) and median effective concentration
(EC4,) values

Lethal endpoints (e.g. coagulation, lack of somite formation, absence of
heartbeat) and sub-lethal developmental effects

Multiple test concentrations with replication; comparison to negative and
positive controls

Concentration-response relationships used to quantify acute toxicity

Suitable for controlled laboratory screening and comparative assessment
of acute toxicity in samples, single substances, or mixtures relevant to
munition-affected sites; it does not by itself measure in-situ biological
effects in resident marine biota.

Standardised (OECD 236); ethically favourable alternative to adult fish
tests; sensitive to a wide range of toxicants

Limited to acute effects; laboratory conditions may not fully represent
environmental exposure scenarios

DAIMON SOP 21: Zebrafish embryo acute toxicity test (ZFET) (version
1.1), (Koske, 2020b)

OECD Test Guideline 236, (OECD, 2013)

OECD (2013); Wilczynski et al. (2023); Lammer et al. (2009).
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The zebrafish embryo acute toxicity test is a documented SOP- and OECD-guideline-based
method that may support a BAT determination for controlled laboratory assessment of acute
lethality and developmental toxicity. It is suitable for comparing samples, single substances, or
mixtures relevant to munition-affected sites, but it does not itself demonstrate in-situ biological
effects in resident marine biota (Koske, 2020b; OECD, 2013; Wilczynski et al., 2023).

1.3 Genotoxicity

Genotoxic effects may result from chronic or repeated exposure to munition-derived
contaminants and can have long-term consequences for organism health and population
viability. BATs for genotoxicity assessment focus on detecting DNA damage and chromosomal
alterations as early indicators of adverse biological effects.

1.3.1 Comet assay (applied to zebrafish embryos) (SOP)

The comet assay is a sensitive method for detecting DNA damage at the level of individual cells
and is widely used in genotoxicity assessment. Applied to zebrafish embryos, this documented
SOP may support a BAT determination for detecting genotoxic stress associated with exposure to
munition-related contaminants before higher-level biological effects are observed, where the
exposure design, controls, analytical performance, and interpretive limits fit the site-specific

assessment.
BAT summary
Category Description
BAT Documented SOP supporting laboratory-based genotoxicity assessment;
classification may support a BAT determination where its documented exposure
conditions, assay performance, and interpretive limits fit the site-specific
assessment.
Endpoint Genotoxicity (DNA strand breaks)
addressed
Purpose Assessment of genotoxic effects in biota exposed to munition-related
chemicals or mixtures
Biological DNA strand breaks reflect cellular-level genetic damage resulting from
relevance exposure to genotoxic stressors
Test organism Zebrafish embryos (Danio rerio)
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Applicable In vivo embryo exposure following the zebrafish embryo acute toxicity test
exposure (ZFET)

Data output Quantitative measures of DNA damage (e.g. % tail DNA, tail moment)
Endpoints Single- and double-strand DNA breaks at the cellular level

measured

Sampling / test Exposure concentrations below acute toxicity; replication and
requirements appropriate negative and positive controls

Interpretation Increased DNA damage relative to controls indicates genotoxic stress
Applicability Suitable for controlled laboratory assessment of genotoxic potential in

relevant single substances, mixtures, sediment extracts, or other defined
exposure media; it does not by itself establish in-situ genotoxic effectsin
resident marine biota.

Advantages Sensitive; quantitative; detects early genotoxic effects; applicable to
mixtures
Limitations Does not distinguish between transient and permanent DNA damage;

does not identify causative substances

Reference DAIMON SOP 22: Comet assay (applied to zebrafish embryos) (version
methods 1.1), (Koske, 2020a)

DAIMON SOP 21: Zebrafish embryo acute toxicity test (ZFET), (Koske,
2020b)

Key references (Singh et al., 1988); (Kosmehl et al., 2008); (Koske et al., 2019)

The Comet assay is a documented SOP-based method that may support a BAT determination for
detecting DNA-strand breaks in zebrafish embryos following controlled exposure. It should be
interpreted with exposure information, acute-toxicity results, appropriate controls, and
complementary endpoints because it does not identify the causative substance or distinguish
transient from permanent DNA damage (Koske, 2020a; Koske et al., 2019).

1.3.2 Micronucleus (MN) assay (SOP)

The micronucleus assay is an established method for detecting chromosomal damage and
genome instability in exposed organisms. As a documented SOP, it may support a BAT
determination for genotoxicity assessment where the selected species, tissue, sampling design,
scoring quality, reference conditions, and interpretive limits fit the site-specific assessment; it
complements other genotoxicity assays by providing information on cumulative or longer-lasting
genetic effects.
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BAT summary
Category Description

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
species/
matrices

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Limitations

Reference

methods

Key references

Documented SOP supporting genotoxicity assessment; may support a
BAT determination where the selected species and tissue, sampling
design, scoring quality, reference conditions, and interpretive limits fit the
site-specific assessment.

Genotoxicity (chromosomal damage)

Assessment of accumulated genotoxic effects in marine biota exposed to
munition-related contaminants

Micronuclei represent acentric chromosomal fragments or whole
chromosomes excluded during cell division. They indicate either
clastogenic damage (chromosome breakage) or aneugenic damage
(failure of normal chromosome segregation during cell division).

Frequency of micronuclei in cells

Peripheral blood erythrocytes of marine fish; adaptable to other tissues
and bivalve molluscs

Comparative sampling from suspected impacted sites and suitable
reference areas; similar size classes recommended

Frequency of micronuclei per 1,000 cells

Elevated micronucleus frequency relative to background criteria indicates
accumulated genotoxic stress

Suitable for long-term monitoring and assessment of genotoxic effects in
munition-affected marine environments

Time-integrated response; regulatory acceptance; widely used in marine
monitoring programmes

Non-specific to causative agents; influenced by biological factors (age,
infection); requires expert scoring

DAIMON SOP 29: Micronucleus assay (MN) (Version 1.1) (Koske & Lang,
2020b).

BarSiené et al. (2012); Davies & Vethaak (2012); BarSiené et al. (2014).

10
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The Micronucleus assay is a documented SOP-based method that may support a BAT
determination for detecting accumulated chromosomal damage in selected marine organisms.
Elevated micronucleus frequency should be interpreted against appropriate background or
reference values and alongside exposure evidence and complementary biological endpoints
because the assay does not identify the causative contaminant (Koske & Lang, 2020b; BarSiene
etal., 2014).

1.4 Cytotoxicity

Cytotoxicity assays are used to assess direct cellular damage resulting from exposure to toxic
substances. BATs in this category support the identification of general toxic effects that may
precede or accompany more specific biological responses.

1.4.1 Acute cytotoxicity

Acute cytotoxicity assays provide information on direct toxic effects at the cellular level and
support the identification of early adverse responses to munition-related chemicals. In the
context of sea-dumped munitions, acute cytotoxicity has been assessed using established in
vitro cell viability assays described in peer-reviewed scientific literature. These approaches are
not yet formalised as Standard or Recommended Operating Procedures (SOPs/ROPs). They
provide peer-reviewed methodologies for investigating cellular toxicity and may support a BAT
determination only where the selected cell system, exposure design, assay performance, and
interpretive limits are appropriate to the site-specific assessment (Barbosa et al.,, 2025;
Niemikoski et al., 2021).

BAT summary

Category Description

BAT Peer-reviewed laboratory methodology for acute cytotoxicity assessment;

classification may support a BAT determination where the selected cell system,
exposure design, assay performance, and interpretive limits fit the site-
specific assessment.

Endpoint Acute cytotoxicity (cell viability)

addressed

Purpose Assessment of direct cellular toxicity of munition-related chemicals and
their degradation products

Biological Reduced cellviability reflects early adverse cellular effects preceding

relevance higher-level biological outcomes

11
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Test systems

Applicable
exposure

Data output

Interpretation

Applicability
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Fish gill cell line (RTgill-W1); where a comparative human-health
perspective is required, human intestinal (Caco-2) and liver (HepG2) cell
lines.

Single substances and mixtures under controlled laboratory exposure

Concentration-response relationships (NOEC, EC,,, EC,) based on cell
viability

Decreased cell viability relative to controls indicates acute cytotoxic stress

Suitable for screening and comparative assessment of acute toxicity of
munition-related compounds

Advantages Reduces use of live animals; sensitive; mechanistically informative;
environmentally relevant

Limitations Not yet standardised as SOP/ROP; laboratory conditions may not fully
reflect environmental exposure

Reference Barbosa et al. (2025); Niemikoski et al. (2021).

methodology

Status Peer-reviewed methodology; not formalised as an SOP or ROP in this

chapter. Its use shall be justified through the site-specific assessment and
documented within the selected BEP route.

1.5 Oxidative stress

Oxidative stress is a common cellular response to chemical exposure and reflects an imbalance
between reactive oxygen species (ROS) production and antioxidant defence mechanisms. ROS
are generated during normal cellular metabolism, particularly mitochondrial respiration, and
their production may increase when chemical exposure causes redox cycling, mitochondrial
dysfunction, or activation of cellular stress pathways.

The following BATs address different components of a cell’s antioxidant defence system and are
intended to be applied as a complementary set rather than interpreted individually.

Oxidative-stress biomarkers are documented ROP-based methods that may support BAT
determinations when their analytical performance, species and tissue suitability, reference
design, and interpretive limits fit the site-specific assessment. Results shall be interpreted as a
complementary biomarker panel and alongside exposure information and other biological
endpoints (Ahvo et al., 2020; Lastumaki et al., 2020).

12
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1.5.1 Catalase activity (ROP)

Catalase activity is a widely used biomarker for assessing oxidative stress in aquatic organisms
exposed to hazardous substances. As a documented ROP, measurement of catalase activity may

support a BAT determination for oxidative-stress assessment where the selected species and
tissue, analytical performance, reference design, and interpretive limits fit the site-specific

assessment. In the context of sea-dumped munitions, catalase activity serves as a non-specific
indicator of oxidative stress and is best interpreted in combination with other antioxidant and
oxidative damage endpoints.

BAT summary
Category

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
matrices

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Description

Documented ROP supporting laboratory-based oxidative-stress
assessment; may support a BAT determination where the selected species
and tissue, analytical performance, reference design, and interpretive
limits fit the site-specific assessment.

Oxidative stress

Assessment of antioxidant defence responses in biota exposed to
munition-related contaminants

Catalase catalyses the decomposition of hydrogen peroxide and reflects
cellular response to elevated reactive oxygen species

Catalase enzyme activity

Fish liver; mussel digestive gland (adaptable to other tissues and species)

Comparative sampling from suspected impacted sites and suitable
reference areas

Enzyme activity normalised to protein concentration

Elevated or reduced activity relative to appropriate reference levels may
indicate an altered antioxidant response consistent with oxidative stress;
the direction and magnitude of change shall be interpreted alongside other
oxidative-stress and exposure endpoints.

Suitable for monitoring and assessment of oxidative stress in marine biota
at munition dump sites

Well-established; sensitive; applicable to multiple species; demonstrated
use in EU projects

13
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Limitations Non-specific response; influenced by multiple stressors; requires

contextual interpretation

Reference
methods

DAIMON ROP 7: Catalase activity (version 1.1), (Ahvo, 2020b)

DAIMON SOP 8: Homogenisation of fish liver and mussel digestive gland
tissues (version 1.1), (Ahvo, 2020f)

DAIMON SOP 9: Homogenization of fish muscle and mussel gill tissues
(version 1.1), (Ahvo, 2020g)

Key references Claiborne (1985); Turja et al. (2014)

1.5.2 Glutathione peroxidase activity (ROP)

Glutathione peroxidase activity is a key biomarker for assessing oxidative stress in organisms
exposed to hazardous substances. As a documented ROP, measurement of glutathione
peroxidase activity may support a BAT determination for oxidative-stress assessment where the
selected species and tissue, analytical performance, reference design, and interpretive limits fit
the site-specific assessment. In the context of sea-dumped munitions, glutathione peroxidase
activity serves as a non-specific indicator of oxidative stress and complements other antioxidant
enzyme endpoints, supporting a more comprehensive assessment of oxidative responses in

marine biota.

BAT summary
Category

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Description

Documented ROP supporting laboratory-based oxidative-stress
assessment; may support a BAT determination where the selected species
and tissue, analytical performance, reference design, and interpretive
limits fit the site-specific assessment.

Oxidative stress

Assessment of antioxidant defence responses in biota exposed to
munition-related contaminants

Glutathione peroxidase catalyses the reduction of hydrogen peroxide and
organic peroxides, reflecting cellular capacity to counteract reactive
oxygen species

Glutathione peroxidase enzyme activity

14
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Applicable Fish liver; mussel digestive gland and gill tissue
matrices
Sampling Comparative sampling from suspected impacted sites and suitable

requirements
Data output

Interpretation

Applicability

Advantages

Limitations

Reference
methods

Key references

reference areas
Enzyme activity normalised to protein concentration

Elevated or reduced activity relative to appropriate reference levels may
indicate an altered antioxidant response consistent with oxidative stress;
the direction and magnitude of change shall be interpreted alongside other
oxidative-stress and exposure endpoints.

Suitable for monitoring and assessment of oxidative stress in marine biota
at munition dump sites

Well-established; sensitive to oxidative challenge; complementary to other
antioxidant enzymes

Non-specific response; influenced by multiple stressors; requires
combined interpretation

DAIMON ROP 10: Glutathione peroxidase activity (version 1.1), (Ahvo,
2020c)

DAIMON SOP 8: Homogenisation of fish liver and mussel digestive gland
tissues (version 1.1), (Ahvo, 2020f)

DAIMON SOP 9: Homogenization of fish muscle and mussel gill tissues
(version 1.1), (Ahvo, 2020g)

Vuori et al. (2015); Turja et al. (2014)

1.5.3 Glutathione reductase activity (ROP)

Glutathione reductase activity is a key biomarker for assessing oxidative stress in organisms
exposed to hazardous substances. As a documented ROP, measurement of glutathione
reductase activity may support a BAT determination for oxidative-stress assessment where the
selected species and tissue, analytical performance, reference design, and interpretive limits fit
the site-specific assessment. In the context of sea-dumped munitions, glutathione reductase
activity serves as a non-specific indicator of oxidative stress and complements other antioxidant
enzyme endpoints, supporting integrated interpretation of oxidative responses in marine biota.

15
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BAT summary
Category Description

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
matrices

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Limitations

Reference
methods

Documented ROP supporting laboratory-based oxidative-stress
assessment; may support a BAT determination where the selected species
and tissue, analytical performance, reference design, and interpretive
limits fit the site-specific assessment.

Oxidative stress

Assessment of antioxidant defence capacity in biota exposed to
munition-related contaminants

Glutathione reductase regenerates reduced glutathione, supporting
detoxification of reactive oxygen species

Glutathione reductase enzyme activity

Fish liver; mussel digestive gland and gill tissue

Comparative sampling from suspected impacted sites and suitable
reference areas

Enzyme activity normalised to protein concentration

Elevated or reduced activity relative to appropriate reference levels may
indicate an altered antioxidant response consistent with oxidative stress;
the direction and magnitude of change shall be interpreted alongside other
oxidative-stress and exposure endpoints.

Suitable for monitoring and assessment of oxidative stress in marine biota
at munition dump sites

Well-established; complements CAT and GPx; applicable across species

Non-specific response; influenced by multiple stressors; requires
combined interpretation

DAIMON ROP 11: Glutathione reductase activity (version 1.1), (Ahvo,
2020d)

DAIMON SOP 8: Homogenisation of fish liver and mussel digestive gland
tissues (version 1.1), (Ahvo, 2020f)

DAIMON SOP 9: Homogenization of fish muscle and mussel gill tissues
(version 1.1), (Ahvo, 2020g)
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Vuori et al. (2015); Turja et al. (2014).

1.5.4 Superoxide dismutase activity (ROP)

Superoxide dismutase activity is a key biomarker for assessing oxidative stress in organisms
exposed to hazardous substances. As a documented ROP, measurement of superoxide
dismutase activity may support a BAT determination for oxidative-stress assessment where the
selected species and tissue, analytical performance, reference design, and interpretive limits fit
the site-specific assessment. In the context of sea-dumped munitions, superoxide dismutase
activity serves as a non-specific indicator of oxidative stress and complements downstream
antioxidant enzyme endpoints, supporting integrated interpretation of oxidative defence
responses in marine biota.

BAT summary
Category

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
matrices

Sampling
requirements

Data output

Interpretation

Description

Documented ROP supporting laboratory-based oxidative-stress
assessment; may support a BAT determination where the selected species
and tissue, analytical performance, reference design, and interpretive
limits fit the site-specific assessment.

Oxidative stress

Assessment of early antioxidant defence responses in biota exposed to
munition-related contaminants

Superoxide dismutase catalyses the conversion of superoxide radicals into
hydrogen peroxide, representing a primary cellular defence against
reactive oxygen species

Superoxide dismutase enzyme activity

Fish liver; mussel digestive gland and gill tissue

Comparative sampling from suspected impacted sites and suitable
reference areas

Enzyme activity normalised to protein concentration

Elevated or reduced activity relative to appropriate reference levels may
indicate an altered antioxidant response consistent with oxidative stress;
the direction and magnitude of change shall be interpreted alongside other
oxidative-stress and exposure endpoints.
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Applicability Suitable for monitoring and assessment of oxidative stress in marine biota
at munition dump sites

Advantages Well established; sensitive to oxidative challenge; complements catalase,
glutathione peroxidase, and glutathione reductase activity measurements.

