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Below: Seabed photographs of benthic organisms associated with deep-sea 
minerals in different oceans:

Image of the seafloor in the abyssal Pacific showing manganese nodules and large deep-water 
prawn (Bathystylodactylus sp.). Image shows an area of seafloor approximately 50cm across. 
(Credit: Image courtesy Dr Daniel Jones, National Oceanography Centre, Southampton)

Typical area of rocky seabed away from the ridge axis with the crinoid Anachalypsicrinus nefertiti 
and some large sponges. Mid Atlantic Ridge, depth c. 2400m. (Credit: Image courtesy Dr Daniel 
Jones, National Oceanography Centre, Southampton, UK. ECOMAR Project)

Abundant Chrysomallon squamiferum and Gigantopelta aegis, with Kiwa n. sp. “SWIR”, 
Bathymodiolus marisindicus, and Mirocaris fortunata on platform of “Tiamat” vent chimney, 
Southwest Indian Ridge, depth 2778m (Credit: Image courtesy NERC University of Southampton, 

SWIR_2011-11-27_10-24-08_James Cook_JC67_2_ROV01)
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Preface

Deep-sea mining is currently in a transitional phase between exploration and exploita-
tion of deep-sea mineral deposits that are projected as alternative source of metals to 
depleting land resources in future. On one hand, long-term prospecting and resource 
evaluation has led to the identification of potential mining areas on the deep seafloor. 
On the other, the development of mining and processing technology is gaining 
momentum, with a few entities planning their sea trials in the near future. However, 
the commencement of mining of deep-sea minerals on a commercial scale depends on 
metal prices and their availability in the world market.

In view of the concerns over potential disturbances in the marine environment 
due to various offshore and onshore activities, the world community is focusing its 
attention to the environmental issues of deep-sea mining. This is more so because 
many of the deep-sea minerals occur in the “Area”, that is, areas that lie in interna-
tional waters beyond the national jurisdiction of any state. As the mining operations 
could be expected to commence in the coming decades, pertinent questions that 
need to be answered include what are the possible environmental impacts, who is 
responsible for it, how do we regulate the activities in this area, what if the con-
cerned party does not (or cannot) do anything about it, what are the mitigation 
measures, and how do we restore or conserve the marine environment.

This book brings forth various issues with contributions from leading experts 
under different themes such as the environmental issues of deep-sea mining, its 
potential impacts, environmental data standardization and applications, environ-
mental management, and economic considerations. The contributions from all the 
authors are highly acknowledged with a hope that this book will serve as a com-
prehensive reference material for addressing various environmental issues of 
deep-sea mining.

As deep-sea mining is an activity of the future, with increasing environmental 
awareness, it is incumbent on all stakeholders, including the potential contractors, 
the sponsoring states, the international regulating agencies, and the environmental 
groups, to devise strategies for economically and environmentally sustainable 
deep- sea mining ventures to meet the future demand for metals in the world and 
preserve the marine environment within acceptable limits.



xii

It is important to realize that just as it is our responsibility to give a healthy 
environment to the next generation, it is equally incumbent on us to ensure the 
availability of adequate resources for their future.

Dona Paula, Goa, India  Rahul Sharma

Preface
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Deep-Sea Mining and the Environment: 
An Introduction

Rahul Sharma and Samantha Smith

Abstract Seafloor minerals, many of which occur in the deep ocean in interna-
tional waters, have attracted significant attention due to the discovery of deposits 
with high metal grades and large volumes, in addition to the growth in global 
demand for strategic metals such as copper, nickel, cobalt, and rare earths. 
Furthermore, much of the world is recognizing the need to transition to a clean 
energy, low-carbon economy, and to do so requires metals used in clean energy 
infrastructure and technologies, metals such as manganese, nickel, copper, and 
cobalt (World Bank 2017), the same metals found in, for example, polymetallic 
nodule deposits. This has led to several entities obtaining exploration contracts for 
areas of the seafloor governed under international regulations and developing tech-
nologies for their extraction. At the same time, environmental groups have raised 
concerns over the possible environmental impacts of deep-sea mining on seafloor 
and deep-sea ecosystems. This chapter provides an overview of the general environ-
mental issues and concerns being raised in relation to deep-sea mining, introduces 
some of the mechanisms being put in place to ensure the effective protection of the 
marine environment, and raises pertinent questions that are being or will need to be 
addressed as the deep-sea minerals industry moves forward into reality.
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1  Background

It is well known that any human interference with nature perturbs natural condi-
tions. Seas and open oceans are often thought of by the general public as pristine 
parts of the earth’s surface that have regularly symbolized relatively undisturbed, 
well-balanced ecosystems that humankind would like to preserve eternally, espe-
cially after having seen the ill effects of anthropogenic activities on land. However, 
the oceans, including the deep sea, are not entirely pristine with a number of activi-
ties already occurring such as shipping, waste disposal (including nuclear, plastics, 
and mine tailings), fishing including bottom trawling, and others. Increasing demand 
for resources in order to satisfy the growing requirements of humankind have also 
pushed the boundaries of exploring and exploiting marine resources in the last few 
decades, in shallow waters, and in the deep sea.

