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Rising demand for marine resources has led to a great interest in seabed

exploration and mining, while deep-sea environments are faced with

cumulative effects of many human activities. Currently, conducting an

environmental impact assessment for deep-sea exploration and mining is

challenging due to the dynamic nature and a lack of high-quality data. The

International Seabed Authority (ISA), which charges with regulating human

activities on the seabed beyond the continental shelf, requires contractors to

establish both geological and environmental baselines. Also, the ISA provides a

general environmental guideline for exploring various seabed resources.

However, standardization of its implementation would need to be addressed

with specified technical international standards. The marine technology

subcommittee of International Standardization Organization (ISO) contributes

to the study of standards on deep-sea geological, geophysical and biological

surveys, also on marine environmental protection. In this review, we explore two

broad aspects of ISO standards: (1) the development of marine geological and

geophysical exploration standard, which may help to establish geological map in

the seabed area. (2) the current state of development of a series of Marine

Environmental Impact Assessment (MEIA) standards, which could standardize the

environmental surveys and monitoring activities in the seabed area. We also

consider the standardization gap between MEIA and seabedmining, and propose

future focus on coordination relationship between marine exploration and

environmental protection.
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1 Introduction

Marine exploration is an important approach for investigating

earth system evolution, predicting seabed resource formation, and

understanding natural disaster mechanisms. With the continuous

increase in marine exploration, deep-sea environments are impacted

by the cumulative effects of many human activities, such as large

marine litter (Bergmann and Klages, 2012) and microplastics

(Courtene-Jones et al., 2019) on the deep seafloor which may affect

benthic ecosystems, offshore industries (i.e., bottom trawling and oil/

gas) which may disturb deep-sea habitats (Aguzzi et al., in press), and

the ecological impact (i.e. lighting, noise and routine discharges) of

mining in the deep sea (Kaikkonen et al., 2018). United Nations (UN)

agencies have proposed criteria for managing marine environmental

conditions, e.g., criteria including Ecologically and Biologically

Significant Areas (EBSAs) by the Convention for Biological Diversity

(Secretariat of the CBD, 2021) and Particularly Sensitive Sea Areas

(PSSAs) by the International Maritime Organization (IMO, 2006). As

more attention has been paid to the potential environmental impacts of

deep-sea exploration, there is a need to establish international

standards that provide technical support to the UN policies and to

conduct a practical marine environment impact assessment (MEIA)

for marine investigation and seabed mining.

The ISA is established under the United Nations Convention on

the Law of the Sea (UNCLOS) to control mineral-resources-related

activities in seabed area beyond national jurisdiction (the Area)

(Kaikkonen et al., 2018; http://www.isa.org.jm/about-isa/). The ISA

have issued recommendations for the guidance of contractors for the

assessment of environmental impacts of mineral exploration in the

Area (ISA, 2013; Miller et al., 2018; Thompson et al., 2018; ISA, 2020;

Christiansen et al., 2022; ISA, 2022). The recommendations briefly

describe the procedures to be followed in the acquisition of baseline

data, and the monitoring to be performed during and after the

exploration activities (ISA, 2022), which provide a basic framework

for MEIA. However, specific technical details have rarely been

included in the ISA recommendations, i.e., the design of survey

lines and sampling strategies for biological fauna. Thus, developing

detailed technical international standards for conducting marine

exploration regarding the assessment of the environmental impacts

is imperative, and it is a technical complementary to ISA

recommendations. These standards shall include two logically

related fields: (1) standards relating to geological and geophysical

explorations, which enabled the high-resolution mapping of seabed

structures and new resources; (2) standards relating to biological and

environmental investigations to assess the ecological impacts of

exploration activities and deep-sea mining.