Limitations Non-specific response; influenced by multiple stressors; requires
combined interpretation

Reference DAIMON ROP 16: Superoxide dismutase activity (version 1.1), (Ahvo, 2020j)

methods o o ) .
DAIMON SOP 8: Homogenisation of fish liver and mussel digestive gland

tissues (version 1.1), (Ahvo, 2020f)

DAIMON SOP 9: Homogenization of fish muscle and mussel gill tissues
(version 1.1), (Ahvo, 2020g)

Key references Sigma-Aldrich (2014); Bradford (1976).

1.5.5 Glutathione-S-transferase activity (ROP)

Glutathione-S-transferase activity is a widely used biomarker for assessing detoxification
responses to xenobiotics—chemical substances foreign to an organism’s normal biochemical
processes, including environmental contaminants such as munition-related chemicals—and
oxidative stress in exposed organisms. As a documented ROP, measurement of glutathione-S-
transferase activity may support a BAT determination for detoxification and oxidative-stress
assessment where the selected species and tissue, analytical performance, reference design,
and interpretive limits fit the site-specific assessment. In the context of sea-dumped munitions,
glutathione-S-transferase activity serves as a non-specific indicator of exposure to
munition-related contaminants and complements other antioxidant and detoxification enzyme
endpoints within an integrated oxidative stress assessment framework.

BAT summary

Category Description

BAT Documented ROP supporting laboratory-based detoxification and

classification oxidative-stress assessment; may support a BAT determination where the
selected species and tissue, analytical performance, reference design, and
interpretive limits fit the site-specific assessment.

Endpoint Xenobiotic detoxification / oxidative stress

addressed

Purpose Assessment of detoxification responses and oxidative stress in biota

exposed to munition-related contaminants

18



1ILeITEey Al Co-fundedby
Baltic Sea Region e’ the European Union

Biological
relevance

Bioindicator/
biomarker

Applicable
matrices

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Limitations

Reference
methods

Key references
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Glutathione-S-transferase catalyses the conjugation of reduced
glutathione to xenobiotics, increasing their water solubility and facilitating
excretion

Glutathione-S-transferase enzyme activity

Fish liver; mussel digestive gland and gill tissue

Comparative sampling from suspected impacted sites and suitable
reference areas

Enzyme activity normalised to protein concentration

Elevated or reduced activity relative to appropriate reference levels may
indicate an altered detoxification response consistent with xenobiotic
exposure and associated stress; the direction and magnitude of change
shall be interpreted alongside other oxidative-stress and exposure
endpoints.

Suitable for monitoring and assessment of detoxification and oxidative
stress responses in marine biota at munition dump sites

Well-established; sensitive to xenobiotic exposure; complements
antioxidant enzyme biomarkers

Non-specific response; influenced by multiple stressors; requires
combined interpretation

DAIMON ROP 12: Glutathione-S-transferase activity (version 1.0), (Ahvo,
2020e)

DAIMON SOP 8: Homogenisation of fish liver and mussel digestive gland
tissues (version 1.1), (Ahvo, 2020f)

DAIMON SOP 9: Homogenization of fish muscle and mussel gill tissues
(version 1.1), (Ahvo, 2020g)

Habig et al. (1974); Turja et al. (2014).

1.6 Oxidative damage

While oxidative stress biomarkers reflect activation orimpairment of cellular antioxidant defence

mechanisms, oxidative damage biomarkers provide evidence of structural and functional cellular
injury resulting from sustained or excessive stress. When antioxidant defences are insufficient,
oxidative stress may lead to damage of cellular components. The following documented methods
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focus on detecting these downstream effects as indicators of more severe or prolonged
biologicalimpact and may support BAT determinations where their performance and interpretive
limits fit the site-specific assessment.

1.6.1 Lipid peroxidation (ROP)

Lipid peroxidation is a widely used indicator of oxidative damage resulting from excessive
production of reactive oxygen species that overwhelms cellular antioxidant defence
mechanisms. As a documented ROP, measurement of lipid peroxidation may support a BAT
determination for oxidative-damage assessment where the selected species and tissue,
analytical performance, reference design, and interpretive limits fit the site-specific assessment.
In the context of sea-dumped munitions, lipid peroxidation serves as a non-specific marker of
oxidative damage and complements oxidative stress biomarkers by indicating functional
impairment at the cellular level.

BAT summary
Category Description
BAT Documented ROP supporting laboratory-based oxidative-damage

assessment; may support a BAT determination where the selected species
and tissue, analytical performance, reference design, and interpretive
limits fit the site-specific assessment.

classification

Endpoint Oxidative damage

addressed

Purpose Assessment of membrane and lipid damage in biota exposed to
munition-related contaminants

Biological Peroxidation of membrane lipids reflects breakdown of antioxidant

relevance defence and cellular structural damage

Bioindicator/
biomarker

Applicable
matrices

Sampling
requirements

Data output

Interpretation

Lipid peroxidation (cumene hydroperoxide equivalents)

Fish liver; mussel digestive gland

Comparative sampling from suspected impacted sites and suitable
reference areas

UM cumene-hydroperoxide equivalents per mg wet weight

Elevated levels relative to appropriate reference values may indicate
oxidative damage to cellular membranes and shall be interpreted
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alongside oxidative-stress, exposure, and other biological-effect
endpoints.

Applicability Suitable for monitoring and assessment of oxidative damage in marine
biota at munition dump sites

Advantages Indicates actual cellular damage; complements antioxidant enzyme
biomarkers
Limitations Non-specific response; influenced by multiple stressors; requires careful

interpretation

Reference DAIMON ROP 13: Lipid peroxidation (version 1.1), (Ahvo, 2020h)

methods o . . . .
DAIMON SOP 8: Homogenisation of fish liver and mussel digestive gland

tissues (version 1.1), (Ahvo, 2020f)

DAIMON SOP 9: Homogenization of fish muscle and mussel gill tissues
(version 1.1), (Ahvo, 2020g)

Key references | Vuorietal. (2015); Ohkawa et al. (1979); Schuster et al. (2021).

1.6.2 Lysosomal membrane stability (SOP)

Lysosomal membrane stability is a widely used biomarker for assessing cellular damage and
general health status in organisms exposed to hazardous substances. As a documented SOP,
measurement of lysosomal membrane stability may support a BAT determination for cellular-
damage assessment where the selected species and tissue, test approach, analytical
performance, reference design, and interpretive limits fit the site-specific assessment. The
method assesses the integrity of lysosomal membranes, which can be compromised by oxidative
orchemical stress, leading to the release of hydrolytic enzymes into the cytosol—the fluid portion
of the cell surrounding the organelles—where they can damage cellular components. In the
context of sea-dumped munitions, reduced lysosomal membrane stability is a non-specific
indicator of cellular damage and should be interpreted alongside exposure information and
complementary oxidative-damage and biological-effect endpoints.

BAT summary

Category Description

BAT Documented SOP supporting laboratory-based cellular-damage

classification assessment; may support a BAT determination where the selected species
and tissue, test approach, analytical performance, reference design, and
interpretive limits fit the site-specific assessment.

Endpoint Oxidative damage / cellular integrity

addressed
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Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
matrices

Test
approaches

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Limitations

Reference

methods

Key references
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Assessment of cellular damage and general health status in biota exposed
to munition-related contaminants

Loss of lysosomal membrane integrity leads to leakage of hydrolytic
enzymes and impaired cellular function

Lysosomal membrane stability (time-based integrity endpoints)

Fish liver tissue; mussel digestive gland tissue; mussel haemocytes (blood
cells)

Histochemical method in tissues; in vitro Neutral Red Retention (NRR)
assay in haemocytes

Comparative sampling from suspected impacted sites and suitable
reference areas

Time to peak colour intensity (histochemical method) or time to 50 % cell
alteration (NRR assay)

Reduced stability relative to appropriate reference values may indicate
cellular damage associated with chemical or oxidative stress and impaired
health status; results shall be interpreted alongside exposure information
and complementary biological-effect endpoints.

Suitable for monitoring and assessment of cellular damage in marine biota
at munition dump sites

Sensitive functional endpoint; integrates multiple stress pathways; well
established in marine monitoring

Non-specific response; influenced by species and physiological condition;
requires careful interpretation

DAIMON SOP 17: Lysosomal membrane stability (version 1.1), (Ahvo,
2020i)

Martinez-Gémez et al. (2015); Moore & Lowe (2004).

1.7 Biological effects

Integrated biological effect endpoints provide information on organism health and condition
that reflects cumulative exposure and stress. The documented methods in this category
support assessment of longer-term biological effects at the individual level and may support
BAT determinations where their species suitability, sampling design, performance, reference
context, and interpretive limits fit the site-specific assessment.
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1.7.1 Fulton's condition factor (SOP)

Fulton’s condition factor is a widely used indicator of fish health and nutritional status and is
commonly applied as a general measure of organism fitness. As a documented SOP, Fulton’s
condition factor may support a BAT determination for assessment of fish condition where the
selected species, sampling design, reference context, and interpretive limits fit the site-specific
assessment. In the context of sea-dumped munitions, Fulton’s condition factor serves as a
non-specific indicator of biological effects and is most appropriately used in combination with
more specific biomarkers and pathological endpoints.

BAT summary
Category

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
species

Sampling
requirements

Data output

Interpretation

Applicability

Description

Documented SOP supporting organism-level fish-condition assessment;
may support a BAT determination where the selected species, sampling
design, reference context, and interpretive limits fit the site-specific
assessment.

General health status / condition

Assessment of overall fish condition and fitness in relation to
environmental stress

Reflects growth, nutritional status, and energy reserves, integrating
cumulative effects of stressors

Fulton’s condition factor (CF)

Fish species used for chemical and biomarker analysis

Comparative sampling from suspected impacted sites and suitable
reference areas; consideration of seasonal effects

Dimensionless condition factor calculated from length and weight
measurements

Lower CF values relative to an appropriate same-species reference
population, preferably from the same or a comparable region, may indicate
reduced condition. Interpretation shall account for size, age, sex,
reproductive status, season, food availability, and complementary
biological endpoints.

Suitable for screening and supporting assessment of biological effects in
munition-affected areas
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Advantages Simple; non-destructive; widely established; integrates long-term effects

Limitations Non-specific; influenced by season, age, sex, and reproductive status; not
suitable as a standalone indicator

Reference DAIMON SOP 20: Fulton’s Condition Factor (CF) in fish (version 1.1), (Lang
methods & Straumer, 2020c)

Key references | Hansson et al. (2017); Bolger & Connolly (1989); ICES (2017).

1.7.2 Externally visible fish diseases (SOP)

Externally visible fish diseases comprise defined pathological changes that can be detected by
visual examination of wild fish and are widely used as indicators in marine environmental
monitoring programmes. Depending on the selected species and protocol, they may include skin
ulcers, fin erosion, epidermal papillomas, lymphocystis, and skeletal deformities. These are
established general monitoring endpoints; the chapter does not imply that each disease is
specific to, or has been individually validated for, sea-dumped-munitions exposure. Liver
neoplasms are not externally visible diseases and are assessed separately as an internal
macroscopic endpoint in Section 1.7.4. As a documented SOP, assessment of externally visible
fish diseases may support a BAT determination for organism-health assessment where the
selected species, disease definitions, sampling design, reference context, and interpretive limits
fit the site-specific assessment. The assessment records the presence and type of defined
externally visible conditions in individual fish; increased occurrence or disease burden in a
sampled population may indicate poorer health status. In the context of sea-dumped munitions,
these findings are non-specific indicators and shall be interpreted alongside exposure
information, condition indices, liver pathology, and other biological endpoints.

BAT summary

Category Description

BAT Documented SOP supporting organism-health assessment; may support a

classification BAT determination where the selected species, disease definitions,
sampling design, reference context, and interpretive limits fit the site-
specific assessment.

Endpoint General health status / disease prevalence

addressed

Purpose Assessment of organism health and biological effects associated with
environmental stress

Biological Reflects impaired health, immune function, and chronic stress resulting

relevance from multiple stressors
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Prevalence and severity of externally visible diseases and parasites

Marine fish species used for chemical and biomarker analysis
(standardised for selected species)

Examination of freshly collected fish from suspected impacted sites and
suitable reference areas

Disease prevalence (%) and severity grading per disease

Increased prevalence or severity relative to appropriate reference values
may indicate impaired health status and shall be interpreted alongside
exposure information, condition indices, liver pathology, and other
biological endpoints.

Suitable for long-term monitoring and assessment of biological effects in
munition-affected areas

Non-destructive; well standardised; widely used in ICES, OSPAR, HELCOM
and MSFD monitoring

Non-specific response; influenced by host and environmental factors;
requires contextual interpretation

DAIMON SOP 24: Externally visible fish diseases (EVFD) (Version 1.1) (Lang
& Straumer, 2020a); ICES (1989).

Dethlefsen et al. (1986); Lang et al. (1999); Lang et al. (2017).

1.7.3 Fish liver histopathology (SOP)

Fish liver histopathology is a widely applied method for assessing biological effects of
contaminants at the cellular and tissue level. As a documented SOP, it may support a BAT
determination for assessment of liver pathology where the selected species, sampling design,
histological methods, reference context, and interpretive limits fit the site-specific assessment.
The method provides information on structural and functional alterations in the principal
metabolic and detoxification organ of fish, including non-specific toxicopathic changes and
lesion types that may be associated with carcinogenic exposure. In the context of sea-dumped
munitions, liver histopathology should be interpreted alongside exposure information and
complementary biological endpoints; it cannot by itself establish the causative contaminant.
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BAT summary
Category Description

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
species

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Limitations

Reference
methods

Key references

Documented SOP supporting liver-pathology assessment; may support a
BAT determination where the selected species, sampling design,
histological methods, reference context, and interpretive limits fit the site-
specific assessment.

Cellular and tissue-level pathology

Assessment of internal organ damage and biological effects associated
with contaminant exposure

The liver is the primary organ for metabolism and detoxification and is
highly sensitive to chemical stressors

Histopathological liver lesions (non-specific, toxicopathic, preneoplastic,
neoplastic)

Marine fish species used for chemical and biomarker analysis
(standardised for selected species)

Histological examination of liver tissue from a defined number of fish per
site; size and age considered

Prevalence and types of histopathological liver lesions

Increased prevalence or severity of lesions relative to appropriate
reference values may indicate contaminant-associated biological effects
and shall be interpreted alongside exposure information and
complementary biological endpoints.

Suitable for monitoring and assessment of biological effects in
munition-affected marine environments

Highly informative; well standardised; internationally accepted (ICES,
OSPAR, HELCOM)

Invasive; resource-intensive; influenced by age and host factors;
comparability depends on standardised sampling, tissue processing,
lesion classification, and quality assurance.

DAIMON SOP 25: Fish liver histopathology (LH) (version 1.1), (Lang &
Straumer, 2020b)

ICES liver pathology guidelines: (ICES, 1997)

Feist et al. (2004); Lang et al. (2017).
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1.7.4 Macroscopic liver neoplasms (SOP)

Macroscopic liver neoplasms are tumour-like lesions that can be detected by visual examination
of the liver surface in wild fish. Histopathological examination is required to confirm and classify
the lesion. As a documented SOP, assessment of macroscopic liver neoplasms may support a
BAT determination for evaluation of chronic liver pathology where the selected species, sample
size, age structure, histopathological confirmation, reference context, and interpretive limits fit
the site-specific assessment. In the context of sea-dumped munitions, elevated prevalence
relative to appropriate reference values may indicate chronic biological effects consistent with
carcinogenic exposure, but shall be interpreted together with histopathology, exposure

information, age and species structure, and other biological endpoints.

BAT summary
Category

BAT
classification

Endpoint
addressed

Purpose

Biological
relevance

Bioindicator/
biomarker

Applicable
species

Sampling
requirements

Data output

Interpretation

Applicability

Advantages

Description

Documented SOP supporting assessment of chronic liver pathology; may
support a BAT determination where the selected species, sample size, age
structure, histopathological confirmation, reference context, and
interpretive limits fit the site-specific assessment.

Carcinogenic effects / tumour formation

Assessment of advanced chronic effects associated with exposure to
carcinogenic contaminants

Liver neoplasms represent late-stage outcomes of carcinogenic processes
affecting the primary detoxification organ

Presence and prevalence of macroscopic liver neoplasms (>2 mm)

Selected marine fish species (e.g. dab, flounder, cod, eelpout)

Examination of sufficient numbers of fish per site and predefined size
classes; histological confirmation required

Prevalence (%) and size distribution of macroscopic liver neoplasms

Elevated prevalence relative to appropriate reference or background values
may indicate chronic liver pathology consistent with carcinogenic
exposure; histopathological confirmation and interpretation alongside
exposure information and population characteristics are required.

Suitable for screening and detailed assessment of carcinogenic effectsin
munition-affected areas

Well standardised; provides a late-stage chronic-effect endpoint; supports
comparison across sites when sampling and histopathological
confirmation are standardised.

27



SUSTAINABLE WATERS |||I

* *

miILerre 5 Co-funded by
Baltic Sea Regig Taas” the European Union MUNIMAP

Limitations Invasive; resource-intensive; Late-stage endpoint; influenced by age and
species; not suitable as an early-warning indicator

Reference DAIMON SOP 26: Macroscopic liver neoplasms (MLN) (version 1.1), (Lang
methods & Straumer, 2020d)

ICES and OSPAR technical guidelines: (Feist et al., 2004); (ICES, 1997);
(Bucke et al., 1996); (ICES, 1989); (OSPAR, 2007)

Key references Feist et al. (2004); Lang et al. (2017).