One such marine resource entails seafloor mineral deposits such as polymetallic 
nodules, polymetallic/hydrothermal/seafloor massive sulfides and ferromanganese/
cobalt-rich crusts (Table 1). These deposits are considered alternatives to depleting 
land resources of strategic metals such as copper, nickel, cobalt, lead, zinc, molybde-
num, platinum (Cronan 1980; Rona 2003), and rare earths (Takaya et al. 2018) that are 
required for various industrial as well as domestic purposes (Lenoble 2000; Glumov 
et al. 2000; Kotlinski 2001) (Table 2).The largest known deposits are located in the 
international seabed area, called “The Area,” and all activities in relation to these sea-
bed resources are regulated by the International Seabed Authority (ISA) established in 
1994 under the 1982 United Nations Convention on the Law of the Sea and the 1994 
Agreement relating to the Implementation of Part XI of the United Nations Convention 
on the Law of the Sea (www.isa.org.jm). Currently ISA has signed 17 exploration 
contracts for polymetallic nodules, 7 for polymetallic sulfides, and 5 for ferromanga-
nese/cobalt-rich crusts (Tables 3a, 3b, and 3c) in different oceans (Fig. 1a–e).

Table 1 Salient features of deep-sea minerals

Type Description Volume
Metals and their mean 
concentrationa

Principal 
deposits

Polymetallic 
nodules

Concretions of 
layered iron and 
manganese oxides 
with associated 
metals from the 
water column or 
sediment

Nodules: 
average 
5–10 cm; 
deposits: up 
to thousands 
of km2

Mn (28,4%),  
Ni (13 ppm),  
Cu (10,7 ppm), 
Co(2098 ppm),  
Mo (590 ppm),  
Zn (1366 ppm),  
Zr (307 ppm), 
Li(131 ppm),  
Pt (128 ppm),  
Ti (199 ppm),  
Y (96 ppm),  
REEs (813 ppm)
(CCZ)

Clarion- 
Clipperton Zone, 
Peru Basin, 
Central Indian 
Ocean and 
Penrhyn Basin

(continued)

R. Sharma and S. Smith
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Type Description Volume
Metals and their mean 
concentrationa

Principal 
deposits

Seafloor massive 
sulfides (SMS)

Concentrated 
deposits of sulfidic 
minerals 
(>50–60%) 
resulting from 
hydrothermal 
activity on the 
seabed

Up to 
several km2; 
up to tens of 
meters thick

Cu (0.8–17.9%),
Au (0.4–13.2 ppm),  
Ag (64–1260 ppm),  
Zn (2.7–17.5%),  
Pb (0.02–9.7%), 
Co, As, Al, Si, REEs

Red Sea, 
back-arc basins, 
mid-oceanic 
ridges, and other 
plate boundaries, 
oceanic hotspots 
(intraplate 
volcanoes)

Ferromanganese 
crusts

Layered 
manganese and 
iron oxides with 
associated metals 
on hard substrate 
rock of subsea 
mountains and 
ridges

Up to 
several km2; 
<0.3 m thick

Mn (21%),  
Co (6647 ppm),  
Ni (4326 ppm),  
Cu (573 ppm),  
Te (34 ppm),  
Mo (431 ppm),  
Zr (423 ppm),  
Ti (TiO2–1.4%),  
Pt (0.273 ppm),  
W (68 ppm),  
REEs (1628 ppm)

Equatorial 
Pacific Ocean 
and Central 
Atlantic Ocean

Modified from Cuyvers et al. (2018)
aConcentrations for sulfides from Cherkashov (2017), nodules from Hein et al. (2013), and crusts 
from Halbach et al. (2017)

Table 2 (continued)

Table 2 Uses and status of key metals found in deep-sea minerals

Metal Main uses

World reserves 
on land in 2018 
(https://www.
usgs.gov)

Production 
rate in 2016 
(https://www.
usgs.gov)

Increase in 
production 
rate per 
year, %

Cu Electric energy transmission (26%), 
electric motors (12%), traction motor 
(9%), household heating appliances 
(8%), data transfer/communication (5%), 
architecture and consumer goods (10%), 
water supply (13%), mechanical 
components (6%), electronic contact/heat 
conduction (3%), car wiring (5%), others 
(3%) (Zepf et al. 2014)

790 million t 20,100 
thousand t

3.1

Ni Stainless/alloy steel (66%), nonferrous 
alloys and super alloys (18%), 
electroplating (8%), others (8%) (Zepf 
et al. 2014), increasingly used in energy 
storage units (e.g., Li-ion batteries)

74 million t 2,090,000 t 3.7

Co Batteries (27%), super alloys and 
magnets (26%), hard metals (14%), 
pigments (10%), catalysts (9%), others 
(14%) (Zepf et al. 2014)

7,100,000 t 111,000 t 8.3

(continued)
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Table 2 (continued)

Metal Main uses

World reserves 
on land in 2018 
(https://www.
usgs.gov)

Production 
rate in 2016 
(https://www.
usgs.gov)

Increase in 
production 
rate per 
year, %

Mn Metallurgy, aluminum alloys, reagent in 
organic chemistry, batteries, coinage 
(https://en.wikipedia.org)

680 million t 
(manganese 
content in ore)