Based on ten years of ISO work in the field of marine

technology, herein, we review various ISO standards for marine

exploration and environmental impact assessment, and provide

suggestions for future development. We consider two broad aspects

related to international standards: (1) the development of ISO

standards on marine geological and geophysical surveys, such as

the published ISO 3482. It standardize a seismic survey, Ocean

Bottom Seismometers (OBS), in order to reveal crust structure

beneath the ocean and magma chamber information, which may
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help analyzing the environmental changes caused by submarine

earthquakes or volcanic eruptions, and (2) the publication of a

series of ISO standards on MEIA close to marine biological and

environmental surveys, which may help establishing the

environmental baselines for deep-sea mining (Figure 1).
2 Marine exploration and MEIA
standardization work in the ISO

ISO is an independent, nongovernmental international

organization with a membership of 169 national standards bodies.

The ISO standards are established by 825 technical committees and

subcommittees [https://www.iso.org/about-us.html]. Marine

Technology Subcommittee SC 13 of the ISO Technical Committee

TC 8 (ISO/TC 8/SC 13) provides a reliable international platform for

negotiating and specifying requirements for sustainable marine

exploration activities. There are international standards for

geological and geophysical explorations before the establishment of

ISO/TC 8/SC 13, e.g., the American Society of Testing Materials

(ASTM), including the standard guide for using the seismic refraction

method for subsurface investigation (ASTM D5777–18) (ASTM,

2019) and the standard guide for using the seismic-reflection

method for shallow subsurface investigation (ASTM D7128–18)

(ASTM, 2018), and the International Organization for

Standardization (ISO) standards, including ISO 16063–42 (ISO,

2014). However, they are limited to the common approaches for

seismic measurements on land and cannot be applied to deep-sea

adaptations of geophysical measurements. In addition, they do not

address the details offield procedures or data services. Since 2014, ISO/

TC 8/SC 13 has operated six working groups (WGs) and developed 15

standards. WG 4 is responsible for the MEIA, and WG 6 oversees

seabed exploration. The other WGs focus on marine observation,

investigation instruments, resource utilization, and climate change.

ISO standards related to marine exploration and its

environmental impact assessment are presented in (Table 1):

ISO 3482 focuses on marine geological and geophysical

exploration. It specifies the technical requirements for active

source exploration using OBSs. Furthermore, it is related to

marine geophysical investigation and can be used in offshore

resources surveys, geological disaster surveillance, and regional

deep earth exploration (ISO, 2022a).

Several ISO standards have been published to assess the degree

of impact of deep-sea activities on the marine environment. ISO/TC

8/SC 13/WG 4, a working group of MEIA, has published six

standards: ISO 23730, 23731, 23732, 23734, 23040, and 22787.

ISO 23730 and 22787 provide general technical requirements

for MEIA (ISO, 2022b) and general principles for biotic surveys in

the international seabed areas (ISO, 2023). ISO 23040 and 23732

provide detailed specifications for marine biotic surveys of different

biomes (ISO, 2021a, b). ISO 23731 specifies the performance

requirements for imaging equipment for deep-sea environments

(ISO, 2021c), and ISO 23734 specifies a bioassay method to provide

preliminary data for the quality assessment of shipboard seawater at

deep-sea mining sites (ISO, 2021d).
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A preliminary framework of international standards for marine

exploration and the environmental impact assessment has been

established over the past decade. Considering that standards for

marine geological and geophysical exploration activities have not

been systematized, herein, we discuss the opportunities for

developing potential standards while highlighting the published

ISO 3482. For MEIA, most existing standards are related to marine

biotic investigation and seabed mining. Herein, we review several

MEIA standards, focusing on the possibility of providing technical

support to other international organizations in policy-making.
3 Marine geological and geophysical
exploration perspectives on
ISO standards

3.1 ISO 3482: specification standard for
marine geological and geophysical
exploration—importance, technology
maturity, and market validation of OBS