Integrated biological-effect endpoints may support BAT determinations when applied as a
complementary suite of documented methods within a site-specific assessment. They should be
interpreted together with exposure information, reference conditions, and other biological
endpoints; noindividual endpoint can by itself establish that an observed effectis caused by sea-
dumped munitions (Ahvo et al., 2020; Straumer et al., 2020).

1.7.5 Hepatosomatic index (SOP)

The hepatosomatic index is a widely used indicator describing the species-specific relationship
between liver weight and body weight in fish. As a documented SOP, the hepatosomatic index
may support a BAT determination for assessment of liver condition and energy allocation where
the selected species, sampling design, reference context, and interpretive limits fit the site-
specific assessment. In the context of sea-dumped munitions, changes in the hepatosomatic
index serve as a non-specific indicator of biological effects and are most appropriately
interpreted in combination with condition indices, liver pathology, and other biological
endpoints.

BAT summary

Category Description

BAT Documented SOP supporting assessment of liver condition and energy

classification allocation; may support a BAT determination where the selected species,
sampling design, reference context, and interpretive limits fit the site-
specific assessment.

Endpoint Physiological condition / energy metabolism

addressed

Purpose Assessment of liver condition and energy allocation in relation to
environmental stress

Biological Reflects changes in liver size associated with metabolism, detoxification,

relevance and nutritional status
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Hepatosomatic Index (HSI)

Fish species used in studies of biological effects of dumped munitions

Determination of liver weight and gutted body weight from the same
individuals used for Fulton’s condition factor (CF) and other biomarkers.

Data output Dimensionless index calculated from liver and body weight

HSI values that differ from appropriate reference values may indicate
altered liver condition or energy allocation; both lower and higher values
require interpretation in relation to species, age, sex, reproductive status,
season, nutritional condition, liver pathology, and complementary
biological endpoints.

Suitable for screening and supporting assessment of biological effects in
munition-affected areas

Interpretation

Applicability

Advantages Simple; quantitative; integrates long-term physiological responses

Limitations Non-specific; influenced by season, age, sex, and reproductive status; not
suitable as a standalone indicator

Reference DAIMON SOP 27: Hepatosomatic Index (HSI) in fish (version 1.1), (Koske &

methods Lang, 2020a)

Key references | Vander Oostetal. (2003); Hansson et al. (2017).

Mechanistic biomarkers, acute-toxicity assays, and integrated biological-effect endpoints
provide complementary lines of evidence. Integrated indices may be used to summarise multi-
endpoint responses in monitoring programmes, provided that their construction and interpretive
limits are documented (Ahvo et al., 2020; Hoher et al., 2019; Lastumaki et al., 2020).

1.8 Internal exposure to munition-related chemicals in marine biota

Exposure and bioaccumulation assessments provide information on the uptake and internal
presence of munition-related chemicals in marine organisms. These approaches support the
evaluation of internal exposure and potential transfer within marine food webs, thereby
complementing effects-based biological endpoints. The methods in this category focus on
measuring chemical concentrations in biota tissues and linking environmental contamination to
biological exposure, but do not in themselves constitute evidence of adverse biological effects.
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1.8.1 Bioaccumulation of munition-related chemicals in marine biota

Targeted chemical analysis of biota provides information on internal exposure, tissue
distribution, transformation, and elimination of munition-related chemicals and their
degradation or transformation products in marine organisms. Depending on the compound and
exposure pathway, observed internal concentrations may reflect bioconcentration from water,
uptake from sediment or food, or other exposure routes; persistence and elimination kinetics
shall be evaluated on an analyte- and species-specific basis. Targeted chemical analysis of biota
may support a BAT determination for exposure assessment where the selected species and
tissue, target analytes, analytical performance, reference context, and interpretive limits fit the
site-specific assessment. These approaches are based on peer-reviewed studies rather than
formalised SOPs or ROPs in this chapter and complement effects-based methods by linking
environmental contamination to biological exposure in marine food webs (Beck et al., 2022;
Niemikoski et al., 2025; Binder et al., 2025).

Depending on the site history, munition type, and conceptual site model, target analytes may
include conventional-munition explosives and their degradation products, chemical-warfare-
agent-related compounds and their transformation products, and relevant metals or metalloids.
Organic compounds may be determined using validated chromatographic mass-spectrometric
methods, whereas metals and metalloids may be determined using inductively coupled plasma
mass spectrometry (ICP-MS) or another validated elemental-analysis method. The target-analyte
list and analytical approach shall be documented and may be expanded as new source-
characterisation or monitoring evidence becomes available.

BAT summary

Category Description
BAT Peer-reviewed methodology for biota exposure and bioaccumulation
classification assessment; may support a BAT determination where the selected species

and tissue, target analytes, analytical performance, reference context, and
interpretive limits fit the site-specific assessment.

Endpoint Internal exposure / bioaccumulation
addressed
Purpose Assessment of uptake and internal concentrations of munition-related

chemicals and their transformation products in marine organisms

Biological Internal concentrations reflect bioavailability, exposure pathways, and
relevance potential for trophic transfer

Target Chemical warfare agents and degradation/biotransformation products
compounds (e.g. phenylarsenic compounds)

Applicable Marine biota species collected from munition dumping areas (e.g. fish
species/ muscle, liver, eggs)

matrices
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Analytical Targeted chemical analysis of biota tissues using validated

approach chromatographic and mass-spectrometric techniques

Data output Concentrations of munition-related chemicals in biota tissues
Interpretation Detection of munition-related chemicals in biota demonstrates internal

exposure and may indicate bioaccumulation when concentrations exceed
appropriate reference or background values. It does not by itself establish
trophic transfer, which requires comparative assessment across species or
other biota representing different trophic levels, together with relevant
environmental concentration data.

Applicability Suitable for exposure assessment and supporting risk evaluation in
munition-affected marine environments

Advantages Direct evidence of exposure; links contamination to biota; supports
interpretation of biological effects

Limitations Not yet standardised as an SOP or ROP in this chapter; species-, tissue-,
age-, sex-, and life-stage-specific; may not capture maternal transfer,
including transfer through lactation in marine mammals, or food-web
transfer without targeted sampling across relevant tissues, life stages, and
trophic levels.

Reference Beck et al. (2022); Niemikoski et al. (2025).
methodology
Status Peer-reviewed methodology; not formalised as an SOP or ROP in this

chapter. Its use shall be justified through the site-specific assessment and
documented within the selected BEP route.

1.9 Summary and scope of Best Available Techniques

This chapter presents a structured toolbox of documented methods for assessing exposure to,
and biological effects of, munition-related chemicals in marine biota. Together, these methods
cover a wide range of biological organisation levels, from internal exposure and early cellular
responses to organ-level pathology and organism-level health effects. The methods described
include standardised procedures formalised as SOPs or ROPs and peer-reviewed methodologies
that are not yet standardised. Their inclusion does not establish universal BAT status: a defined
method may support a BAT determination only where its documented performance, species and
matrix suitability, reference design, and interpretive limits fit the site-specific assessment.
Individual methods differ in specificity, sensitivity, and diagnostic value. Non-specific indicators
provide early-warning and screening capacity, whereas more specific endpoints offer stronger
evidence of particular modes of action or advanced biological effects. Consequently, methods
should not be interpreted inisolation, but rather as complementary elements within an integrated
assessment framework. The site-specific selection, combination, sequencing, application,
interpretation, monitoring, and review of methods form part of the BEP framework in Section 2.
Selection depends on site conditions, study objectives, practical constraints, and the need to
achieve a proportionate and interpretable weight of evidence.
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2 Best Environmental Practices for assessing and
managing the impact of sea-dumped munitions on
biota

Biota-based BEPs are intended to complement contamination assessment BEPs by providing
information on biological exposure, effects, and longer-term ecosystem responses, including
within monitoring programmes.

The BEPs presented in this chapter are informed by established ICES, OSPAR, and MSFD
guidance on biological effects monitoring and integrated environmental assessment. (ICES,
2012; OSPAR, 2007; Hansson et al., 2017)

2.1 General principles for Best Environmental Practices (BEPSs) in
biota assessment

Best Environmental Practices (BEPs) for assessing and managing the impact of sea-dumped
munitions on biota focus on the appropriate selection, combination, and interpretation of Best
Available Techniques (BATSs) in real-world monitoring and assessment contexts. BEPs do not
introduce new methods; rather, they provide guidance on how BATs should be applied in a
scientifically sound, transparent, and proportionate manner. The general principles discussed in
the following sections shall be applied as relevant to the assessment question and site
conditions, and any justified limitation in their application shall be documented.

Integration across biological organisation levels

BATs addressing biota impacts operate at different levels of biological organisation, ranging from
internal exposure and cellular responses to organ-level pathology and whole-organism
condition. BEPs should promote the combined use of complementary BATs, ensuring that
early-warning indicators, damage-related endpoints, and organism-level effects are interpreted
together. Reliance on a single endpoint is discouraged, because no individual method can by
itself characterise biological impact across the relevant levels of biological organisation. A
validated biomarker that is specific to a particular explosive, chemical warfare agent, or defined
mode of action may provide strong evidence for that specific exposure or response pathway;
however, no such agent-specific biomarker is currently established in this chapter for sea-
dumped explosives or chemical warfare agents. Specific biomarkers, when validated and
applicable, should therefore complement rather than replace a weight-of-evidence assessment.

Distinction between exposure and effects

BEPs should clearly distinguish between BATs that provide information on exposure and internal
dose (e.g. targeted analysis of internal exposure in biota) and those that address biological
responses or effects. Detection of munition-related chemicals in organisms indicates exposure
but does not in itself constitute evidence of adverse biological impact. Biological effects
observed in biota shall be evaluated together with chemical analysis of the relevant munition-
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related compounds and transformation products in samples from the same individual, or from
paired tissues or subsamples from that individual where the analytical methods require separate
material. The sampling design should include suitable reference individuals or areas and a spatial
design capable of testing whether internal exposure and biological responses co-vary with
proximity to, or gradients from, the suspected munition source. This combined exposure-effect
evidence can provide stronger support for attribution to munition-related contaminants, while
remaining subject to the study design, confounding factors, and the specificity of the endpoints
used.

Use of reference conditions and spatial context

Application of BATs under BEPs requires comparison with appropriate reference conditions,
accounting for natural variability related to species, size, age, season, and habitat
characteristics. BEPs stress the importance of spatial design, including gradients of distance
from suspected dumping sites, to support interpretation of observed patterns. Where a suitable
low-exposure reference area is unavailable, the sampling design may compare areas with
relatively higher and lower measured emissions or environmental concentrations of munition-
related compounds, provided that the areas are otherwise as comparable as practicable in
species composition, habitat, season, and relevant environmental conditions. Such a gradient-
based comparison can support interpretation of effect-marker responses in relation to exposure.
The lower-exposure area shall not be treated as an uncontaminated reference without supporting
evidence, and residual limitations and potential confounding factors shall be explicitly
acknowledged.

Proportionality and fitness for purpose

BEPs promote a proportionate approach to BAT application, where the scope and intensity of
biological assessment are aligned with study objectives, data availability, and anticipated risk.
Screening-level investigations may rely on sensitive but non-specific indicators, whereas
detailed assessments may justify the inclusion of resource-intensive or invasive BATs. BEPs
discourage routine application of complex BATs without a clear assessment objective.

Avoidance of over interpretation

Many BATs used to assess biota impacts are non-specific and may respond to multiple natural
and anthropogenic stressors. Interpretation is strengthened where biological-effect
measurements are integrated with chemical analysis of relevant munition compounds and
transformation products in tissues from the same individual, or paired tissues or subsamples
where necessary, and with corresponding water and sediment measurements. Consistent
spatial gradients or statistically supported associations between environmental concentrations,
internal exposure, and biological responses can provide converging evidence that munition-
related contaminants contribute to the observed effects. Attribution shall nevertheless account
for plausible confounding factors, co-occurring contaminants, reference or lower-exposure
comparisons, and the specificity and limitations of the selected endpoints. Uncertainty and
residual data gaps shall be reported.
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2.2 BEPs for screening-level assessment

Screening-level assessment represents the initial tier in evaluating potential impacts of
sea-dumped munitions on marine biota. The primary objective of this assessment level is early
warning and prioritisation, rather than confirmation of causality or quantification of ecological
risk. Screening-level BEPs are intended to identify indications of exposure or biological response
that may justify more detailed investigation.

Selection of biological endpoints

At the screening level, BEPs recommend the use of sensitive, non-specific, and resource-efficient
BATs that are capable of detecting deviations from reference conditions. Suitable endpoints
include organism-level condition indicators and selected biochemical or cellular biomarkers that
respond early to environmental stress. At the screening level, BEPs favour the use of sensitive but
low-impact endpoints, reserving invasive or resource-intensive approaches for situations where
existing evidence indicates elevated concern.

Integration with exposure information

Screening-level biota assessments are, where possible, to be informed by existing contamination
data from sediments, water, or other environmental matrices. When biological responses are
observed primarily in proximity to suspected dumping sites, and not in reference areas, the
screening results become easier to interpret and prioritise. In the absence of such data,
limitations in interpretation should be explicitly acknowledged.

Study design and reference conditions

BEPs for screening-level assessment emphasise comparative study designs, including the use of
reference areas that are environmentally similar but not influenced by dumped munitions.
Sampling designs should consider basic sources of biological variability, such as species, size
class, season, and habitat type. Screening-level investigations may be based on limited sample
sizes, provided that uncertainty is transparently communicated.

Interpretation of screening results

Results from screening-level assessments should be interpreted as indications, not proof, of
potential biological impact. Observed deviations from reference conditions signal the need for
furtherinvestigation but do not alone justify attribution of effects to sea-dumped munitions. BEPs
explicitly discourage definitive conclusions at this stage and instead promote a precautionary but
proportionate response, such as prioritising sites for detailed assessment.

Outcomes and decision support

The outcome of a screening-level biota assessment should be a prioritisation decision,
identifying sites or species that warrant more detailed study. Where no indications of biological
response are observed, BEPs support documenting the findings and reassessing the need for
further investigation as new information becomes available.
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2.3 BEPs for detailed impact assessment

Detailed impact assessment represents the second tier in the evaluation of potential biological
impacts of sea-dumped munitions on marine biota. This assessment level is applied when
screening-level investigations indicate potential concern or when prior information suggests
elevated risk. The objective of detailed impact assessment is to characterise biological effects
more comprehensively and to strengthen the overall evidence base through the integrated
application of complementary BATs.

Selection and combination of BATs

At the detailed assessment level, BEPs should combine exposure- and effects-based methods
across multiple levels of biological organisation where feasible and proportionate to the
assessment question and identified risk. This may include bioaccumulation measurements,
biochemical and cellular biomarkers, organ-level pathology, and organism-level condition
indicators. The selection of BATs must be guided by the specific assessment question, suspected
contaminants, and species ecology, ensuring that endpoints are complementary rather than
redundant.

Justification of invasive and resource-intensive endpoints

Detailed impact assessment may justify the use of more invasive or resource-intensive BATs,
such as histopathology or neoplasm assessment, provided that their applicationis proportionate
to the level of concern. BEPs emphasise that such endpoints should be applied with a clear
rationale, linked to prior screening results, exposure evidence, or known hazards associated with
dumped munitions. Ethical considerations and minimisation of unnecessary harm to biota
should be taken into account.

Study design and weight of evidence

BEPs for detailed assessment promote robust comparative study designs, including adequate
sample sizes, appropriate reference areas, and spatial gradients relative to suspected dumping
sites. Results from different BATs should be integrated using a weight-of-evidence approach,
recognising that no single endpoint is sufficient to demonstrate impact. Consistency across
multiple lines of evidence strengthens confidence in the assessment outcome.

Interpretation of results

BEPs caution against drawing conclusions from single findings and require transparent
reporting of uncertainty and other factors that may influence the results.

Outcomes and decision support

The outcome of a detailed impact assessment should be a clearer picture of how strong the
biological effects are, what kind of effects are observed, and where they occur. These results
should be used to decide whether more investigation, long-term monitoring, or specific
management actions are needed. If the evidence is unclear, BEPs recommend clearly recording
the uncertainty and reviewing the situation again when new data become available.
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2.4 BEPs for long term monitoring

Long-term monitoring of biological responses should be closely coordinated with contamination
assessment activities. Measurements of contaminants in sediments, water, or other
environmental matrices provide essential context for interpreting biological trends, while
biota-based monitoring offers information on integrated exposure and biological relevance over
time. BEPs therefore encourage coordinated planning and interpretation of chemical and
biological monitoring, recognising that changes in contamination levels and biological responses
may occur at different rates and spatial scales.

Long-term monitoring aims to track biological conditions and trends over time in areas affected
by, or suspected to be affected by, sea-dumped munitions. Unlike screening or detailed impact
assessments, it focuses on observing changes, persistence, or recovery in biological status over
time under consistent and repeatable conditions.

2.4.1 Selection of monitoring endpoints

BEPs for long-term monitoring recommend the use of robust, well-established endpoints that are
suitable for repeated application over time. Preference is to be given to indicators with known
variability, clear interpretation frameworks, and demonstrated applicability in monitoring
programmes. Endpoints selected for long-term monitoring should be stable enough to allow
comparison across years and sampling campaigns, even if they are less sensitive than those used
in screening or detailed assessments. Where trophic transfer is an assessment objective, the
monitoring design should include relevant biota from more than one trophic level together with
appropriate environmental concentration data.