15,700 
thousand t

4.3

Fe Metallurgy, industry, alloys, automobiles, 
machines, trains, ships, buildings, glass 
(https://en.wikipedia.org)

83,000 million t
(iron content in 
ore)

1450 million t
(iron content 
of usable ore)

5.1

Pb Lead bullets, protective sheath for 
underwater cables, construction industry, 
brass and bronze, lead-acid batteries, 
oxidizing agent in organic chemistry, 
lead-based semiconductors (https://en.
wikipedia.org)

88 million t 4710 
thousand t

2.6

Zn Galvanizing, alloys, anode material for 
batteries, manufacture of chemicals, 
daily vitamin and mineral supplement, 
cosmetics (https://en.wikipedia.org)

230 million t 12,600 
thousand t

2.9

Cd Rechargeable batteries, photovoltaic 
cells, pigment in paints, stabilizers in 
plastics, corrosion-resistant coatings and 
plating (Zepf et al. 2014)

500,000 t 
(information of 
2014)

23,900 t 1.1

Mo Carbon steel (35%), chemicals and 
catalysts (14%), stainless steel (25%), 
tool steel (9%), cast iron (6%), 
molybdenum metal (6%), others (5%) 
(Zepf et al. 2014)

17 million t 279 million t 4.2

Pt Autocatalyst (40%), jewelry (35%), 
investment (6%), medical and biomedical 
(3%), glass (2%), chemicals (6%), 
electrical (2%), petroleum (2%), others 
(4%) (Zepf et al. 2014)

69,000,000 kg 
(PGM)

191,000 kg 1.7

Au Coinage, jewelry, industry (10%), 
electrical contacts, alloys (https://en.
wikipedia.org)

54,000 t 3110 t 1.4

Ag Jewelry (34%), electronics (24%), 
photography/mirrors (20%), catalysts 
(6%), others (16%) (Zepf et al. 2014)

530,000 t 25,700 t 2.5

REE Magnets (25%), catalysts (24%), 
batteries (15%), polishing (11%), glass 
(6%), steel (9%), others (10%)  
(Zepf et al. 2014)

120 million t 129,000 t 2.9

R. Sharma and S. Smith
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Table 3a Contractors for exploration of polymetallic nodules

Contractor Sponsoring State

General location of the 
exploration area under 
contract

Contract start 
date

InterOceanMetal Joint 
Organization

Bulgaria, Cuba, 
Czech, Poland, 
Russia, Slovakia

Clarion-Clipperton 
Fracture Zone (CCFZ), 
Pacific Ocean

29 March 2001

JSC Yuzhmorgeologiya Russia CCFZ, Pacific Ocean 29 March 2001
Government of the Republic of 
Korea

Republic of 
Korea

CCFZ, Pacific Ocean 27 April 2001

China Ocean Mineral Resources 
Research and Development 
Association

China CCFZ, Pacific Ocean 22 May 2001

Deep Ocean Resources 
Development Co.

Japan CCFZ, Pacific Ocean 20 June 2001

Institut français de recherché 
pour l’exploitation de lamer

France CCFZ, Pacific Ocean 20 June 2001

Government of India India Indian Ocean 25 March 2002
Federal Institute for Geosciences 
and Natural Resources of 
Germany

Germany CCFZ, Pacific Ocean 19 July 2006

Nauru Ocean Resources Inc. Nauru CCFZ, Pacific Ocean 22 July 2011
Tonga Offshore Mining Limited Tonga CCFZ, Pacific Ocean 11 January 2012
Global Sea Mineral Resources 
NV

Belgium CCFZ, Pacific Ocean 14 January 2013

UK Seabed Resources Ltd. – I UK and Northern 
Ireland

CCFZ, Pacific Ocean 8 February 2013

Marawa Research and 
Exploration Ltd.

Kiribati CCFZ, Pacific Ocean 19 January 2015

Ocean Mineral Singapore Pte Ltd Singapore CCFZ, Pacific Ocean 22 January 2015
UK Seabed Resources Ltd. – II UK and Northern 

Ireland
CCFZ, Pacific Ocean 29 March 2016

Cook Islands Investment 
Corporation

Cook Islands CCFZ, Pacific Ocean 15 July 2016

China Minmetals Corporation China CCFZ, Pacific Ocean 12 May 2017

Table 3b Contractors for exploration of ferromanganese crusts

Contractor
Sponsoring 
State

General location of the 
exploration area under 
contract

Contract 
start date

Japan oil, Gas and Metals National 
Corporation

Japan Pacific Ocean 27 January 
2014

China Ocean Mineral Resources 
Research and Development 
Association

China Western Pacific Ocean 29 April 
2014

Ministry of Natural Resources and 
Environment of the Russian 
Federation

Russia Pacific Ocean 10 March 
2015

Companhia De Pesquisa de 
Recursos Minerais

Brazil South Atlantic Ocean 9 November 
2015

Republic of Korea Republic of 
Korea

Western Pacific Ocean 27 March 
2018
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Table 3c Contractors for exploration of hydrothermal sulfides