The earth’s internal structure is mainly understood from

earthquake observation data. The data can be obtained by laying

seismic stations on the surface. Seismic observation stations are

primarily distributed on land and islands; therefore, detailed seismic

investigation of the earth’s deep structure beneath the ocean, which

covers approximately 71% of the earth’s surface, is a challenge,

particularly because of the obstacles caused by the water layer

spanning hundreds to thousands of meters. OBS is a seismic

observation station that places a detector directly on the ocean

floor and can be used to detect earthquakes from natural and

artificial sources. Compared with the traditional ship-borne towed

multichannel seismic system, OBS detection has the following

advantages in data acquisition: (1) it is directly in contact with

the seabed and can receive primary and shear waves from the

earth’s interior (Jacobson et al., 1991); (2) in addition to reflection

seismic surveys at small offsets, OBS can be used for wide-angle

reflection/refraction surveys and natural seismic observations at

large offsets to explore the deep crust–mantle structure (WHOI,

2000, 2002); (3) it has low environmental noise, high detection

accuracy, and high signal resolution (Hao et al., 2022).

The first independent OBS prototypes were released and tested

in the 1930s (Ewing and Vine, 1938; Beer et al., 2015). Since the

1960s, OBS has been employed in marine observations. For

example, the United States deployed OBSs manufactured by

Texas Instruments Company for observations in the Kuril Islands

and Kamchatka (WHOI, 2000, 2002; Liu et al., 2012) and promoted

the Vela Uniform Project to normalize passive and active

observations of OBSs (Sutton et al., 1965). Because of the

limitations of industrial technologies, such as magnetic tape

analog recording storage media technology and batteries in the

1970s and early 1980s, OBSs for seabed observation were mostly

short-time equipment, staying on the seabed for no more than 3

months, and were only used in artificial seismic tests (Trnkoczy
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et al., 2012). Since the 1990s, with the rapid development of digital

storage technology, the promotion of large international marine

geoscience projects, such as the InterRidge project for midocean

ridge surveys and the MARGINS project for subduction zone

surveys, and the need for offshore oil and gas industry, the

research and industrial communities have considerably promoted

the development of modern digital OBSs. The United States,

Europe, Japan, and China developed broadband digital OBS

manufacturing technology and conducted sea tests in the late

1990s and early 2000s (Hao et al., 2022). Over the past two

decades, the application of OBSs has been expanded to active and

passive surveys as well as the detection of seismic activities, such as

seabed microearthquakes. OBSs are categorized into two types

based on their recording duration: short-period OBS (SPOBS)

and broadband OBS (BBOBS). SPOBS is usually employed in

active-source artificial seismic exploration and short-time

microseismic detection experiments, while BBOBS provides

seismic observation capability similar to that of terrestrial

seismographs, with a high dynamic range and stable internal

clock. Considering OBSs from international oceanographic

research institutions as examples, the parameters of SPOBS and

BBOBS between different manufacturers are compared (see

Supplementary Material).

Currently, the OBS method is one of the most effective

geophysical methods for studying the deep structure. It is widely

used to study subduction zones (Zhao et al., 2018; Akuhara et al.,

2023), continental margins (Lester et al., 2014; Brotzer et al., 2022),

and midocean ridges (Schlinndwein et al., 2015; Ding et al., 2022),

and to explore oil and gas (Mienert et al., 2005; Mark and Mona,

2008), gas hydrates (Westbrock et al., 2008; Dash and Spence, 2011;

Satyavani et al., 2016), marine engineering constructions and

marine carbon geological storage (Leung et al., 2014).
3.2 Purpose and justification of ISO 3482

OBS has gained much interest in both industrial and academic

communities. However, the performance of OBSs produced by

different manufacturers varies. Their technical requirements, such

as instrument assembly and calibration, field design, OBS delivery,

seismic sources, OBS recovery, and data processing, also differ. On

the one hand, the loss rate of an OBS may increase during fieldwork

because of the nonstandardized operation. There may also be no or

low-quality data after OBS recovery. On the other hand,

standardized OBS data processing criteria help to efficiently

obtain reliable seismic data and geological results. Therefore, it is

necessary to standardize OBS technical requirements and basic

procedures to promote international cooperation in seabed

geological and geophysical exploration.
3.3 Scope and stakeholders of ISO 3482

ISO 3482: 2022 ‘Ships and marine technology—Technical

guidelines for active source exploration with OBS’ establishes the
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technical guidelines covering procedures for reference/positioning