2.4.2 Consistency, comparability, and interpretation

Long-term monitoring relies on consistency in study design, including species selection,
sampling locations, timing, and analytical methods. BEPs emphasise that changes to methods
or endpoints should be minimised, as methodological variation can obscure real biological
trends. Where changes are unavoidable, their potential effects on comparability should be
clearly documented.

Results from long-term monitoring should be interpreted primarily in terms of trends over time
rather than individual observations. Short-term fluctuations may reflect natural variability and
should not be over-interpreted. BEPs therefore encourage cautious interpretation of monitoring
results, focusing on persistent patterns, gradual change, or indications of stability or recovery
when the same methods are applied repeatedly over time.

2.5 Interpretation and integration of results

Results from biota assessments should be interpreted using multiple sources of information
together, not individual findings on their own. Results from screening-level assessment, detailed
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impact assessment, and long-term monitoring should be considered jointly to understand
biological conditions and changes over time.

Biological responses, exposure information, spatial patterns, and temporal trends should be
examined together, recognising that different indicators may respond at different rates.
Consistent results across several indicators increase confidence, while differing results should
be reported clearly rather than resolved by selective emphasis.

Biota assessment results should be interpreted alongside contamination assessment data,
which provide important context. Chemical and biological data may not show the same timing or
spatial patterns, and neither should be used alone to draw conclusions.

Uncertainty should be clearly described, including uncertainty related to natural variability, study
design, and data limitations. BEPs caution against drawing conclusions from single findings and
recommend revisiting assessments as new data become available.
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1 Remediation methods

Remediation of sea-dumped munitions focuses on reducing long-term environmental, safety,
and human health risks posed both by intact ordnance and by their degradation products. These
risks span several key areas, including explosive hazards, direct contact risks, environmental
contamination arising from corrosion-released compounds that can enter marine biota, and
security-related threats associated with the presence and potential disturbance of unexploded
ordnance. Over time, corrosion and other degradation processes may affect munition condition,
casing integrity, and the potential for contaminant release. However, age alone does not
determine fragility, fuze functionality, or handling risk. These factors shall be assessed for the
individual object, taking account of munition design, casing condition, corrosion and potential
leak pathways, fuze configuration, explosive-fill condition, burial state, and the relevant
environmental setting (den Otter et al.,, 2024). At the same time, expanding marine
infrastructure—such as ports, pipelines, and offshore wind farms—introduces additional
constraints and can amplify these risks.

The approach to remediation outlined in this chapter builds on international, regional, national,
and, where applicable, military guidance for the management of submerged munitions. In
particular, it draws on International Mine Action Standard 09.60: Underwater survey and
clearance of explosive ordnance (IMAS, 2014); the Quality Guideline for Offshore Explosive
Ordnance Disposal (Frey, 2020); NATO Allied Joint Publication AJP-3.18 on explosive ordnance
disposal support to operations; the HELCOM thematic assessment on hazardous submerged
objects in the Baltic Sea (HELCOM, 2025); and relevant national environmental and
measurement guidance. Examples include the United Kingdom Department for Environment,
Food & Rural Affairs guidance on minimising environmental impacts from unexploded-ordnance
clearance and the United Kingdom National Physical Laboratory protocol for in-situ underwater
measurement of explosive-ordnance disposal (Defra, 2025; NPL, 2020). Together, these
documents inform the conceptual, technical, operational, measurement, and environmental
basis for applying Best Available Techniques (BATs) and Best Environmental Practices (BEPs) to
the remediation of sea-dumped munitions.

Unlike item-specific disposal operations focused on individual objects, remediationis a site- and
ecosystem-oriented process. It integrates comprehensive environmental risk assessment,
long-term monitoring, and management actions such as controlled removal, mitigation of
exposure pathways, and protection of sensitive habitats and species. Prioritising sites for
remediation therefore requires weighing explosive, chemical-agent, contact, environmental, and
security risks in a structured and transparent mannetr.

The objective is to achieve measurable risk reduction while minimising environmental
disturbance. In practice, this requires selecting and applying BATs and BEPs that are appropriate
for specific site conditions, levels of uncertainty, constraints by human activities such as
infrastructure, and stakeholder needs. Within the remediation process, BATs provide operational
tools for actions such as controlled recovery, low-impact disposal methods, targeted monitoring,
or habitat-protective interventions. Embedding BATs and BEPs directly into the remediation
workflow helps ensure that technical feasibility, environmental safeguards, and safety
considerations remain aligned and proportionate as sites are prioritised and managed.
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The Quality Guideline for Offshore Explosive Ordnance Disposal (Frey, 2020) was developed to
support offshore EOD operations within German territorial waters and Germany’s exclusive
economic zone. It provides a structured reference for planning, documenting, and reviewing
relevant civilian offshore EOD activities in that jurisdiction. The guideline may inform the
development and application of BATs and BEPs for sea-dumped-munition remediation, but its
geographical and operational scope shall be recognised. It is applicable to military EOD
operations only to the extent that the responsible military authorities determine it to be relevant,
and it does not itself establish BAT designhations for other jurisdictions or operational contexts.

It is recognised throughout this chapter that what constitutes a BAT at one site may not be
appropriate at another, and that remediation decisions must therefore remain risk-based,
site-specific, and adaptive.

Remediation in this context should be distinguished from clearance activities as defined in
explosive ordnance management frameworks. Clearance typically refers to the identification,
removal, or destruction of munitions to ensure safety in a defined area and is often driven by
operational or infrastructural needs.

Remediation, by contrast, takes a broader, risk-based perspective and includes clearance as one
possible management option among others. Depending on site-specific conditions, remediation
may involve clearance-type actions, such as recovery and post-recovery treatment, or leave-in-
place management where this provides a more favourable overall outcome. Leave-in-place
management retains the munitions at their current location and is supported by proportionate
monitoring, access or activity controls where relevant, and pre-defined decision triggers for
reassessment or a later transition to clearance or another remediation option.

This distinction is reflected in the remediation strategy categories described below, where
clearance-type actions are treated as one group of possible interventions within a broader
risk-management framework.

Clearance and disposal technologies described in related documents are operational options to
be evaluated within the broader remediation framework set out below.

Clearance and disposal methods are therefore not default solutions but must be evaluated as
part of a structured, site-specific decision-making process. In this context, Best Environmental
Practices (BEP) guide the selection and prioritisation of actions, while Best Available Techniques
(BAT) provide the technical means for their implementation. Technologies may only be
considered BAT within remediation when they result in a demonstrable net risk reduction.



SUSTAINABLE WATERS |||I

* *

miILerre 5 Co-funded by
Baltic Sea Regig Taas” the European Union MUNIMAP

2 Determination of BAT and BEP status for remediation
methods

2.1 Basis for BAT and BEP determination

Remediation of sea-dumped munitions differs fundamentally from contamination assessment
and monitoring in that no universally applicable, standardised remediation techniques exist.
Remediation measures are inherently site-specific, risk-driven, and operationally constrained,
and their applicability depends on munition type, condition, environmental setting, and societal
context.

Accordingly, BATs and BEPs are determined through related but distinct criteria. BATs are
assessed against technical criteria, including demonstrable risk-reduction effectiveness,
technical feasibility and maturity, and environmental and operational effects under defined site
conditions. BEPs are based on process- and decision-oriented criteria that govern the site-
specific selection, combination, sequencing, and implementation of BATs and other
management measures. This approach is consistent with international guidance for underwater
explosive ordnance operations, offshore EOD quality frameworks, and regional assessments of
submerged munitions.

For the purposes of this document, BAT and BEP status for remediation methods is determined
using the following considerations:

e Riskreduction effectiveness
The extent to which a method demonstrably reduces explosive, toxicological,
environmental, or human health risks under site-specific conditions.

e Environmental impact and secondary effects
The likelihood that the method causes disturbance of munitions, sediment or biota,
contaminant release, habitat damage, injury or death of sensitive or protected species,
or other unintended environmental consequences.

e Technical feasibility and maturity
Whether the method is technically proven, operable under marine conditions, and
supported by documented experience or quality-assured practice.

e Safety of personnel and third parties
The degree to which the method can be implemented while maintaining acceptable
safety margins for operators, other sea users, and coastal populations.

e Proportionality and necessity
Whether the method represents a reasonable response to the identified risks, taking
into account uncertainty, available alternatives, and long-term management options.

e Consistency with applicable legal and governance frameworks
Remediation planning shall be aligned, as applicable, with national permitting,
explosive-ordnance-disposal and occupational-safety requirements; the International
Mine Action Standards and relevant offshore EOD quality guidance; and the
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HELCOM/Baltic Sea regional marine-protection framework. For chemical munitions, the
applicability of the Chemical Weapons Convention and OPCW procedures shall be
determined with the competent national authorities on a case-specific basis.

Under this framework, a technology or operational method may be identified as a BAT where it is
technically feasible, sufficiently mature, and demonstrably effective in reducing one or more
identified risks under the site-specific conditions assessed. BAT desighation does not, by itself,
determine that the method is the preferred remediation option at a particular site.

BEPs govern the selection, combination, sequencing, and application of available BATs and other
management measures. The preferred approach shall be the most effective proportionate
combination for achieving net risk reduction with the least overall harm, taking account of
uncertainty, environmental effects, safety, feasibility, and applicable legal requirements.

2.2 Application of BAT and BEP principles in remediation

Based on the criteria above, this chapter presents BATs as a toolbox of technologies and
operational methods. BEPs determine their site-specific selection, combination, sequencing,
and application. The following principles distinguish these two roles in remediation.

2.2.1 BATs for remediation

In this chapter, BATs are technologies or operational methods that are technically feasible,
sufficiently mature, and demonstrably effective in reducing one or more identified risks under
defined site conditions. No remediation method is universally a BAT: its suitability depends on
the munition, environmental setting, operational constraints, and risk-reduction objective. BAT
designation does not itself determine the preferred remediation strategy for a site.

1. No single remediation method is universally a BAT
A method that constitutes BAT at one site may be inappropriate or environmentally
harmful at another. BAT status for remediation is therefore site- and scenario-dependent
and must be justified through risk assessment.

2. Active-intervention methods require case-specific BAT assessment
Recovery, relocation, or destruction may be considered where a site- and object-
specific comparative assessment demonstrates that the proposed option provides a
more favourable overall outcome than management in place, containment, or other
feasible alternatives. The assessment shall consider the identified risks, environmental
effects, safety, technical feasibility, applicable requirements, uses of the sea, available
receiving or treatment capacity, and relevant societal and economic considerations.
Any use of blast-in-place remains subject to the separate last-resort conditions set out
below.

3. In-situ detonation (blast-in-place) is not considered a BAT
In-situ detonation is recognised as an item-specific disposal technique with potentially
severe environmental impacts and is therefore not designated as a BAT. Its use may be

7
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justified only as a last resort in situations of immediate and unacceptable risk to
humans where no safer alternative exists. If in-situ detonation is used, its likely
environmental effects shall be assessed for the proposed operation and site conditions.
Where material effects are identified, proportionate mitigation and monitoring
measures shall be selected and documented. A bubble curtain may be used where
technically feasible and appropriate but shall not be assumed to provide universal
protection.

2.2.2 BEPs for remediation planning and implementation

In this chapter, BEPs govern the risk-informed selection, combination, sequencing, and
application of BATs and other management measures. The selected approach should be the most
effective proportionate combination for achieving net risk reduction with the least overall harm,
taking account of uncertainty, environmental effects, safety, feasibility, applicable legal
requirements, and the consequences of both action and inaction.

1.

Best Environmental Practices govern remediation decision-making
BEPs provide the primary framework for remediation by ensuring that actions are:

e risk-informed,

e proportionate,

e precautionary under uncertainty and designed to minimise environmental
disturbance and harm.

Management in place with monitoring is a conditional management route
Management in place with structured monitoring, access restrictions, or other
proportionate controls may be selected for chemical or conventional munitions only
where a site- and object-specific comparative assessment demonstrates that it
currently provides a more favourable overall outcome than feasible alternatives. The

assessment shall consider the risks and consequences of both intervention and non-
intervention, including foreseeable disturbance, environmental effects, safety, technical
feasibility, applicable legal requirements, available receiving or treatment capacity, and
relevant uses of the sea. Management in place is not a passive or permanent default:
the plan shall define monitoring requirements, performance criteria, decision triggers,
and arrangements for reassessment or transition to another authorised route if
conditions, evidence, technologies, or feasible capacities change.

Monitoring and adaptive management sustain the selected management route
Monitoring shall be desighed to test whether the assumptions and performance criteria
underlying the selected route remain valid. Results shall be reviewed against defined
decision triggers, including changes in munition condition, contaminant release or
exposure, environmental receptors, seabed use, regulatory requirements, technical
feasibility, or available treatment capacity. Where triggers are met, the responsible
authorities shall reassess the comparative management options and, where justified,
modify the controls or transition to another authorised route.
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2.2.3 Implications for the remediation chapter

This approach means that the remediation chapter:
o Explicitly recognises uncertainty and variability,

e Provides a transparent, defensible basis for selecting, justifying, or rejecting
remediation actions.

The remediation methods described in the following sections are therefore presented as
potential options, whose applicability and BAT/BEP status must be evaluated in relation to
site-specific risk assessments and management objectives.

2.2.4 BEP decision framework for selecting remediation options

Under a BEP approach, remediation strategies should be selected through a structured, site-
specific evaluation of risks, benefits, and alternatives. Site prioritisation may be supported by
structured multi-criteria analysis. The CONMAR Multi-Criteria Analysis for Dumped Munition
Prioritisation tool (MCA-DuMP) was developed to support prioritisation of dumped munitions for
remediation. Its handbook and criterion descriptions may be used as a supporting resource,
provided that the selected criteria, scoring, and any site- or national-level adaptations are
documented (Frey et. al., 2026; Pilz et al., 2025). Key considerations include:

e Risks associated with munition type and condition, including casing integrity, structural
fragility, corrosion, observed leakage, and, where relevant, hazards associated with the
explosive fill or chemical agent.

o Risks and benefits associated with environmental sensitivity and exposure pathways

e Feasibility and risks of intervention (e.g. recovery, transport, disposal)

e Comparative risks, benefits, and residual uncertainties of feasible management
strategies, including management in place and monitoring, in-situ containment or
treatment where considered, recovery and controlled treatment, relocation, and last-
resort explosive disposal.

e Relevant socioeconomic drivers, including infrastructure development and associated
benefits.

e Whole-route environmental effects, resource requirements, waste generation,
monitoring and verification needs, and life-cycle costs, including subsequent treatment,
disposal, and long-term management where relevant.

In this framework, structural fragility refersto reduced mechanical integrity of the munition casing
or assembly; it does not by itself indicate the chemical stability or sensitivity of the explosive fill
or chemical agent, which must be assessed separately where relevant.

The selected approach should provide demonstrable net risk reduction, considering short-term
operational risks, long-term environmental effects, and potential human-health consequences,
including relevant exposure pathways for workers, other sea users, seafood consumers, and
bathers.
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For an object-specific BAT/BEP determination, the supporting evidence should, as far as
practicable, document the munition type and condition, casing integrity, fuze configuration,
explosive or chemical fill, burial and orientation, feasibility of safe handling and transport,
environmental setting and receptors, feasible alternatives and reasons for their rejection, and the
expected environmental effects of the selected route. The level of detail shall be proportionate to
the risk and uncertainty associated with the proposed intervention.

3 Remediation strategy categories

Remediation of sea-dumped munitions includes a range of approaches aimed at reducing long-
term risks to the environment, human health, and maritime activities. It involves selecting,
implementing, and reviewing a management route in response to the site-specific risk
assessment, which may range from management in place with proportionate monitoring and
controls to recovery and subsequent treatment. The selected route requires consideration of
expected risk reduction, environmental consequences, technical feasibility, safety, legal
requirements, and the potential effects of both intervention and non-intervention.

Remediation may involve a sequence of managed operations, such as recovery of munitions from
the seabed, transfer or transport, and subsequent treatment or destruction through an
authorised route. Relocation is a distinct risk-management route and is considered separately;
its legal permissibility, as well as its technical and environmental suitability, shall be confirmed
before selection. Allremediation operations, including relocation where legally permissible, shall
be planned and implemented under appropriate safety, environmental, legal, and operational
controls. The relative suitability of management in place, recovery, relocation, containment, or
another measure shall be evaluated case by case, taking account of uncertainty and variability in
munition condition, contaminant release and transport, environmental setting, foreseeable
disturbance, and the performance of the proposed management route. For sea-dumped
chemical munitions, hazards, physical condition, legal requirements, handling constraints, and
available management options may differ from those for explosive munitions. BATs provide the
technical methods that may be used, while BEPs govern the site- and object-specific comparison
and selection of management in place, containment, recovery, relocation where lawful, or
another authorised option.

Based on the BAT and BEP determination principles outlined above, remediation options can be
grouped into a limited number of strategy categories. These categories reflect different underlying
approaches to risk management rather than specific technologies. Their applicability and
BAT/BEP status are conditional and depend on munition type and condition, environmental
setting, exposure pathways, and socio-economic context. The categories are not mutually
exclusive and may be combined or applied sequentially as part of a site-specific and adaptive
remediation strategy.