Contractor
Sponsoring 
State

General location of the 
exploration area under 
contract

Contract start 
date

China Ocean Mineral Resources 
Research and Development 
Association

China Southwest Indian Ridge 18 November 
2011

Government of the Russian 
Federation

Russia Mid-Atlantic Ridge 29 October 
2012

Government of the Republic of 
Korea

Republic of 
Korea

Central Indian Ridge 24 June 2014

Institut français de recherche pour 
l’exploitation de la mer

France Mid-Atlantic Ridge 18 November 
2014

Federal Institute for Geosciences 
and Natural Resources of Germany

Germany Southeast and Central 
Indian Ridge

6 May 2015

Government of India India Central Indian Ocean 26 September 
2016

Government of Republic of Poland Poland Mid-Atlantic Ridge 12 February 
2018

Source: www.isa.org accessed on 2 December 2018

Fig. 1 (a) Exploration areas for polymetallic nodules in Clarion-Clipperton Zone, Pacific Ocean. 
(Courtesy: International Seabed Authority, Jamaica). (b) Exploration areas for polymetallic nodules 
and sulfides, Indian Ocean. (Courtesy: International Seabed Authority, Jamaica). (c): Exploration 
areas for polymetallic sulfides on the Mid-Atlantic Ridge. (Courtesy: International Seabed Authority, 
Jamaica). (d) Exploration areas for Cobalt-rich ferromanganese crusts in the Pacific Ocean. 
(Courtesy: International Seabed Authority, Jamaica). (e) Exploration areas for cobalt-rich ferroman-
ganese crusts on South Atlantic seamounts. (Courtesy: International Seabed Authority, Jamaica)

R. Sharma and S. Smith
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Fig. 1 (continued)
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Fig. 1 (continued)

R. Sharma and S. Smith
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Seafloor mineral exploration in the deep ocean is sometimes considered akin to 
exploring beyond the normal limits of human endeavors because of the extreme 
conditions associated with the deep-sea environment such as:

 (i) Most deep-sea mineral deposits are located in the international seabed area, at 
least 1000 km from the nearest landmass or habitation.

 (ii) The deposits are associated with geological features such as deep abyssal 
plains (nodules), mid-oceanic ridges and back-arc regions (sulfides), and sea-
mounts (crusts) that generally occur at the depths of 1.5–6  km below the 
ocean’s surface.

 (iii) The deposits occur under extreme environmental conditions such as high pres-
sure (150–600 bars), complete darkness, and, sometimes, complex current 
regimes.

ISA has put in place regulations for prospecting and exploration for polymetallic 
sulfides (ISA 2010), ferromanganese crusts (ISA 2012), and polymetallic nodules 
(ISA 2013a) and, at the time of writing, exploitation regulations are being devel-
oped, with an expected completion date around 2020 (ISA 2018).

2  Key Issues of Deep-Sea Mining

Concerns of possible damages to the marine environment have been raised through 
several articles in the scientific literature (e.g., Van Dover et  al. 2017). Several 
benthic impact experiments conducted to understand the biological responses to 
disturbances associated with nodule extraction have reported variable results due 
to different means adopted for conducting the studies as well as different time 
scales of monitoring on the restoration process (summarized by Jones et al. 2017). 
Most of these experiments entailed plowing or suction mechanisms to mimic nod-
ule collection and disturbing the seafloor conditions leading to vertical mixing 
and lateral migration of sediments, alteration in physicochemical conditions, and 
reduction in biomass (Sharma et al. 2001). Not only was the scale of disturbance 
caused by these experiments much smaller than what is expected from a large-
scale mining operation (Yamazaki and Sharma 2001), most of these studies were 
restricted to studying the impacts on the seafloor from where the minerals will 
be picked up and did not include the study of secondary effects such as sediment 
redistribution (i.e., sediment plumes). The concern is that the sediment plume 
could smother benthic organisms (Thiel et al. 1997). It is expected that knowledge 
around sediment plumes will soon be greatly advanced (e.g., through programs 
such as JPI Oceans II) as projects move closer to production and collect long-term 
physical oceanography data, allowing for plume modeling and then validation 
testing of the anticipated plumes through, for example, component testing of pro-
totype mineral harvesting vehicles offshore.

Deep-Sea Mining and the Environment: An Introduction



12

In the water column, the main effects from full-scale mining operations are 
expected to occur as a result of the presence of a lifting system designed to take the 
minerals from the seafloor to the sea surface (most if not all Contractors are design-
ing these to be fully enclosed) and the occasional passage of the mineral harvesting 
tools and remotely operated vehicles.

Additionally, on board a surface vessel, the mineral will be separated from 
seawater in a dewatering plant, and the seawater (and any remaining sediment) 
will be discharged back to the ocean, at some depth below the euphotic (light) 
zone and possibly back at depth near the seafloor (this discharge is called “return 
water”).

It is also possible that there could be accidental discharges, for example, if the 
lifting system were to break and all contents were lost. In this case, the impact is 
expected to be short lived given the minerals should sink back to the seafloor.

Any discharge (through normal operations or accidental events) could locally 
increase the turbidity in the water column at the depth of discharge, and some 
spreading is likely to occur and could possibly affect productivity (Pearson 1975; 
ISA 1998), although how real or large an issue this is likely depends primarily on 
the depth of discharge and may not be a major issue if Contractors do as currently 
expected and design their mining systems to avoid surface and shallow water min-
ing discharges.