system, instrument calibration, field design, OBS delivery, seismic

sources, OBS recovery, exploration process, data acquisition, and

data processing (ISO, 2022a). It benefits stakeholders from various

communities, such as large industries and small- and medium-sized

enterprises that conduct deep-sea seismic surveys, government,

academic and research bodies , and nongovernmental

organizations. For example, it provides technical assistance for

ISA in establishing geological map in the seabed area to regulate

future seabed exploration.
4 MEIA perspectives on ISO standards

4.1 Standards related to MEIA: an overview
and a comparison with
ISA recommendation

The following general principle standards related to MEIA have

been published (Table 1):

ISO 23730: This standard defines a concept and general

technical requirements for MEIA operation, including cost-
FIGURE 1

The framework of marine exploration and MEIA standardization in the ISO.
TABLE 1 ISO standards related to marine exploration and its
environmental impact assessment.

ISO
22787:
2023

Marine environmental impact assessment (MEIA) — Technical
specifications for marine biotic surveys in the international seabed
area — General principles

ISO
3482:
2022

Ships and marine technology — Technical guidelines for active
source exploration with ocean bottom seismometers (OBS)

ISO
23730:
2022

Marine technology — Marine environment impact assessment
(MEIA) — General technical requirements

ISO
23731:
2021

Marine technology — Marine environment impact assessment
(MEIA) — Performance specification for in situ image-based surveys
in deep seafloor environments

ISO
23732:
2021

Marine technology — Marine environment impact assessment
(MEIA) — General protocol for the observation of the
meiofaunal community

ISO
23734:
2021

Marine technology — Marine environment impact assessment
(MEIA) — On-board bioassay to monitor seawater quality using
delayed fluorescence of microalga

ISO
23040:
2021

Marine environment impact assessment (MEIA) — Specification for
marine sediments in seabed areas — Survey of interstitial biota
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effective deep-sea survey and monitoring, habitat mapping based on

baseline data, estimation of impacts from seabed mining,

monitoring of measures for mitigation, and postmining

monitoring (ISO, 2022b). It does not provide legal or

administrative requirements or protocols on MEIA, which would

be under the scope of ISA.

ISO 22787: This standard is applicable to marine biotic surveys

in international seabed areas. It provides general technical

recommendations for components of marine biotic surveys in

international seabed areas, including station and survey line

design, sampling strategies, survey items, equipment for survey

and analysis, and sample preservation (ISO, 2023). This standard

involves the design of survey lines and sampling strategies, and

provide a detailed description of biological communities, which are

given as a preliminary introduction in the ISA recommendation

(ISA, 2020).

The following specification standards related to marine biotic

surveys for different biomes have been published (Table 1):

ISO 23040: This standard is applicable to marine surveys in

diverse benthic habitats on any seabed, such as benthic sediments of

coastal zones, shallow seas, or deep-sea waters. It specifies

requirements and recommendations for conducting marine

surveys of interstitial biota in marine sediments (ISO, 2021a).

ISO 23732: This standard is applicable to marine environment

impact assessments and other occasions where long-term image-

based data are required. It specifies a general protocol for the

observation of the meiofaunal community in deep sea and

provides a standardized method applicable in baseline data

acquisition and monitoring during and after mining (testing)

accompanying resource development, making it easier to compare

data beyond differences in workers and waters. The ISA

recommendation mandates to obtain data on population density,

biomass and species composition for meiofauna, and ISO 23732

provides a new method aligned to the recommendation (ISA, 2020;

ISO, 2021b).

The published specification standards related to equipment

performance requirements or methods are as follows (Table 1):

ISO 23731: This standard specifies minimum requirements and

provides recommendations for gathering image-based data at the

seafloor where epifauna and benthopelagic fauna with a minimum

dimension of 1 cm are used as a proxy for the status of the biological

community. The ISA recommendation requires for long-term data

sets of different environments within the proposed mining field to

monitor any environmental impacts due to extraction and

processing of minerals, and ISO 23731 standardized a long-term

in situ image-based survey in the seabed area to get such data sets

(ISA, 2020; ISO, 2021c).