A. In situ (non-removal approaches)

These approaches manage identified risks without removing munitions from the seabed.
Depending on the selected route, they may include management in place with proportionate
monitoring and, where relevant, access or activity controls; capping or encapsulation; or another
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site-specific containment measure. Their suitability shall be assessed against the same decision
framework as removal options, including expected risk reduction, environmental consequences,
technical feasibility, safety, legal requirements, long-term performance, and uncertainty. They
may be selected where the assessment demonstrates a more favourable overall outcome than
recovery, relocation, or another active intervention.

e Managementin place with monitoring and, where relevant, access or activity controls
e Capping/encapsulation

B. Recovery based management

These strategies involve recovery of munitions or, where relevant, contaminated material from
the seabed, followed by controlled handling, transfer or transport, and an authorised subsequent
treatment, storage, disposal, or other management route. Recovery may remove or reduce an
identified source from the marine environment, but its overall suitability shall be determined
through a site- and object-specific assessment. The assessment shall compare the expected risk
reduction with potential risks and environmental effects arising during recovery, containment,
lifting, transfer, transport, subsequent management, and any residual contamination. Each step
shall be subject to appropriate safety, environmental, legal, and operational controls.

e Recovery from the seabed
e Controlled transfer and transport, where required

C. Relocation (in situ repositioning)

Relocation involves moving munitions within the marine environment to reduce a defined risk
associated with their original location, for example proximity to a traffic route or planned
infrastructure. It does not eliminate the source and may introduce risks through handling,
movement, and placement at the destination. Its legal permissibility, including whether it could
be treated as dumping or otherwise engage applicable international or national obligations, shall
be confirmed before itis selected.

Subject to that confirmation, relocation may include placement in a defined, managed marine
location—sometimes described as wet storage—where identified objects can be monitored,
protected from foreseeable disturbance, and retained for possible later recovery and subsequent
management. Such an arrangement shall not be assumed suitable merely because itis adjacent
to an offshore development or another managed site. Its suitability depends on the object
condition, containment and placement method, destination-site characteristics, legal
approvals, access controls, monitoring, foreseeable site use, and the documented long-term
management route.

Relocation shall be evaluated separately from management in place and recovery-based
management through the same site- and object-specific decision framework.

e Relocation to a defined marine management location, where legally permissible and
supported by an object- and site-specific assessment

11
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D. Blast-in-place: non-BAT, last-resort disposal option

Blast-in-place means detonation of a munition at, orimmediately adjacent to, its location on the
seabed. It is not designated as a general BAT because it may cause substantial environmental
effects, including explosive shock, noise, disturbance of sediment and benthic habitat, and
release or redistribution of munition constituents. It may be considered only as a last-resort,
item-specific disposal option where an immediate or otherwise unacceptable risk has been
identified and recovery, containment, relocation, or another lower-impact management route is
not feasible.

Where blast-in-place is authorised, planning shall identify the relevant environmental receptors,
conservation objectives, operational constraints, and applicable requirements. The selected
mitigation measures shall be appropriate to the assessed risks and documented in the
implementation plan.

e Blast-in-place detonation: last-resort, item-specific disposal only

The following sections apply this classification framework separately to explosive munitions and
chemical warfare munitions. Each technical method is identified as either: (a) a BAT that may be
applied where its documented operating range and performance are appropriate to the site; (b)
an emerging or site-specific option for which the evidence is not yet sufficient for general BAT
designation; or (c) a non-BAT, last-resort option.

BEP governs selection, combination, implementation, monitoring, and review of these methods.
Aremediation route constitutes BEP only where the site-specific assessment demonstrates a net
reduction in the identified risks, avoids disproportionate secondary environmental harm,
satisfies applicable legal and safety requirements, and includes proportionate monitoring,
performance criteria, decision triggers, and contingency arrangements. Site prioritisation and the
decision criteria for selecting among remediation routes are addressed in Section 2.2.4.

4 Application to explosive munitions

The following sections apply the remediation strategy categories presented in Section 3 to
explosive munitions. They address management in place, recovery-based management,
relocation, defuzing, and last-resort disposal options. Active intervention may be considered only
where the site- and object-specific decision framework demonstrates that it provides a more
favourable overall outcome, including a demonstrable net reduction in the identified risks, than
feasible alternatives.

Clearance technologies described in documented CAMMera project outputs may provide
operational examples or evidence for particular methods. Their application shall be evaluated
within the broader remediation framework defined in this chapter; inclusion in a project output
does not by itself constitute a BAT designation.

12
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4.1 Leave-in-place and monitor

Leave-in-place with monitoring is a management strategy in which munitions remain at their
current location and identified risks are managed through proportionate access, activity, or
spatial controls together with structured observation of the site. It may be selected where the
decision framework establishes that it provides a more favourable overall outcome, including a
demonstrable net reduction in the identified risks, than feasible alternatives.

BAT/BEP status

o Classification: BEP management route; not a stand-alone BAT.

e Role of monitoring: Monitoring verifies whether the selected management route
continues to provide the required level of protection and informs reassessment,
escalation, or transition to another measure where decision triggers are met.

The decision to manage an item in place shall follow the object- and site-specific assessment
described in the decision framework. This assessment should establish, to the extent
practicable, the object identity, type, condition, location, relevant exposure pathways,
environmental setting, and feasibility of alternative actions such as recovery, relocation, or blast-
in-place. The criteria used to determine whether residual risks can be managed in place shall be
those established in Section 2.2.4; this section does not introduce a separate or undefined
threshold of “acceptable” risk. The comparative decision shall be based on documented
environmental, safety, technical, legal, and operational evidence; cost or the absence of
immediately available treatment capacity shall not alone determine whether management in
place is selected.

Absence of detectable release may support management in place where the other decision
criteria are also met, but it shall not alone determine the decision. Detectable, newly identified,
or increasing release of relevant munition compounds or transformation products shall be
assessed in relation to its magnitude, trend, exposure pathways, environmental receptors, and
the feasibility and expected effects of alternative management routes. Such evidence shall
trigger review under the defined decision framework; it shall not be treated as evidence that
management in place remains protective without that review.

Monitoring under this strategy shall use the relevant survey, contamination-assessment, and
biota-impact BATs described elsewhere in the catalogue. The decision to manage the site in
place, the design of the monitoring programme, the application of proportionate restrictions, and
the review of results form the BEP framework for risk management and adaptive decision-making.

Indicative steps for leave-in-place management include:

1. Document the management basis: record the object- and site-specific assessment, the
reasons for selecting management in place, the relevant decision criteria, and the
responsibilities for implementation and review.

13
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2. Establish baseline conditions: define the initial condition of the munitions, seabed setting,
relevant environmental matrices and receptors, activity pressures, and existing access or
operational constraints.

3. Define management measures: establish any necessary spatial information, access
restrictions, notices, or operational controls intended to prevent avoidable disturbance.

4. Design the monitoring programme: specify the objectives, spatial coverage, parameters,
sampling frequency, analytical methods, data-quality requirements, and reporting
arrangements. The programme shall be proportionate to the identified risks and site conditions.

5. Implement monitoring and review: apply the relevant methods, compare results with the
baseline and decision criteria, and maintain traceable records of observations, changes, and
management actions.

6. Apply decision triggers: define in advance the observations or changes that require
reassessment, modification of monitoring or restrictions, or evaluation of an alternative
remediation strategy. Triggers should include, where relevant, deterioration in munition
condition, increased mobility or disturbance risk, newly detected or increasing release of
relevant compounds or transformation products, changes in exposure pathways or
environmental receptors, and changes in technical, legal, or receiving-capacity conditions.

4.2 Capping and encapsulation

Capping or encapsulationis not designated as a BAT in this chapter. It may be considered only as
an interim, site-specific risk-management measure where assessment identifies a defined
exposure pathway that can be reduced and where installation does not create greater risks. It
does not remove the munition source and shall not be assumed to prevent dissolved munition
compounds from moving through sediment and pore water; any expected containment
performance must be demonstrated for the particular site and followed by monitoring.

BAT/BEP status

o C(Classification: Not designated as a BAT in this chapter.

e BEP role: Capping or encapsulation may form part of a site-specific BEP management
route only where the assessment demonstrates that it reduces a defined exposure
pathway, does not create greater overall risks during installation or over the long term, and
can be monitored and maintained as necessary.

The effectiveness of capping depends on the durability of the applied material and site-specific
conditions, including sediment dynamics and seabed morphology. Material properties relevant
to pore-water movement must also be taken into account. Potential limitations include erosion,
disturbance of munition items during installation, and uncertainty regarding long-term
performance. If capping or encapsulation is applied, it shall be combined with monitoring to
verify continued effectiveness, detect changes in site conditions or contaminant release, and
determine whether the measure should continue or be replaced by another management option.
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If recovery is later required, removal of the cap and treatment of potentially contaminated
capping material may be costly.

A munition-specific example is the development and testing of sand-filled geobags to immobilise
submerged munitions and isolate them from the overlying water column (Bunch et al., 2013). This
was a concept-development and testing study, not a demonstration of long-term field
performance at sea-dumped munition sites; it does not establish a BAT designation or remove
the need to assess potential transport through sediment and pore water.

4.3 Recovery

Recovery may be considered where a site-specific assessment indicates that removal could
achieve a net reduction in identified risks and where a legally compliant, technically feasible
treatment or disposal route has been confirmed. For a munition assessed as safe to handle,
recovery may remove a potential point source and reduce future exposure or access risks.

Recovery involves retrieval of munitions from the seabed or other underwater locations, including
wrecks, and their subsequent management. The operational, safety, and environmental
measures required shall be proportionate to the munition type and condition, the environmental
setting, the recovery method, and the planned treatment or disposal route.

Depending on these factors, recovery may involve risks from handling, sediment disturbance,
transfer, transport, or subsequent treatment; these risks shall be assessed alongside the
expected benefits of removal. Recovery is therefore a site-specific management option whose
BAT status depends on documented evidence of its applicability and net risk-reduction potential.

BAT/BEP status

o C(Classification: Recovery is a site-specific management route; no single recovery
approachis designated as a general BAT in this chapter. Adefined recovery approach may
be designated as BAT only where documented evidence establishes its applicability,
operating limits, safety performance, environmental effects, and net risk-reduction
potential for the relevant munition type, condition, and site.

e BEP role: Recovery may form part of a BEP management route where the complete
sequence of recovery, containment, transfer, transport, and subsequent treatment or
disposal is legally compliant, technically feasible, proportionate to the identified risks,
and supported by monitoring, documentation, emergency arrangements, and defined
decision points.

Potential recovery approaches

Documented clearance and recovery approaches may include diver-assisted recovery and lifting;
robotic or ROV-based grabbing and recovery; crane- or vessel-based lifting and recovery;
underwater freezing-based recovery (Freeze Dredging); electromagnetic recovery; and abrasive
water-jet (water-abrasive suspension, WAS) cutting combined with Cut and Capture systems.
These approaches differ in their operational requirements, suitable munition types and
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conditions, and potential environmental and safety effects. Their selection shall be based on site-
specific assessment and documented evidence of applicability; their inclusion here does not by
itself constitute a BAT designation.

Where crawler-based equipment is considered, seabed bearing capacity and sediment
conditions shall be assessed to determine whether safe operation is feasible without
unacceptable sinking, loss of maneuverability, or disturbance. Diver-assisted recovery should be
considered only where it is justified by the object-specific assessment and can meet applicable
safety requirements.

A proposed example is an expendable, low-cost ordnance recovery crawler designed to locate,
classify, and physically recover unexploded ordnance from the seabed. The design objective was
to reduce diver exposure and operating cost relative to conventional work-class ROV operations
(Wood & Bahr, 2019). This concept does not by itself establish operational performance,
applicability to all munition conditions, or a BAT designation.

WAS cutting is a documented method for opening a munition casing, cutting off a fuze, or creating
an access hole without mechanical impact, sparks, or a significant rise in temperature. Because
the cutting process does not itself apply heat or friction to the munition, it can reduce the risk of
accidental initiation relative to mechanical or thermal cutting methods and can be carried out
remotely. Where combined with a capture system, the technique can also be used to flush out
and collect the explosive filling for subsequent management, rather than leaving it exposed on
the seabed. In this configuration, the process functions as a waste-containment method,
allowing the explosive filling and process effluent to be captured rather than dispersed into the
surrounding environment.

The most developed demonstration of this approach is the United States ESTCP project MR18-
5116, “Cut and Capture System Technology for Demilitarization of Underwater Munitions.” The
system sequence comprised cleaning the object of fouling, positioning the cutting apparatus,
cutting an access hole with an abrasive water jet, removing the cut-out casing section, flushing
out the filling, and capturing the resulting effluent. Two demonstrations were carried out on inert
training projectiles: an initial trial covering 48 items, some partially encased in concrete, and a
second trial of 45 items conducted from a pier at Naval Support Activity Panama City. At a 90%
confidence level, the documented success rates were 89% for correctly connecting the system
to the projectile, 75% for making the access hole (rising to 91% after the cutting parameters were
adjusted), 91% for removing the cut-out casing section, and 80% for complete removal of the
filling. Programme documentation reports that these operations were carried out without
releasing effluent into the environment (ESTCP, 2022).

A parallel concept was developed in Germany under the RoBEMM project (Robotisches
Unterwasser-Bergungs- und Entsorgungsverfahren), which aimed at partially automated, robotic
handling, opening, filling removal, and desensitisation of munitions directly at the site where they
lie. ROBEMM did not progress to a routinely operated, full-scale system, but the solutions it
developed for explosive safety, remote handling and processing informed further German
munitions-removal projects (Abbondanzieri et al., 2018). Development of remotely operated
cutting and capture technologies is continuing, including through the European MMinE-SwEEPER
project (2024-2028), which involves a 20-partner consortium and includes assessment and
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development of munitions-disposal methods and field-deployable technologies (Betdowski et
al., 2026).

These results confirm the technical feasibility of remotely opening a munition, removing its filling,
and capturing the process effluent underwater, but the evidence base available at present is
limited to inert training rounds in a fixed, horizontal orientation. Applicability to live, corroded, or
irregularly oriented sea-dumped munitions, and to objects that are partially buried or heavily
fouled, has not yet been demonstrated. Abrasive water-jet cutting and cut-and-capture systems
are therefore not designated as a general BAT in this chapter. Consistent with the classification
given above for recovery generally, a specific system may support a BAT determination only where
its cutting performance, containment and capture efficiency, and applicability have been
documented for the relevant munition type, condition, and site.

The following overarching principles apply to recovery operations:

e Minimise risk of detonation during handling

e Use equipment with proven performance

e Maintain traceability and documentation

e Integrate environmental and occupational safety

e Contain and recover hazardous material and verify recovery effectiveness

Indicative steps in recovery operations include:

1. Preliminary information review: historical and archival research, available survey data, and
site information to establish, as far as possible, the type, quantity, distribution, and likely
condition of munitions.

2. Site characterisation and risk assessment: confirmation of environmental setting, access
constraints, relevant receptors, and risks associated with the proposed activity.

3. Target verification and recovery-feasibility assessment: assessment of the individual object’s
identity, condition, configuration, and suitability for the proposed handling, transfer, and
subsequent management route.

Where an item contains a fuze or other safety-critical component, any safeing, defuzing, or
other intervention shall be determined through the munition-specific EOD assessment and
carried out only under the applicable authorised procedure.

4. Operational planning: selection of an appropriate recovery approach and equipment;
proportionate safety and environmental measures; permits; and emergency arrangements.

5. Preparation at the object: stabilisation, sediment clearance, or other preparatory actions only
where justified by the object-specific plan and where they do not create greater risk.

6. Recovery, transfer, and subsequent management: attachment and use of the selected
transfer equipment; containment of recovered hazardous material or process effluent, where
applicable; onboard or offshore handling where applicable; transport; and treatment or

17



iLerre P Co-funded by SUSTAINABLE WATERS "“
il * -
Baltic Sea Regig DO the European Union MUNIMAP

* *

disposal through the confirmed route. Recovery shall proceed only where the subsequent
authorised management route has been confirmed, including arrangements for any recovered
explosive fill, process effluent, fragments, residues, or contaminated materials generated by the
operation.

7. Post-operation verification and documentation: confirmation that the object and, where
applicable, hazardous material have been recovered or otherwise managed as intended;
inspection of the site for residual material; and documentation of the operation and final
disposal route.

4.4 Transfer and transport

Transfer and transport are elements of recovery-based remediation. Transfer refers to movement
of a munition within the recovery operation or managed site, for example from the object location
to a recovery vessel or temporary storage location. Transport refers to movement from the
recovery operation to an authorised treatment, disposal, storage, or other management facility.

The appropriate transfer or transport arrangement shall be determined on a site- and object-
specific basis, taking account of munition type and condition, dimensions, containment needs,
distance, weather and sea-state conditions, available handling arrangements, emergency
preparedness, applicable requirements, and the capacity of the receiving route. General EOD
planning principles should be applied in accordance with the relevant IMAS and competent-
authority requirements (UNMAS, 2008). Where the object-specific assessment does not support
the proposed transfer or transport arrangement, alternatives may include management in place
with monitoring or, only as a last resort where an immediate risk requires action and no safer
feasible option is available, blast-in-place with mitigation selected for the specific operation and
site. Abubble curtain may be considered where technically feasible and appropriate but shall not
be assumed to provide universal protection.

No single transfer or transport method is designated as a BAT in this chapter. A method may
support a BAT determination only where its suitability is documented for the relevant munition
type and condition, including the lifting method, containment arrangement, transfer medium,
and subsequent management route. Where adequate supporting evidence is unavailable, the
method should be treated as a knowledge gap rather than a BAT designation.