Transportation of several thousand tons of mineral ore to land for onshore pro-
cessing would require ore carriers adding somewhat to maritime traffic in the asso-
ciated region and would also increase the possibility of oil spills, accidental losses 
of ship or large equipment at sea, and, also possible, although unlikely for modern 
and reputable maritime operators, unintentional or intentional dumping of garbage 
that cannot be monitored easily in open seas (Pearson 1975).

On land, the minerals obtained from the seafloor will be processed to recover the 
metals they contain. Following mineral processing onshore, any waste or tailings 
left behind after extraction of metal from the ores will need to be disposed suitably 
so as to avoid the risk of serious impacts on land. Due to the often high-grade and 
multi-metal nature of seafloor mineral deposits, it is anticipated that the waste gen-
erated from seafloor mining operations will be significantly less than the industry’s 
land-based counterparts.

A detailed description of the likely environmental impacts of nodule, crust, and 
sulfide mining is provided by Weaver and Billett (2019), Chap. 3, this volume.

3  Major Concerns Raised Around Deep-Sea Mining

In light of incomplete knowledge as well as perceived threats, several concerns are 
being raised in relation to deep-sea mining that need to be addressed. Some of these 
are discussed below:
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3.1  Concern Raised: Large Areas of Seafloor Beneath All 
Oceans Will Be Mined

Seafloor areas up to 75,000 km2 for nodules, 2500 km2 for sulfides, and 1000 km2 
for crusts could be allotted to each Contractor for exploitation through a contract 
with the ISA in the international seabed area (ISA 2018), and, although extremely 
unlikely, there seems to be a concern that all of the areas currently under exploration 
contract could be converted to exploitation contracts at the same time. Considering 
that currently there are 17 contracts for nodules, 7 for sulfides, and 5 for crusts 
(Tables 3a, 3b, and 3c), the total area of the seafloor under contract could be 
1,297,500 km2. A seemingly common fear is that the entire ~1.3 million km2 would 
be mined simultaneously at the time when mining commences. Some of the facts 
(with examples specific to polymetallic nodule deposits) that need consideration 
are:

 (i) An area of 75,000 km2 with a minimum abundance of 5 kg/m2 (which is esti-
mated as an example cutoff abundance for commercial viability) would con-
tain a resource of 375 million tons (wet) or 280 million tons of (dry) nodules 
that can provide resources for 187 years of mining at an annual mining rate of 
1.5 million tons containing 2.8 million tons of nickel and copper each year (at 
1% concentration) and 0.28 million tons of cobalt (at 0.1%) and 61 million 
tons of manganese (at 24%) (Sharma 2017). This means that even if a few 
mines are operational in different oceans, they can cater to the world’s demand 
of copper, nickel, and cobalt based on current production rates (www.statista.
com).

 (ii) The above calculation assumes that the entire 75,000  km2 exploration area 
contains commercially viable nodule abundances and that the entire area is 
mineable. However, it is unlikely that the entire 75,000 km2 would be mined, 
due to nodule abundance and seafloor slope restrictions, with some Contractors 
stating that only 18–50% of the ground they are exploring is expected to be 
mined depending on the type of mineral.

 (iii) It is important to mention here that a 75,000 km2 area is just 0.044% of the total 
area of the Pacific Ocean, 0.088% of the Atlantic Ocean, and 0.10% of the 
Indian Ocean. It is quite likely that mining might commence at a couple of 
mine sites located in different oceans; thus the mining areas could be far apart 
with smaller areas of influence.

 (iv) It is expected that the average abundance of nodules in the First Generation 
Mine Sites (FGMs) will be much higher (Singh and Sudhakar 2015) than the 
cutoff abundance considered here, and the actual area being mined to achieve 
the targeted mining rate may be further reduced.

 (v) The current exploration contracts are at various stages of development, and, 
based on current knowledge, it is extremely unlikely that there would be more 
than 3 to 4 mines operating worldwide within the first 20 years of the deep 
seafloor minerals industry commencing.
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3.2  Concern Raised: Seafloor Environments Over Millions 
of Square Kilometers Will Be Destroyed

It has been estimated that for a cutoff abundance of 5 kg/m2 and a mining rate of 1.5 
MT/year with 300 days of operation, with an overall efficiency of the mining system 
of at least 25%, an area of 6400 km2 will be actually mined over a period of 20 years 
(lifetime of a mine site as per UNOET 1987), which is only 8.5% of the contract 
area (75,000 km2), and the actual area mined will only be 300 km2/year (i.e., 1 km2 
per day) (Sharma et al. 2019, Chap. 19, this volume). These are conservative esti-
mates, and the actual area impacted could be much smaller due to higher nodule 
abundances and mining system efficiencies.