ISO 23734: This standard is applicable onboard to generate

basic data for seawater quality management at deep-sea mining sites

where time and space are extremely limited. The ISA

recommendation states that MEIA should address various water

quality management fields, which directly or indirectly affected by

mining and mineral transport process, and ISO 23734 specifies a

bioassay method for determining the presence of unknown toxic

contaminants in the test seawater (ISA, 2020; ISO, 2021d).
Frontiers in Marine Science 05
4.2 Gap addressed in standardization for
MEIA and seabed mining

As a prerequisite for evaluating the effects of seabed mining

activities, the environmental baseline is essential for monitoring

impacts and measuring the possibility of recovery or rehabilitation

(Xu et al., 2023). The ISA requires contractors to establish

environmental baseline for their respective contract areas to

assess environmental impacts of mining (Christiansen et al.,

2022). However, it is challenging to establish robust and

comparable baseline due to uncertainties in environmental

conditions and the limited spatial–temporal data (Thompson

et al., 2018). Thus, the gaps on what a robust environmental

baseline entails and how to evaluate the quality of baselines are

still existing.

The development of consensus-based international standards is

a possible approach to addressing this gap. At the international

regulator level, the Legal and Technical Commission of ISA

considers standards a priority to assess the deep-sea environment

(Xu et al., 2023). ‘Recommendations for the guidance of contractors

for the assessment of the possible environmental impacts arising

from exploration for marine minerals in the Area’ was published by

ISA (ISA, 2013, ISA, 2020, 2022) as a general environmental

guideline for exploring various seabed resources. At the

nongovernmental organization level, ISO 14001 ‘Environmental

management systems—Requirements with guidance for use’

provides a framework to change environmental conditions while

balancing socioeconomic needs (ISO, 2015) and specifies a

common language and guidel ines for environmental

management . However , these guide l ines need to be

complemented by specific technical standards to facilitate

their implementation.

Therefore, the series of ISO MEIA standards provide technical

specifications for deep-sea mining to standardize the biota survey

and monitoring activities under the general guidelines of ISA and to

maintain the equipment performance and data quality on

assessment (ISO, 2022b). The standards cover the following areas:

cost-effective operation (ISO, 2023), habitat mapping (ISO, 2021b),

estimation of impacts and resilience (ISO, 2021d), and monitoring

equipment performance (ISO, 2021c).
5 Discussion and future development

Improved methods of geological and geophysical investigation

have enabled the imaging of structure beneath the ocean and the

mapping of seabed resources. Progress on biological and

environmental investigation have made risk assessment and

environmental management for seabed mining possible. The

international regulator, ISA, publishes general environmental

recommendations to regulate mining activities. While the above

improvements have been made, there continues to be a lack of

specified technical standards to regulate marine exploration

surveys, assess the environmental impacts, and support the

ISA recommendations.
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In this paper, we reviewed the marine exploration and MEIA

standardization by ISO/TC 8/SC 13, which would technically

support the governance of the deep-sea environment. ISO

standards relating to geological and geophysical surveys provides

the technical requirements and basic procedures to promote the

healthy development of seabed seismic exploration. ISO standards

relating to MEIA have preliminary addressed a standardization gap

between environmental impact assessment and seabed mining. We

recommend the following criteria for future standardizations:

1. The content of marine geological and geophysical standards in

ISO, such as technical requirements of passive source exploration with

OBS, navigation and positioning for near-bottom topographic survey,

and seafloor geomorphology investigation of unmanned surface vehicle,

should be expanded (Figure 1). The future standard proposals will focus

on recognizing deep and shallow seabed structures with different

investigation methods and predicting resources formation.

2. Legislated organizations (ISA or other regulatory bodies)

should be supported by technical standards to minimize the

environmental impact of seabed exploration activities. Such support

may include promoting a liaison relationship or organizations with

observer status between ISO and ISA.
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