BAT/BEP status

e Classification: Transfer and transport are operational elements of a recovery-based
management route; no single transfer or transport method is designated as a general BAT
in this chapter. A defined method may support a BAT determination only where its
suitability and performance are documented for the relevant munition type, condition,
containment arrangement, transfer medium, and confirmed subsequent-management
route.

e BEP role: Transfer and transport form part of a BEP route only where they are integrated
with the object-specific recovery plan, applicable legal and competent-authority
requirements, proportionate safety and environmental controls, emergency
arrangements, traceability, and a confirmed authorised receiving route.
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4.4.1 Documented transfer and transport examples

Transport methods are highly dependent on munition type, condition, dimensions, and the
available receiving route. No universal transfer or transport BAT is identified in this chapter at
present. Documented examples may be added where an operational procedure, project output,
or other authoritative source describes the munition context, handling arrangement,

containment method, operating limits, and outcome (Table 1).

Table 1. Examples of documented methods

Documented | Munition Transfer or Operating Evidence status / BAT-
example contextand | transport limits and BEP implication
condition arrangement | safeguards
Kotobrzeg- 560 objects of | All objects Handling and Demonstrates that recovery-
Podczele military origin | recovered from | containment based transfer and transport
recovery recovered, the water and procedure not can be applied operationally
operation, including 237 | transported to | detailedinthe at scale (several hundred
Poland (May SD-1 bombs, atrainingrange | source material objectsin a single
2022) 37 PAbombs, | forfurther campaign); does not by itself
30 AO-25 disposal establish a general BAT for a
bombs, and specific transfer or transport
250 rounds of method, since the handling
small-arms and containment
ammunition arrangement used is not
documented in the source
(Betdowski et al., 2026).
German pilot Submerged Systematic Remote Supports the technical
recovery munitions at raising and operation feasibility of systematic,
programme, historical securing of intended to limit remotely operated recovery
Libeck Bay dumping munitions personnel and containment under
and Wismar areasin using remotely | exposure; operational conditions at
Bay Libeck Bay operated tools | specific historical munitions
and Wismar and containmentand | dumping sites; it does not
Bay; the underwater operating itself establish a general BAT,
condition of containers parameters not since equipment
individual detailed in the specifications, object-
recovered source material specific applicability, and
objectsis not performance limits are not
fully fully documented in the
documented source (Betdowski et al.,
in the cited 2026)
source

4.5 Post-recovery treatment and destruction

Post-recovery treatment and destruction concern the management of munitions after recovery.
They are distinct from blast-in-place, which is addressed separately as a last-resort in-situ
disposal method. The appropriate route depends on the munition type and condition, the
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recovery and transfer arrangement, the availability and capacity of an authorised receiving route,
and applicable legal and permitting requirements.

No single treatment technology is designated as a BAT in this chapter at present. A technology
may support BAT determination only where documented evidence establishes its applicable
munition types and condition range, size or throughput limits, treatment performance, emissions
and waste controls, operational safety, and relevant reference projects.

BAT/BEP status

e Classification: Post-recovery treatment and destruction are components of a recovery-
based managementroute; no single treatment technology is designated as a general BAT
in this chapter at present. A defined technology may support a BAT determination only
where its performance and operating limits have been documented for the relevant
munition type, condition, scale, waste streams, and receiving arrangement.

e BEP role: Post-recovery treatment or destruction may form part of a BEP management
route only where it is integrated with the confirmed recovery, containment, transfer,
transport, emissions-control, residue-management, and authorised receiving
arrangements, and where the complete route provides a demonstrable net reduction in
the identified risks.

Post-recovery treatment technologies are highly dependent on munition type and condition, the
recovery and containment arrangement, the capacity and requirements of the authorised
receiving route, and the applicable legal and permitting framework. No universal post-recovery
treatment BAT is identified in this chapter at present. Documented examples may be included in
Table 2 where a technical, operational, or regulatory source describes the applicable munition
type and condition, operating limits, treatment performance, emissions and residue controls,
operational safety, and outcome.
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Table 2. Comparison of treatment technologies

MUNIMAP

Treatment Applicable Operating Emissions, Documented | BAT/BEP
technology or | munition envelope residues, reference status in
process type and and and controls | projects this
chain condition limitations catalogue
Cut-and- Demonstrated At a 90% Programme ESTCP MR18- Emerging
capture oninerttraining | confidence documentation | 5116, “Cutand | technology.
demilitarisation | projectiles only | level: 89% reports that the | Capture System | Confirms
chain: cleaning | (48 in afirst success system Technology for the
of fouling, demonstration, | connecting enabled these Demilitarization | technical
positioning of some partially the system operations to of Underwater feasibility of
the cutting covered in to the be carried out Munitions” remotely
apparatus, concrete; a projectile, without (ESTCP, 2022) opening a
cutting an further45in a 75% success | releasing munition,
access hole second making the effluent into removing its
with an abrasive | demonstration access hole the filling, and
water jet, from a pier at (rising to environment capturing
removal of the Naval Support 91% after the process
cut-out casing Activity cutting- effluent
section, Panama City); parameter underwater,
flushing out the | equipment adjustment), but the
filling, and designed for 91% success evidence
capture of the objects lying removing the base is
entire effluent horizontally; cut-out limited to
generated not yet casing inert training
during cutting demonstrated section, and roundsin a
and flushing on live, 80% success fixed

degraded achieving orientation;

explosive complete it does not

fillings removal of by itself

the filling establish a

general BAT
for
treatment of
live,
degraded
sea-
dumped
munitions
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Table 2. Comparison of treatment technologies (continued)

Treatment Applicable | Operating Emission | Documented BAT/BEP
technology munition envelope s, reference projects | statusin
or process type and and residues, this
chain condition limitations | and catalogue
controls
RoBEMM Concept- Did not Not RoBEMM Not
concept: level progressto | detailed (Robotisches designated
robotic system aroutinely inthe Unterwasser- as a BAT.
handling of intended to | operated, source Bergungs- und Recognised
the be full-scale material Entsorgungsverfahr | asa
recovered adaptable system; the en), Fraunhofer ICT | technologica
object, across solutions (Abbondanzieri et lly significant
opening of munition developed al., 2018) precursor
the casing, types; the for project — it
removal of project explosive advanced
the explosive | identified safety, the concept
filling, the wide remote of remote
desensitisati | variability handling munitions
on of the of munition | and opening and
removed types, processing processing
material by filling were from a single
addition of compositio | subsequent tool to a full
water, and n, and ly applied in robotic
preparation post- further processing
of residues immersion | German chain —
for disposal material munitions- rather than
properties removal asa
as a key projects deployed
technical (UDEMM, treatment
challenge BordEX, technology
and the
federal
programme
for
removing
munitions
from the
North Sea
and the
Baltic)
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4.5.1 Completion of the treatment route

Recovery-based management is complete only when the recovered munition and any resulting
hazardous materials, residues, or process effluent have been managed through an authorised
route. The planned route shall identify the receiving arrangements, relevant safety and
environmental controls, residue management, responsibilities, and required documentation.

The operation shall be verified and documented to confirm that the recovered material and any
resulting residues have been managed as intended. If residual hazardous material, an
unexpected release, or another material deviation is identified, the responsible authority shall
reassess the management route and apply appropriate contingency measures.

BAT/BEP status: Confirmation of the complete treatment route, residue management,
verification, documentation, and contingency planning form part of BEP for recovery-based
management. A treatment technology is not a general BAT unless its suitability and performance
have been demonstrated for the relevant munition, conditions, and management route.

4.6 Relocation

Relocation refers to movement of munitions within the marine environment to reduce a defined
risk associated with their original location, without removing the munition hazard. Unlike recovery
followed by treatment or destruction, relocation does not eliminate the source. It may reduce
local risks—for example, risks associated with proximity to shipping lanes, pipelines, cables,
dredging areas, or offshore construction—while retaining residual environmental, safety, and
future-management responsibilities.

Relocation may be considered where a site- and object-specific assessment indicates that
moving the item could achieve a net reduction in overall risk compared with leaving it in place.
Potential destination areas may include a designated exclusion or managed area where access,
disturbance, and relevant exposure pathways can be more effectively managed. The assessment
shall address the legal and permitting basis for the proposed movement, the condition and
stability of the munition, the handling and transfer method, environmental conditions along the
route and at the destination, and foreseeable future-management requirements.

Movement of sea-dumped munitions can introduce risks from handling, disturbance, leakage of
hazardous substances, or accidental detonation. Relocation should therefore be considered
only where the object-specific assessment supports the proposed handling arrangement and
where the expected reduction in the identified risk outweighs the risks introduced by the
operation. A relocated munition shall remain subject to documented traceability, access
management where relevant, and proportionate monitoring.

BAT/BEP status: Relocation is a risk-management strategy rather than a technology. No general
relocation method is designated as a BAT in this chapter at present. A method may support a BAT
determination only where its handling approach, containment arrangement, operating limits,
environmental effects, and relevant reference performance have been documented for the
relevant munition type and condition. The decision to relocate, the selection of method, and the
design and review of post-relocation monitoring form part of the BEP framework.
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Relocation is not a substitute for long-term management. The management plan shall define the
reason for relocation, the responsibilities for monitoring and access management, and decision
criteria for reassessment or escalation to another remediation option. Where relocation is
followed by blast-in-place, that subsequent operation shall be assessed under the separate last-
resort blast-in-place section.

4.7 Defuzing selected munition items

Selected munitions, such as British ground mines, may be defuzed using detonation cord with a
comparatively small explosive charge (Kinast, 2022). For the mine types and circumstances
addressed by this method, the area of potential acoustic impact may be substantially smaller
than for blast-in-place. Its applicability is item-specific and shall be determined through the
authorised EOD assessment.

BAT/BEP status: For the specific mine types, conditions, and operational circumstances for
which its effectiveness and environmental performance have been documented, this method
may support a BAT determination. It is not a general BAT designation for all munitions.

Use of defuzing may form part of a BEP management route only where the authorised EOD
assessmentdemonstrates thatit provides a more favourable overall outcome than blast-in-place
or another feasible management option, with proportionate environmental mitigation,
monitoring where required, and documented operational controls.

4.8 Blast-in-place detonation (last-resort disposal)

Blast-in-place detonation is the deliberate initiation of a munition at, orimmediately adjacent to,
its seabed location without prior recovery. It may proceed as high-order detonation or as low-
order detonation (see below); both remain supersonic, shock-wave-driven detonation processes
and are distinct from post-recovery treatment or destruction and from deflagration, which is
addressed separately below. Blast-in-place detonation, whether high-order or low-order, may be
considered only as an item-specific, last-resort disposal measure where an immediate or
otherwise unacceptable risk has been identified and recovery, management in place, relocation,
deflagration, or another lower-impact practicable route is not feasible.

High-order detonation is a fully developed detonation, in which the reaction propagates at the
velocity characteristic of the explosive material used, typically of the order of 5,000-10,000 m/s.
Low-order detonation proceeds at a lower velocity, typically of the order of 1,000-5,000 m/s
(Kicinski & Szturomski, 2020). It remains a supersonic, shock-wave-driven detonation process
and shall not be treated as interchangeable with deflagration, in which the reaction propagates
at a subsonic velocity and is sustained primarily by heat and mass transport (Section 4.9). Low-
order detonation may occur either as an intentional means of reducing shockwave and noise
impact relative to high-order detonation, or as the unintended result of an incomplete
detonation.
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BAT/BEP status

o C(Classification: Blast-in-place detonation whether high-order or low-order, is not
designated as a general BAT in this chapter.

e BEProle: Whereitis authorised as alast-resort measure, its selection, design, mitigation,
implementation, verification, and review shall form part of a site- and object-specific BEP
management route.

High-order detonation can substantially consume the explosive fill, but may generate intense
shock waves, underwater noise, fragmentation, seabed disturbance, and release or
redistribution of explosive residues. The relative importance of these effects depends on the
munition, donor charge, water depth, sediment conditions, local propagation conditions, and
environmental receptors. In semi-controlled tests, high-order detonation produced lower
dissolved explosive-residue concentrations than low-order detonation but more than twice as
many fragments; the relevant trade-off shall therefore be assessed for the proposed operation
rather than inferred from the detonation category alone (Sharma et al., 2025). Field observations
also show that high-order blast-in-place can increase concentrations of energetic compounds in
water and sediment (Maser et al., 2023).

Comparative field evidence illustrates this trade-off between high-order and low-order
detonation. Maser et al. (2023) compared high-order detonation of the Mike mine (a British MK |-
IV ground mine containing approximately 170 kg TNT equivalent, initiated with a 10 kg TNT charge
at 18.5 m depth) with low-order detonation of the Golf mine (a British MK VI ground mine
containing approximately 215 kg TNT equivalent, initiated with a 250 g TNT charge and a
magnesium plate at 19.5 m depth), both at Sejerg Bay, Denmark. Following the low-order
detonation of the Golf mine, no crater formed and the casing remained largely intact;
approximately 20% of the filling remained unreacted, requiring a subsequent high-order
detonation to remove the residual hazard. Maximum TNT concentrations reached approximately
1 mg/L in the water and exceeded 10 g/kg in the sediment, an increase of several orders of
maghnitude over pre-operation levels. By comparison, the high-order detonation of the Mike mine
produced maximum TNT concentrations of only hundreds of ng/L in water and hundreds of pg/kg
in sediment. These results relate to a single comparison of two objects and shall not be treated
as a universal quantitative relationship between detonation type and the extent of subsequent
contamination; they nonetheless demonstrate that a reduction in acoustic and shock-wave
impact achieved through low-order detonation can be accompanied by a substantially greater
quantity of unreacted explosive material remaining in the environment.

Areductionin underwater noise or shock-wave strength shall not, by itself, be treated as evidence
of reduced overall environmental impact. Where low-order detonation is used, or occurs
unintentionally, the operation shall include post-detonation inspection for fragments of
unreacted explosive material; where such fragments are found, they shall be located and, where
technically and safely feasible, recovered, and a further detonation or another authorised
disposal method applied to the residual material.
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Where blast-in-place detonation is authorised, whether high-order or low-order, the operational
plan shall identify the relevant receptors, conservation objectives, exclusion requirements,
environmental conditions, and applicable legal and competent-authority requirements. A
suitably designed and verified bubble curtain may constitute a BAT-level acoustic-mitigation
measure for an authorised blast-in-place operation where it is technically feasible and
appropriate to the site and charge configuration. Its expected attenuation performance shall be
verified for the proposed operating conditions; it does not eliminate all acoustic or physical
effects. Other mitigation measures, including marine-mammal observation, acoustic
monitoring, timing restrictions, exclusion zones, or deterrence measures, shall be selected only
where appropriate to the species, conservation objectives, operational context, and applicable
requirements.

Post-operation verification and any environmental monitoring shall be proportionate to the
assessed risks, conservation objectives, scale of the operation, and regulatory requirements.
This chapter does not prescribe mandatory diver sampling, ecotoxicity testing, or mussel or fish
biomonitoring after every event. Such measures may be required where the assessment
identifies a material uncertainty or potential impact that they can resolve.

4.9 Deflagration

Deflagration is a disposal method in which the reaction propagates through the explosive fill at
subsonic velocity, without developing into a detonation. It shall not be treated as interchangeable
with low-order detonation, which remains a supersonic, shock-wave-driven process.
Deflagration may be considered as an alternative to high-order blast-in-place detonation where
the assessment identifies a need to reduce underwater-noise and seabed-disturbance effects,
particularly in relation to sensitive species or conservation objectives.

BAT/BEP status

o C(Classification: Deflagration is not a general BAT designation for all munition types or
conditions. A defined deflagration system may support a BAT determination where its
applicability, reliable initiation, munition-condition range, environmental performance,
residue-management requirements, and operating limits have been documented.

e BEProle: Deflagration may form part of a BEP management route where it provides a more
favourable overall outcome than high-order detonation or another feasible option, taking
account of noise, shock, seabed effects, explosive residues, safety, and applicable
conservation objectives.

Aseatrialcomparing high-order detonation with deflagration reported peak sound-pressure level
and sound-exposure level about 20 dB lower for deflagration, together with substantially reduced
seabed damage; the study also found evidence of explosive-related residues in sediment (Lepper
et al., 2024). Under the tested conditions, deflagration reduced acoustic levels and seabed
disturbance relative to high-order detonation but did not eliminate potential environmental
effects. The assessment shall address the potential for incomplete reaction, residual explosive
compounds, fragments, subsequent survey or verification needs, and any required management
of residues. It shall also address the possibility of deflagration-to-detonation transition (DDT)
under the relevant munition, initiation, and confinement conditions. Where such transition
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cannot be excluded, the operational and mitigation plan shall account for the consequences of
an unintended detonation.

Bubble curtains may provide additional acoustic mitigation where they are technically feasible
and appropriate. Quarry trials of low-order charges found reductions in peak sound-pressure
levelof 13-17 dB and in sound-exposure level of 7-8 dB under the tested conditions; those results
should not be treated as a guarantee of equivalent performance for every sea state, charge,
system design, or disposal operation (Cheong et al., 2023).