3.3  Concern Raised: Sediment Plumes Will Impact the Marine 
Environment

Sediment plumes at and above the seafloor will occur due to movement of the nod-
ule collector and the separation and collection of nodules from the surrounding 
sediment. According to one estimate with every 1 ton of nodules recovered, 2.5–5.5 
tons of sediment will be resuspended (Amos and Roels 1977). It is expected that the 
sediment that is resuspended in the near bottom waters would mainly contain very 
fine clayey particles that may either remain in suspension for a long period of time 
or get transported to adjacent areas by bottom currents creating a layer of resedi-
mented particles on the seafloor in an area larger than the area directly being mined 
(Pearson 1975). Many of the collector designs are proposing screening of the asso-
ciated sediments close to the seafloor, so as to minimize the amount of unwanted 
material being lifted to the surface. Contactors are also looking to minimize impacts 
to the water column through the use of fully enclosed lifting systems and by design-
ing systems which will put the return water from the dewatering plant at the deepest 
depths possible or at the most appropriate depth as determined through the 
Environmental Impact Assessment process. Contractors are also considering engi-
neering solutions along with styles and patterns of mining operations in order to 
concentrate plumes within smaller areas (e.g., Hong et  al. 2019, Chap. 5, this 
volume).

3.4  Concern Raised: Deep-Sea Biota Will Be Destroyed

Although experimental results have shown that the biota, both sessile and mobile, 
will be affected not only within the active mining area but also in the adjacent areas 
due to compaction, lifting, screening, and redistribution of seafloor sediments 
(Ozturgut et al. 1980; Foell et al. 1990; Fukushima 1995; Tkatchenko et al. 1996; 
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Trueblood et  al. 1997; Thiel et  al. 1997; Shirayama 1999; Radziejewska 1997; 
Ingole et al. 1999), the following points should also be considered:

 (i) Faunal diversity over these areas is highly variable over small distances within 
a nodule field, meaning some areas are more diverse than others.

 (ii) Mining of seafloor massive sulfides may have footprints of a few square kilo-
meters only, and hydrothermal vent fauna have an ability to recover quickly 
from disturbance (Gollner et al. 2017) and that population of benthic animals 
on fast spreading ridges can recover in a few years (Van Dover 2011).

 (iii) In case of sulfides and crusts, the threat of any species or groups becoming 
extinct is rare as it is impossible to mine 100% of the seafloor, and several other 
areas with similar habitats would not be mined due to various reasons.

 (iv) ISA has established and is establishing networks of Areas of Particular 
Environmental Interest [APEIs] which are to remain unimpacted by mining 
where representative groups of biota will remain, allowing for the maintenance 
of ecosystem health and function.

3.5  Concern Raised: Not Enough Is Being Done 
for the Marine Environment

This concern probably stems from the general experience of mining terrestrial 
deposits, and in certain parts of the world, environmental protection has not always 
been given its due consideration, and this has led to serious damage to ecosystems. 
However, it is expected that in case of deep-sea mining, these could be avoided or at 
least minimized due to several stipulations that are being put in place in advance of 
the industry’s commencement, such as:

 (i) Under the Regional Environmental Management Plan for Clarion-Clipperton 
Fracture Zone in the Pacific Ocean, nine 160,000  m2 Areas of Particular 
Environmental Interest (APEIs) have been established for environmental mon-
itoring (ISA 2011), and these are to remain untouched by mining.

 (ii) Several EIA studies have been conducted since the 1970s including benthic 
impact experiments by some of the Contractors to gain an understanding of the 
possible impacts (Jones et al. 2017) and to inform environmental management 
decisions.

 (iii) ISA has put in place environmental guidelines for all Contractors to follow for 
data collection, impact assessment, and monitoring of the environment (ISA 
2013b, which is being updated).

 (iv) Draft regulations on Exploitation of Mineral Resources in the Area (ISA 2018) 
propose that each Contractor will be required to submit the following before 
commencement of mining to ensure the details of the project; its likely impact 
and proposed management strategies are well understood prior to the com-
mencement of mining:

Deep-Sea Mining and the Environment: An Introduction
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• Mining work plan
• Financing plan
• Environmental Impact Statement (following the completion of an 

Environmental Impact Assessment)
• Emergency response and contingency plan
• Health, safety, and maritime security plan
• Environmental management and monitoring plan
• Closure plan

All of the above will be reviewed and assessed prior to the signing of the exploita-
tion contract between the ISA and Contractor.

4  Mechanisms for Responsible Environmental Management

Efforts are being made to propose several mechanisms, technical as well as regula-
tory, so as to ensure avoidance or reduction in environmental impacts as follows:

 (i) Several measures have been suggested for consideration during design and 
operation of the mining system (Sharma 2015; Hong et al. 2019, Chap. 5, this 
volume; Billett et al. 2019, Chap. 15, this volume) that include:

• Employing methodologies to minimize sediment penetration and 
redistribution

• Separation of minerals from the associated substrates near the seafloor
• Lifting of minimum possible sediment to the surface
• Discharge of return water (dewatering plant discharge) below the oxygen 

minimum zone
• The use of biodegradable fluids in all subsea equipment
• Efficient mineral processing that removes as many of the metals as possible
• “Constructive” use of unwanted material after extraction of metals

 (ii) Each Contractor is expected to comply with the proposed “Regulations on 
Exploitation of Mineral Resources in the Area” (ISA 2018), which, as stated 
above, include the following:

• Completion of an Environmental Impact Assessment and submission of an 
Environmental Impact Statement as per the EIS Template issued by the ISA

• Environmental management and monitoring plan submission and 
implementation

• Mine closure plan submission and implementation when appropriate
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5  Considerations for Sustainable Deep-Sea Mining