4.10 Risk and harm prevention

Where blast-in-place detonation has been selected as a last-resort, item-specific disposal
measure, the operation may create risks to marine vertebrates and other environmental
receptors through shock waves, underwater noise, physical effects, seabed disturbance, and the
release or redistribution of explosive residues. The scale and spatial extent of these effects
depend on munition and donor-charge characteristics, water depth, local hydrography, seabed
conditions, sound propagation, and the species and life stages present. Blast injury was
identified in some harbour porpoises examined after clearance detonations in the German Baltic
Sea, underlining the need for rigorous, operation-specific mitigation (Koschinski, 2011; Siebert et
al., 2022)

The purpose of mitigation is to avoid or minimise harm to the greatest practicable extent; no
combination of measures shall be assumed to eliminate all effects. Blast-in-place remains non-
BAT as a general remediation method. Where it has nevertheless been authorised as a last-resort
response, the mitigation measures selected for the operation may constitute BAT-level technical
measures, while their site-specific combination, timing, implementation, verification, and review
form part of the BEP management route.

BAT/BEP status

e Classification: Blast-in-place detonation remains a non-BAT, last-resort disposal option.
The technical measures used to mitigate its effects—including a suitably designed and
verified bubble-curtain system where technically feasible and appropriate—may
constitute BAT-level mitigation measures within an authorised operation.

e BEP role: The site-specific combination and sequencing of avoidance measures, timing
restrictions, modelling, exclusion arrangements, observer and acoustic-monitoring
arrangements, deterrence where appropriate, technical mitigation, stop criteria, post-
operation verification, and review constitute the BEP framework for an authorised last-
resort operation.

e Performance principle: The mitigation plan shall be designed to avoid or minimise harm
to the greatest practicable extent. No measure or combination of measures shall be
assumed to eliminate all risk; performance shall be assessed against the relevant
conservation objectives, operational conditions, and decision criteria.

27



SUSTAINABLE WATERS "'I

* *

miILterre Co-funded by
Baltic Sea Regig Taas” the European Union MUNIMAP

4.10.1 Impact mitigation

During planning

¢ Assess the seasonal distribution, migration patterns, habitat use, and relevant conservation
status of noise-sensitive species—including harbour porpoises, seals, protected fish species,
and, where relevant, commercially important fish species—in the potential impact area.

¢ Avoid, where practicable, biologically sensitive times and locations, including migration
periods, areas of high density, breeding areas, spawning periods, and protected areas. Where
avoidance is not practicable, the relevant conservation objectives and competent-authority
requirements shall be addressed explicitly in the assessment and authorisation process.

e Select the proposed detonation location and operational configuration to minimise the
predicted effects on identified receptors. Local shielding, water depth, bathymetry, and seabed
conditions may be relevant to sound and shock-wave propagation, but their effect shall be
demonstrated for the site rather than assumed.

¢ Use the munition characteristics, charge configuration, and site-specific hydrography to model
or otherwise assess the likely extent of underwater-noise, shockwave, fragment, and other
relevant danger zones.

e Where multiple explosive events are planned within the same area or period, assess cumulative
effects over the full campaign, including the number, timing and spatial distribution of events and
other relevant impulsive-noise activities. Where appropriate, consider a cumulative impact
budget and respite periods between successive events.

¢ Develop a species-specific deterrence and exclusion plan where required by the assessment
or competent authority. The plan shall select methods and operating levels appropriate to the
species, conservation objective, likely effectiveness, and potential adverse effects of the
deterrent itself. Acoustic deterrent devices shall not be presumed harmless: evidence in harbour
porpoises shows that sufficiently high exposures can induce temporary hearing impairment,
supporting gradual ramp-up and ramp-down of source levels where such devices are used
(Schaffeld et al., 2019).

¢ Develop an observer scheme proportionate to the assessment. Visual observers are limited by
daylight and sighting conditions. For vocalising species, suitably designed real-time passive
acoustic monitoring may complement, but not replace, visual observation.

¢ Define stop, delay, or modification procedures for sightings or acoustic detections within the
relevant safety or exclusion zone.

¢ Assess the feasibility and expected performance of acoustic and shock-wave mitigation,
including bubble curtains. Bubble curtains have been investigated as a means of reducing sound
pressure and shock-wave effects from underwater explosions in experimental, project, and
operational contexts (Grimsbg & Helgevold Kvardshiem, 2018; Keevin, 1998; Keevin et al., 1997;
Keevin & Hempen, n.d.; Notarbartolo Sciara, 2002; Nitzel, 2008; Rude & Lee, n.d.; Schmidtke,
n.d.-a, n.d.-b; Schmidtke et al., 2009). Where a bubble curtain is selected, its design—including
radius, air flow, deployment arrangement, and expected attenuation—shall be determined in
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relation to charge size, water depth, hydrodynamics, and the relevant protection objective. The
relationship between required curtain dimensions and charge weight shall be supported by the
applicable technical design evidence; it shall not be treated as a universal scaling rule.
Equipment and operating practices shall prevent avoidable contamination, including potential
hydrocarbon release from compressors or associated equipment.

¢ Establish proportionate pre- and post-operation survey and response arrangements, including
procedures for reporting, documenting, and investigating injured or dead animals where this is
required by the competent authority or indicated by the assessed risk.

Before detonation

e Conduct a pre-detonation search of the relevant danger zone using the methods specified in
the approved plan. Depending on the site and conditions, these may include protected-species
observers, passive acoustic monitoring, and other suitable observation methods.

¢ Deploy and verify the operation of technical mitigation systems, including bubble curtains
where selected.

* Implement the approved observer, exclusion, safety, and deterrence arrangements.

¢ Do not proceed where the defined stop or delay criteria are met.

After detonation

e Conduct post-detonation verification and any required searches for injured or dead animals in
accordance with the approved monitoring and response plan. Where carcasses are recovered in
a condition suitable for examination, investigation by appropriately qualified personnel may help
distinguish blast-related injury from other causes.

* Document operational settings, mitigation performance, sightings and acoustic detections,
deviations, and any environmental observations.

¢ Undertake post-operation environmental monitoring where required by the assessment,
competent authority, conservation objectives, or the uncertainty associated with the event. The
monitoring design shall be proportionate to the expected effect pathways and capable of
informing future decisions.

Post-operation inspection and, where technically and safely feasible, recovery of residual
hazardous material from the seabed should form part of BEP regardless of the clearance or
disposal method used. Residual explosive material, munition fragments, or contaminated debris
that may constitute a continuing source of risk should be located, recovered, and managed
through an authorised route.

Controlled quarry trials found that a two-layer bubble curtain reduced peak sound-pressure level
by 13-17 dB and sound-exposure level by 7-8 dB for the tested underwater charges and
configurations (Cheong et al., 2023). These results support bubble curtains as a BAT-level
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mitigation measure within an authorised detonation operation, but do not guarantee equivalent
attenuation in every operational setting. Fish experiments also found inner-ear hair-cell damage
in caged Pacific mackerel at distances up to 400 m from a 4.5 kg C4 detonation (Smith et al.,
2022). This result supports inclusion of fish among relevant receptors in the site-specific
assessment; it does not establish fish inner-ear histopathology as a routine BAT monitoring
endpoint for every detonation.

4.11 Key evidence gaps for explosive munition remediation

Important evidence gaps remain and should be taken into account when determining BAT/BEP
status. These include:

¢ validation of abrasive water-jet cutting on live and historically aged explosive fills under
underwater conditions;
¢ performance of cut-and-capture systems for buried, fouled and irregularly oriented munitions;
o effectiveness and potential adverse effects of pre-charge deterrence measures;
e gspatial extent and persistence of explosive-residue contamination following disposal
operations;

e comparative whole-route costs and environmental performance of recovery, deflagration and
blast-in-place disposal.

The absence of evidence demonstrating performance under a given set of conditions does not by
itself indicate that a method is ineffective; however, it limits the basis for designating that method
as a general BAT.

5 Application to CWAs

The following sections apply the remediation strategy categories described above to chemical
warfare munitions. Chemical warfare munitions require separate consideration because their
identity, physical condition, likely contents, potential release of chemical agents and
transformation products, and associated handling and subsequent-management requirements
may differ from those of explosive munitions. This does not imply that explosive munitions lack
toxicological hazards; rather, the relevant hazards, exposure pathways, legal requirements, and
feasible management routes differ by munition type, condition, and site.

The applicable legal classification, national requirements, and any relevant Chemical Weapons
Convention or OPCW arrangements shall be determined by the responsible competent
authorities for the specific object and proposed managementroute, including the applicability of
the provisions concerning old and abandoned chemical weapons where relevant (OPCW,
1997b).
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5.1 Leave-in-place and monitor

Leave-in-place with monitoring is a management strategy in which chemical warfare munitions
remain at their current location and identified risks are managed through proportionate
monitoring and, where relevant, access, activity, or spatial controls. It may be selected only
where the object- and site-specific decision framework demonstrates that it provides a more
favourable overall outcome, including a demonstrable net reduction in the identified risks, than
feasible alternatives.

BAT/BEP status

e Classification: BEP management route; it does not in itself designate a BAT.

e Role of monitoring: Monitoring verifies whether the selected management route
continues to provide the required level of protection and informs reassessment,
escalation, or transition to another management measure where decision triggers are
met.

The assessment shall consider, to the extent practicable, the object identity and condition; likely
contents; source configuration; casing integrity and potential release pathways; relevant parent
agents and transformation products; sediment dynamics; environmental receptors; foreseeable
disturbance; legal and operational constraints; and the feasibility of alternative measures.
Underwater detonation shall not be assumed to destroy chemical agents effectively or to prevent
subsequent contaminant release; any such conclusion requires compound-, object-, and
operation-specific evidence.

Where leave-in-placeis selected, the management plan shall establish proportionate monitoring
of munition condition where feasible, relevant chemical agents and transformation products in
sediment, pore water, and other justified matrices, contaminant exposure pathways, and
changes in site conditions or use that could affect the selected route. Where required, access or
activity controls shall protect the site from foreseeable disturbance. The plan shall define
measurable performance criteria, decision triggers, responsibilities, and contingency measures
for reassessment or transition to containment, recovery-based management, or another
authorised option.

5.2 Capping, encapsulation, monitored natural recovery, and
enhanced monitored natural recovery

Where the decision framework indicates that recovery, relocation, or another active intervention
would not provide a more favourable overall outcome, in-situ approaches may be considered to
reduce contaminant exposure, release, or dispersal. These approaches include capping or
encapsulation, monitored natural recovery (MNR), and enhanced monitored natural recovery
(EMNR). They may be applied individually or in combination with other remediation measures as
part of a site-specific and adaptive management strategy.
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These approaches have different objectives and evidence requirements. Capping and
encapsulation are engineered containment measures intended to reduce relevant exposure
pathways after installation. MNR and EMNR seek to reduce contaminant exposure,
bioavailability, toxicity, or concentrations in surface sediments over time through natural
processes, with or without limited engineering measures. MNR may require years to decades to
achieve risk-reduction objectives because relevant natural weathering and transformation
processes can be slow and may be incomplete; monitoring is therefore required to verify that the
predicted recovery trajectory is occurring. The initial physical integrity and coverage of an
isolation cap should be verified after installation, with longer-term monitoring to assess
continued performance. None of these approaches removes the munition source or can be
assumed to prevent contaminant transport without site-specific evidence and monitoring (U.S.
EPA, 2014).

Site-specific assessment shall characterise the source configuration and physical condition of
the chemical munitions. Sea-dumped chemical munitions may occur as dispersed, item-by-item
deposits, including material released while vessels were en route to designated dumping areas;
their precise distribution and condition remain uncertain at many sites (HELCOM, 2025). Source
configuration may affect source geometry, accessibility, stability, contaminant-release
pathways, the feasibility of containment or recovery, and the design of monitoring. The choice
among capping, encapsulation, MNR, and EMNR shall therefore not be based on contaminant
identity alone.

5.2.1 Capping and encapsulation

Capping involves placing clean sediment, mineral material, geotextile, or a suitably designed
reactive layer over contaminated sediment or CWA-containing objects. Encapsulation is a more
localised containment measure intended to isolate an individual munition or a concentrated
source of contamination. Both approaches may reduce direct contact, sediment resuspension,
contaminant transport, and contaminant flux into the overlying water.

Capping or encapsulationis not designated as a general BAT in this chapter. It may support a BAT
determination only where a site-specific assessment and documented evidence show thatit can
provide a net reduction in the identified risks without creating greater risks during installation or
over the longer term.

Capping or encapsulation may be appropriate where:

e the decision framework indicates that recovery, relocation, or another active
intervention is not expected to provide a more favourable overall risk-management
outcome;

o thelocation and extent of the source are sufficiently characterised;
e the seabedis physically stable;

e erosion, scouring, and future disturbance are unlikely or can be adequately controlled;
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e installation can be completed without damaging fragile munition casings or increasing
contaminant release; and

e long-term monitoring and, where necessary, maintenance can be ensured.

Cap design should account for seabed morphology, sediment bearing capacity, currents and
wave action, propeller scour, bioturbation, gas generation, contaminant transport, and
foreseeable maritime activities. Planned dredging, anchoring, cable installation, offshore
construction, or other seabed disturbance may render capping unsuitable unless the cap can be
adequately protected, and future interference prevented through institutional controls (Labianca
etal., 2022).

Conventionalisolation caps may consist of clean sand or other compatible sediment, potentially
combined with geotextile and an erosion-resistant armour layer. Reactive amendments,
including activated carbon, zero-valent iron, zeolites, or other sorptive or reactive materials,
should only be used where their effectiveness and environmental compatibility have been
demonstrated for the specific CWA parent compounds, transformation products, and
geochemical conditions present. No single amendment can be assumed to immobilise or
transform the diverse organic and arsenic-containing compounds associated with chemical
munitions.

The review by Labianca et al. (2022) supports the need to select capping amendments and
predictive approaches on a site-specific basis and to verify performance after installation. Todaro
et al. (2021) and Wikstrom et al. (2024) provide relevant evidence from contaminated-sediment
settings for reactive or thin-layer capping approaches. These studies may inform assessment and
design, but they do not by themselves demonstrate performance for CWA-containing objects or
establish a BAT designation for a particular amendment.

Encapsulation of individual CWA-containing objects should currently be regarded as a site-
specific engineered containment option rather than a generally established remediation
technique. Its feasibility depends on the condition and geometry of the object, the seabed's
bearing capacity, installation safety, and the containment system's ability to accommodate
ongoing casing corrosion and contaminant accumulation. Encapsulation does not remove the
source, and partial or complete failure of the containment structure could result in renewed or
concentrated contaminant release. These failure scenarios should therefore be evaluated during
the design phase.

Capping and encapsulation can themselves cause seabed disturbance, resuspension of
contaminated sediment, burial of benthic organisms, and changes in habitat characteristics.
Their environmental benefits must therefore be weighed against installation impacts and
potential long-term effects on benthic communities. Monitoring should verify cap coverage,
thickness, physical stability, chemical isolation, contaminant flux, and ecological recovery.
Quantitative performance criteria and decision triggers shall be defined before implementation
to determine whether the measure remains protective, requires maintenance or reinforcement,
or should be replaced by another management option.

33



SUSTAINABLE WATERS |||I

miLerre 5 Co-funded by
Baltic Sea Regiz Taas” the European Union MUNIMAP

* *

5.2.2 Monitored natural recovery

Monitored naturalrecovery is a sediment-remediation approach that relies on naturally occurring
physical, chemical, and biological processes to contain, transform, or reduce the bioavailability
and toxicity of contaminants. Recovery is systematically monitored to verify that it is progressing
at the predicted rate and achieving predefined remedial objectives. MNR is therefore an active,
evidence-based management approach rather than unmonitored non-intervention. MNR is not
designated as a general BAT in this chapter. It may support a BAT determination only where
multiple lines of site-specific evidence show that it can reduce the identified risks within the
timeframe and under the decision criteria established in Section 2.2.4.

Relevant natural recovery processes may include:
e deposition of cleaner sediment and gradual burial of contamination;
e mixing of contaminated sediment with newly deposited cleaner sediment;
e sorption and other forms of contaminant sequestration;
e abiotic chemical transformation; and
e microbial degradation or transformation.

These processes do not necessarily eliminate contaminants. Sediment mixing or dispersion may
reduce concentrations at one location while redistributing contaminants to another area.
Similarly, chemical or microbial transformation may produce intermediates that are more
persistent, mobile, bioavailable, or toxic than the original compound. The identity, fate, and
toxicity of relevant CWA transformation products must therefore be included in the assessment.

MNR is principally applicable to residual or diffuse sediment contamination rather than as a
stand-alone remedy for an uncontrolled CWA source. It may be considered where (U.S. EPA,
2014):

e the principal source has been removed, contained, stabilised, or demonstrated to
release contaminants at a sufficiently low rate;

e the sediment bed is reasonably stable and is unlikely to undergo significant erosion or
scouring;

o cleaner sediment is being deposited at a measurable rate;

e contaminant concentrations in surface sediment, porewater, or biota show stable or
declining trends;

e contamination occurs at relatively low concentrations, potentially over an area where
intrusive remediation would cause disproportionate disturbance;

e natural processes are expected to reduce the identified risks within a timeframe
consistent with the decision criteria established in Section 2.2.4;
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o risks during the recovery period can be managed in accordance with the decision
criteria established in Section 2.2.4, or monitoring demonstrates a sustained declining
trend;

e human exposure can be effectively limited through institutional controls where
necessary; and

o foreseeable use of the area is compatible with leaving the contaminated sedimentin
place.

These conditions should be treated as lines of evidence rather than as a simple checklist. The
suitability of MNR should be determined from their combined strength and consistency within a
site-specific conceptual model.