Thinking globally and holistically about our planet and its resources, deep-sea min-
ing may have many environmental and social advantages compared to its land-based 
counterparts. For example, seafloor deposits are being found with higher grades of 
metal than what is currently being mined on land. Seafloor deposits often contain a 
number of metals, for example, seafloor polymetallic nodules often contain high 
amounts of nickel, copper, cobalt, and manganese. As a result, one seafloor nodule 
mine could potentially replace the future need to develop three additional mines on 
land (i.e., a nickel, copper, and manganese mine). Additionally, there are no human 
communities living in, or even near, the environments associated with deep seafloor 
mineral deposits – meaning, there is no need to relocate human communities and 
land-use conflicts are avoided. Due to the high-grade, multi-metal nature of seafloor 
mineral deposits, they are anticipated to create much less waste than their land- 
based counterparts.

As the concepts, policies, and technologies are gradually evolving, deep-sea 
mining has the advantage of not only learning from experiences but also employing 
best available technologies. Besides offering access to critical metals, deep-sea min-
ing contributes to marine scientific research (in hitherto unexplored oceanic regions), 
capacity building (in new research fields), as well as developing technological spi-
noffs (for extreme conditions) (Van Nijen et al. 2018). While these advantages exist, 
it is generally well accepted by the relevant stakeholders that it is important that 
deep-sea mining is developed in a sustainable, responsible way for which the fol-
lowing questions need to be considered:

 (i) Are there alternatives that could be considered (e.g., artificial substitutes for 
the required metals)?

 (ii) What are the engineering solutions that can be employed to minimize sedi-
ment plumes?

 (iii) Are there mining patterns/styles which can be adopted to minimize impacts 
(including strip mining, discharge depths of sediment plumes?

 (iv) Is there a limit to the number of mine sites needed to meet the anticipated 
demand?

 (v) What environmental commitments can the industry make (e.g., biodegrad-
able fluids in all subsea equipment)?

 (vi) Should regulators be considering incentives to encourage continual environ-
mental performance improvement?

 (vii) What are the potential mitigation and management strategies, and of these 
which are feasible?

 (viii) Is deep-sea ecosystem restoration realistic and should it be considered?
 (ix) How do we ensure both exploitation and conservation needs are met?

Deep-Sea Mining and the Environment: An Introduction



18

6  Conclusions

The demand for minerals and metals is rising with population growth and urbaniza-
tion. Also, as a global society, we are seeking a clean energy, low-carbon future, 
which also requires significant amounts of metal. Land resources have become 
stretched, while significant deposits of the metals needed for clean energy solutions 
have been identified on the seafloor. While there appear to be many environmental 
and social responsibility advantages to going to the sea for minerals and metals, 
concerns remain about the future impact on deep-sea ecosystems. Unless alterna-
tives are found (such as synthetic substitutes), it is looking more and more likely 
that we will need seafloor minerals to meet societal needs and goals. As we move 
forward, we need to find solutions that are both environmentally sound and eco-
nomically viable (Lodge et al. 2017).
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Environmental Issues of Deep-Sea Mining: 
A Law of the Sea Perspective

Philomène A. Verlaan

Abstract Addressing the environmental issues raised by deep-sea mining may pro-
vide an example for the international community on how to implement correctly the 
unqualified requirement in the United Nations Convention on the Law of the Sea 
(LOSC) that “States have the obligation to protect and preserve the marine environ-
ment”. This chapter offers an overview of how this could work.

Keywords Deep-sea mining · Marine environmental protection · States’  
obligation · LOSC

Addressing the environmental issues raised by deep-sea mining may provide an 
example for the international community on how to implement correctly the unqual-
ified requirement in the United Nations Convention on the Law of the Sea1 (LOSC) 
that “States have the obligation to protect and preserve the marine environment”.2 
Correct implementation entails considering the marine environment as a whole, as 
the LOSC does. Jurisdictional, sectoral and resource divisions in the LOSC (which, 
alas, retains more of these divisions than would be expected in an instrument whose 
Preamble states that “the problems of ocean space are closely interrelated and need 
to be considered as a whole”)3 cannot be invoked to justify, qualify or otherwise 
create an exception to the LOSC’s fundamental marine environmental protection 
obligation. This obligation not only applies throughout “ocean space”, but it also 

1 United Nations Convention on the Law of the Sea (Montego Bay, 10 December 1982, in force 16 
November 1994) 1833 UNTS 3 (LOSC). The LOSC is our world’s “Constitution for the Oceans” 
(Koh, 1983). TTB Koh (1983) ‘A Constitution for the Oceans. Remarks by Tommy T. B. Koh of 
Singapore, President of the Third United Nations Conference on the Law of the Sea.’ In: United 
Nations Convention on the Law of the Sea, with Index and Final Act of the Third United Nations 
Conference on the Law of the Sea (United Nations Publication No. E.83.V.5, New York, NY) 
pp. xxxiii-xxxvii.
2 LOSC Article 192.
3 LOSC Preamble, 3rd paragraph.
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applies to the rest of our planet, both the land4 and the atmosphere,5 when activities 
conducted there either “result or are likely to result”6 in adverse effects on the 
marine environment. Even the likelihood of adverse effects triggers the obligation 
to act.