MNR is unlikely to be appropriate where an actively leaking munition constitutes a continuing
major source, where imminent and substantial risks are present, or where contaminated
sediments are subject to significant scouring, resuspension, lateral transport, or foreseeable
anthropogenic disturbance (U.S. EPA, 2014). It is also unsuitable where natural burial,
sequestration, or transformation is not expected to achieve the required reduction in identified
risks within the timeframe established by the decision criteria in Section 2.2.4.

For CWA-contaminated sediments, biological degradation should not be assumed without
compound-specific evidence. Assessment of MNR must therefore consider the complete
transformation pathway rather than only the loss of the parent compound (Niemikoski et al.,
2020).

5.2.3 Enhanced monitored natural recovery

EMNR combines natural recovery with limited engineering measures to accelerate risk reduction
where unassisted natural recovery would be too slow. It may include:

e placement of a thin layer of clean sediment;

e addition of an appropriate sorptive or reactive amendment;

e construction of structures that enhance deposition of cleaner sediment; or
e limited measures to stabilise the sediment surface.

EMNR is not designated as a general BAT in this chapter. It may support BAT determination only
where site-specific evidence shows that the proposed enhancement can provide a net reduction
in the identified risks without creating greater risks through material placement, amendment use,
sediment disturbance, or longer-term effects.

EMNR commonly involves a relatively thin layer of clean sediment, typically less than 0.3 m in
general sediment-remediation practice, although the appropriate thickness must be determined
based on site-specific hydrodynamic, geotechnical, chemical, and ecological conditions
(NAVFAC, 2025).
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EMNR may be appropriate where site conditions generally support natural recovery, but the
natural rate of sediment deposition, contaminant sequestration, or transformation is insufficient
to achieve the required reduction in identified risks within the timeframe established by the
decision criteria in Section 2.2.4. The placed material must be physically and chemically
compatible with the receiving environment and must not increase contaminant mobility,
resuspension, toxicity, or ecological disturbance.

Selection of reactive amendments should be based on compound-specific laboratory testing
and, where appropriate, contained pilot-scale trials. Amendment performance should be
evaluated under representative conditions of salinity, temperature, pH, redox potential, organic-
matter content, and sediment mixing. The evaluation should also consider amendment stability,
possible transport outside the treatment area, effects on benthic organisms, and the potential
formation or mobilisation of transformation products.

Biologically enhanced in situ treatment is conceptually related to EMNR but should be
considered separately from established thin-layer placement and sediment-amendment
approaches. Biostimulation could potentially accelerate microbial transformation of selected
organic CWA compounds. However, available evidence is insufficient to regard biologically
enhanced treatment as an established BAT for marine CWA contamination.

Manipulation of nutrients, electron donors, electron acceptors, pH, or redox conditions could
mobilise arsenic, increase sediment oxygen demand, generate undesirable transformation
products, or disrupt benthic communities. Such measures should currently be regarded as
emerging techniques requiring compound-specific laboratory studies, contained pilot trials,
mass-balance assessment, and demonstration of a net reduction in contaminant toxicity,
mobility, and bioavailability before field application.

5.2.4 Evidence, monitoring, and adaptive management

Selection and design of capping, encapsulation, MNR, or EMNR should be supported by multiple
lines of evidence, including field observations, laboratory studies, relevant literature, predictive
modelling, and, where appropriate, pilot-scale testing. A detailed conceptual site model should
describe the contaminant sources, munition condition, potential release rates, transport
pathways, receptors, sediment dynamics, and the physical, chemical, and biological processes
expected to provide containment or recovery.

For MNR and EMNR, predictive modelling or extrapolation of empirical data may be used to
estimate the expected recovery trajectory and the time required to achieve remedial objectives.
Because predictions of natural recovery are inherently uncertain, the expected timeframe should
be expressed as a range rather than as a single point estimate.

A site-specific long-term monitoring plan should be established before implementation.
Monitoring should initially be sufficiently frequent to characterise temporal variability and
establish reliable trends. Its frequency may subsequently be reduced if containment or recovery
is demonstrably proceeding as expected. Monitoring should continue until the required level of
protection and the long-term stability of the remedy have been verified.

Depending on the selected approach, monitoring should address (U.S. EPA, 2014):
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¢ condition and stability of CWA-containing objects;
e cap orthin-layer coverage, thickness, settlement, integrity, and erosion;
o sediment deposition, resuspension, scouring, and bioturbation;

e concentrations of parent agents and relevant transformation products in sediment and
porewater and, where justified, in the overlying water;

e contaminant flux and lateral redistribution;

e bioavailability, toxicity, and uptake by marine organisms;

e benthic-community condition and ecological recovery; and

o changes in site use or environmental conditions that could affect remedy performance.

Institutional controls, including restrictions on fishing, anchoring, dredging, construction, or
other seabed activities, may be necessary during the recovery period. These controls should
remain in place for as long as the residual contamination or containment system requires
protection from disturbance.

Quantitative performance criteria and decision triggers should be established before
implementation. Additional action may be required if recovery does not progress at the expected
rate, contaminant exposure or flux increases, the sediment or cap becomes unstable,
containment integrity deteriorates, or previously unidentified sources are detected. Contingency
measures may include transition from MNR to EMNR, cap repair or reinforcement, installation of
a conventional isolation cap, targeted recovery, or another remediation measure.

Capping, encapsulation, MNR, and EMNR are not designated as general BATs in this chapter. A
specific approach may support a BAT determination only under defined site-specific conditions
and where documented evidence shows that it can provide a netreductionin the identified risks,
is compatible with foreseeable site use, minimises secondary ecological disturbance, and can
achieve and maintain the required level of protection within the timeframe established by the
decision criteria in Section 2.2.4. Their selection, implementation, monitoring, and review shall
be undertaken in accordance with BEP.

5.3 Recovery

Recovery of chemical weapons objects may be considered only where an object- and site-
specific assessment indicates that retrieval, transfer, and subsequent treatment could provide a
net reduction in the identified risks. The assessment shall consider the object’s identity,
condition, accessibility, casing integrity, likely contents, containment requirements,
environmental setting, and the availability of an authorised subsequent management route.

Recovery followed by treatment at an authorised onshore, coastal, or other approved facility may
provide a contained route for removing a source from the marine environment. However, itis also
an operationally complex option: safe recovery depends on the complete chain of object
handling, underwater containment, lifting, transfer, transport, and subsequent treatment. It shall
not be presumed feasible for corroded, leaking, unstable, or poorly characterised objects.
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Rowinski et al. (2023) describe a remotely operated recovery concept comprising an underwater
vehicle for object manipulation and a surface component for containment and transfer. Such
systems may inform recovery planning where their operating limits, containment performance,
and applicability to the specific object and site have been documented. They do not establish a
general BAT designation for recovery of CWA objects.

Worker safety shall be addressed throughout planning and implementation. The recovery plan
shall define the required competence and authorisation of personnel; hazard assessment and
exposure-prevention measures; containment, detection, and decontamination arrangements;
personal protective equipment; medical and emergency response provisions; and procedures for
stopping or modifying the operation where conditions differ from those anticipated. These
requirements shall be applied in accordance with the relevant national requirements and
authorised chemical-safety and EOD procedures.

5.4 Transfer and transport

Transfer and transport of recovered chemical weapons objects may be considered only where
the object-specific assessment supports the proposed handling and containment arrangement,
and an authorised subsequent management route has been confirmed. Transfer concerns
movement within the recovery operation or managed site; transport concerns movement to an
authorised treatment, storage, disposal, or other management facility.

The transfer or transport plan shall take account of the object’s identity and condition, likely
contents, containment requirements, lifting and transfer method, route, duration, weather and
sea-state conditions, available receiving capacity, emergency arrangements, and applicable
legal and permitting requirements. It shall also address the possibility that an object assessed as
intact at recovery could release material during subsequent handling or transport. Where
compatible with the required safety, containment, treatment, and environmental controls, the
recovery and subsequent-management arrangement should minimise unnecessary handling
steps and the distance and duration of transport between recovery and the authorised treatment
facility. A suitably designed near-site or offshore contained-treatment facility may be considered
where the complete route provides a more favourable overall outcome than transfer to a more
distant facility.

Where a chemical warfare munition is unintentionally recovered, return to the sea or re-dumping
shall not be treated as the default response. The applicable procedures, authority
responsibilities, and available management routes may differ according to the waters and
jurisdiction in which the item is recovered. The competent authorities shall compare the
complete practicable management options, including safe temporary storage, containment,
transfer and transport, treatment or destruction, available authorised receiving capacity, legal
requirements, and the environmental and safety risks of each option. Authorised receiving
capacity in another jurisdiction may be considered where lawful and practicable. Re-dumping
without the required authorisation may create legal, environmental, and safety risks; if re-
dumping is proposed as an authorised option, its comparative basis, the risks of release during
handling and placement, and the resulting long-term monitoring and management obligations
shall be documented.
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Containment arrangements shall be selected and documented for the specific object and
proposed route. The chapter does not prescribe a general container type or design specification
for recovered CWA objects. Any container or other containment arrangement shall be
demonstrably suitable for the object condition, anticipated movement, potential release
scenario, and authorised receiving route. Rowinski et al. (2023) describe a recovery concept with
a surface containment and transfer component; this example may inform planning but does not
establish a general container standard or BAT designation.

Worker protection, detection, decontamination, emergency response, traceability, and transfer
documentation shall be integrated into the plan in accordance with applicable national
requirements and authorised chemical-safety and EOD procedures. Where applicable, transfer
and transport shall also comply with the Chemical Weapons Convention and relevant OPCW
notification, verification, or other arrangements. The responsible authorities shall determine the
applicable international obligations, dangerous-goods requirements, and competent-authority
approvals for the specific object, route, and receiving facility, including the applicability of the
relevant provisions for old or abandoned chemical weapons (OPCW, 1997a, 1997b).

Transfer and transport are operational elements of a recovery-based management route, not
BATs in themselves. No general transfer or transport method is designated as a BAT in this
chapter. A method may support a BAT determination only where its suitability, containment
performance, operating limits, and complete subsequent-management route have been
documented for the relevant munition type and condition.

5.5 Controlled destruction

Post-recovery treatment and destruction concern the management of chemical weapons objects
after recovery. They are distinct from blast-in-place, which is addressed separately as a last-
resort in-situ disposal method. The appropriate treatment route depends on the object’s identity
and condition, likely contents, recovery and containment arrangement, the availability and
capacity of an authorised receiving route, and applicable legal and permitting requirements.

Treatment technologies discussed in the published literature include high-temperature thermal
treatment, hydrolysis, electrochemical oxidation, superheated-steam decontamination, and
other contained treatment processes (Lohs, 1980; Boddu et al., 2025). Their suitability cannot be
inferred from the technology name alone. It shall be assessed for the relevant chemical agent or
munition type, object condition, treatment capacity, process safety, emissions and residue
controls, analytical verification, and the disposal route for resulting waste streams.

Any selected treatment route shall also provide forthe containment and authorised management
of resulting hazardous materials, including decontamination liquids, process residues,
contaminated equipment or consumables, and emissions-control residues, as applicable. The
treatment outcome and management of these materials shall be documented in accordance
with the authorised route.

Thermophysical treatment technologies have been reviewed for chemical warfare agents
including sulfur mustard, sarin, and VX (Boddu et al., 2025). This evidence may inform the
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assessment of treatment options, but it does not by itself demonstrate that a technology is
suitable for recovered, corroded, or leaking sea-dumped CWA objects. Any treatment route shall
be supported by documented evidence for its applicable operating range and by a confirmed,
authorised receiving arrangement.

Emerging catalytic approaches, including metal-organic-framework-based methods, are being
investigated for hydrolysis or oxidation of selected chemical warfare agents (Oliver & Huang,
2023). These approaches should be regarded as emerging technologies rather than established
treatment options for recovered sea-dumped CWA objects unless their performance has been
demonstrated for the relevant material, scale, containment requirements, and waste-
management route.

The applicable legal and verification arrangements shall be determined for the individualrecovery
and treatment route. The classification of an object under the Chemical Weapons Convention,
the applicability of national requirements, any relevant OPCW arrangements, and the
authorisation of the receiving facility shall be confirmed by the responsible competent authorities
before the route is selected (OPCW, 1997a, 1997b).

No single post-recovery treatment technology is designated as a general BAT in this chapter. A
technology may support BAT determination only where documented evidence establishes its
applicability to the relevant object type and condition, operating limits, treatment performance,
emissions and waste controls, operational safety, and relevant reference performance.
Selection, implementation, monitoring, and review of the route shall be undertaken in
accordance with BEP. The completion, residue-management, verification, documentation, and
contingency requirements set out in the section “Completion of the treatment route” shall also
apply to CWA treatment routes.

5.6 Relocation

Relocation concerns movement of a chemical warfare munition within the marine environment
to reduce a defined risk associated with its original location, without removing the munition
hazard. It may, for example, be considered where an identifiable object is located near a traffic
route, planned construction activity, or other location in which disturbance or access presents
an identified risk. Relocation does not eliminate the source and may introduce additional risks
through handling, movement, and placement at the destination.

The current legal framework does not establish the general permissibility of relocating legacy sea-
dumped CWA objects (Gericke et al., 2026). The London Convention and London Protocol
regulate present-day dumping at sea and prohibit the dumping of certain hazardous substances,
including chemical warfare agents, while not applying retroactively to historical dumping.
Similarly, Article IV(17) of the Chemical Weapons Convention excludes chemical weapons
dumped at sea before 1 January 1985 from the destruction requirements of Article IV and the
relevant parts of the Verification Annex (Gericke et al., 2026). These provisions do not, however,
resolve whether the deliberate present-day movement and placement of a legacy CWA object at
another marine location would constitute a new dumping activity or otherwise engage obligations
under the CWC, the London Convention or Protocol, regional conventions, or applicable national
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law. This question shall therefore be determined by the relevant competent authorities before
relocation is treated as an available management option.

Only where legal permissibility and the applicable approval and oversight requirements have
been confirmed may relocation be evaluated as a potential remediation option. The object- and
site-specific assessment shall then address object identity and condition, likely contents, casing
integrity, containment needs, the proposed route and destination, destination-site conditions,
environmental receptors, foreseeable disturbance, post-relocation access management, and
the confirmed long-term management route. Any applicable requirements concerning
authorisation, notification or declaration, verification, environmental assessment, monitoring,
recording of the new location, access control, and long-term management of the destination site
shall be identified before the operation is authorised.

Relocation is not designated as a general BAT in this chapter. At present, its legal status for legacy
sea-dumped CWA objects remains insufficiently resolved for it to be presented as a generally
available remediation route. A specific relocation operation may support a BAT determination
only where its legal permissibility and applicable approval requirements have first been
confirmed and where its handling method, containment arrangement, operating limits,
environmental effects, destination-site requirements, and post-relocation management have
been documented for the relevant object and site. The decision to relocate, the implementation
plan, and post-relocation monitoring and review form part of the BEP framework.

5.7 Cross-cutting CWA remediation principles and evidence needs

The selection of a CWA remediation strategy shall be made through the risk-based decision
framework described in Section 2.2.4. No single management route is appropriate for all CWA
sources. The appropriate combination of management in place, containment, recovery, transfer,
post-recovery treatment, or another authorised measure depends on the source configuration
and condition, contaminant-release pathways, environmental setting, legal constraints,
technical feasibility, and the expected overall reduction in identified risks.

The assessment should integrate evidence on munition identity, condition, and stability; relevant
parent agents and transformation products; concentrations and fluxes in sediment, pore water,
and, where justified, the overlying water; exposure and effects in biota; seabed dynamics and
foreseeable disturbance; occupational and public-safety risks; and the feasibility of the
complete management route. Measurable endpoints and decision triggers shall be defined
before implementation so that the effectiveness of the selected strategy can be reviewed and,
where necessary, revised.

An integrated recovery, transfer, and post-recovery treatment route may represent a BEP where
the required technical, legal, safety, environmental, and receiving-capacity conditions have been
demonstrated. It shall not be assumed to be preferable to management in place or in-situ
containmentin every case.

Key evidence needs include better information on the condition and release behaviour of
different CWA source configurations; the environmental fate, mobility, and toxicity of

41



SUSTAINABLE WATERS |||I

miILerre 5 Co-funded by
Baltic Sea Regig Taas” the European Union MUNIMAP

* *

transformation products; harmonised environmental threshold values and, where relevant, food-
safety limits for munition-related contaminants to support consistent interpretation of
monitoring data and remediation decision-making; the long-term performance of containment
and natural-recovery approaches; the legal permissibility of relocating legacy sea-dumped CWA
objects, including the potential applicability of dumping prohibitions, CWC provisions, national
legislation, and associated approval, notification, verification, and destination-site
requirements; and the availability, operating limits, and documented performance of recovery,
containment, transfer, and treatment routes.

Implementation should support traceable documentation, data sharing among competent
authorities, and integration with marine spatial planning where maritime activities—including
dredging, cable installation, offshore construction, shipping, or fisheries—could alter exposure
or disturbance risks.

CWA sources shall not be assumed to occur only as intact, readily recoverable munition items.
Depending on dumping history and subsequent corrosion, a site may contain substantially
corroded or largely empty casings, fragmented munition components, and localised residues of
chemical-agent fill or contaminated sediment. For example, sulfur mustard may persist as solid
or semi-solid lumps of agent and transformation products; such material has been chemically
characterised in a block recovered from the Baltic Sea. Occasional identifiable intact objects
may also occur. The source configuration shall therefore be confirmed as far as practicable
before selecting monitoring, containment, recovery, or other management measures (HELCOM,
n.d.; Greenberg et al., 2016; Mazurek et al., 2001).
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