Unfortunately, so far the international community has neither adequately consid-
ered the environmental consequences of its activities in terms of their likely and 
actual adverse effects on the marine environment as a whole, nor implemented the 
clear and unequivocal requirements set out in the LOSC to “prevent, reduce and 
control”7 these effects accordingly.

For example, the scientific consensus on the demonstrably harmful effects of 
greenhouse gas emissions on the environment in general and on the marine environ-
ment in particular (e.g. ocean acidification, warming, deoxygenation) has still not 
yet triggered the mandatory actions unequivocally required by the LOSC. From the 
feeble international instruments promulgated so far under the auspices of the United 
Nations Framework Convention on Climate Change (UNFCCC),8 including the 
UNFCCC itself, it would appear that States continue to assume that they have a 
legal option on whether or not to prevent, reduce and control the production and 
emission of greenhouse gases. At least for the 167 States, and the European Union, 
that are party to the LOSC (as of 31.08.2018), this assumption is incorrect. The 
same erroneous assumption applies to the growing plague of plastics infesting the 
oceans.

Efforts at achieving legally binding marine environmental protection do exist 
and are growing, but they have also largely been characterized by fragmentation 
rather than integration. It is ever more starkly evident that the marine environment 
has no natural boundaries that correspond to any anthropogenic ones. Nevertheless, 
jurisdictional, sectoral, resource and other forms of partitioning approaches to 
addressing adverse effects on the marine environment from our activities persist. 
The most recent example, involving two partitions of the marine environment itself, 
is the decision by the United Nations General Assembly to develop an international 
legally binding instrument (ILBI) under the LOSC on the conservation and sustain-
able use of marine biological diversity of areas beyond national jurisdiction (ABNJ) 
(hereinafter as the BBNJ negotiations).9 Setting a human-devised (ABNJ) and a 
biological (marine biodiversity) partition as the focus for the ILBI disregards the 

4 LOSC Articles 194, 207, 213.
5 LOSC Articles 194, 212, 222.
6 Note the precautionary language.
7 See, e.g. LOSC Articles 194–196, 207–212, 213–222.
8 United Nations Framework Convention on Climate Change (Rio de Janeiro, 9 May 1992, in force 
21 March 1994) 31 ILM 849 (UNFCCC).
9 UN General Assembly Resolution A/RES/72/249: International legally binding instrument under 
the United Nations Convention on the Law of the Sea on the conservation and sustainable use of 
marine biological diversity of areas beyond national jurisdiction (hereinafter: BBNJ negotiations), 
available at http://www.un.org/depts/los/general_assembly/general_assembly_resolutions.htm; 
accessed 6 July 2018. The first round of BBNJ negotiations took place in September 2018.
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stark physical realities of the marine environment and the pervasive nature of the 
increasingly mounting threats it faces. Whether this legally and scientifically flawed 
fragmented approach by the BBNJ negotiations to marine environmental protection 
will result in an ILBI that meets the LOSC’s marine environmental protection 
requirements remains to be seen.10

Deep-sea mining, by contrast, is an emerging industry whose stakeholders have 
accepted the undeniably daunting challenge of developing an integrated approach to 
marine environmental protection. These stakeholders include the States Parties to 
the LOSC: the latter are all ipso facto members of the International Seabed Authority 
(ISA), the organization set up under the LOSC “through which States Parties shall, 
in accordance with this Part [LOSC Part XI], organize and control activities in the 
Area, particularly with a view to administering the resources11 of the Area”.12 
Minerals (i.e. resources recovered from the Area13) are, so far, the only example of 
a global resource under global intergovernmental management by a global intergov-
ernmental organization (the ISA) established exclusively for this purpose. The ISA’s 
member states emphasize the need for a global, multiregional approach to develop-
ment and implementation of better environmental policy and operational frame-
works for site-specific deep-sea mining and related activities.14

Unfortunately, the LOSC’s own fragmented approach to the Area (defined as 
“the seabed and ocean floor and subsoil thereof, beyond the limits of national 
jurisdiction”)15 does not facilitate the task of the ISA, because the LOSC does not 
limit its marine environmental protection requirements16 to the Area. For example, 
in the context of deep-sea mining, the scope of the ISA’s marine environmental 
responsibilities extends to “the coastline”, i.e. well beyond the Area and far into 
waters within national jurisdiction, and must include “prevention, reduction and 
control of interference with the ecological balance of the marine environment”.17 
Political will can resolve the issues raised by the former obligation, but scientific 
information remains inadequate to offer confident guidance on how to achieve the 
latter at the level of operational sophistication required.

10 A detailed elaboration of these arguments is set out in Verlaan, P. (2018). The interface of science 
and law: A challenge to the privileging of ‘marine biodiversity’ over ‘marine environment’. In 
R. A. Barnes, & R. Long (Eds.), Frontiers in international environmental law: Oceans and climate 
challenges (Brill, Leiden) in press.
11 For purposes of LOSC Part XI, these are defined as “all solid, liquid or gaseous mineral resources 
in situ in the Area at or beneath the seabed”. LOSC Article 133(a).
12 LOSC Article 157. It is ironic that these same state parties are also participating in the BBNJ 
negotiations, which are being conducted on the opposite premise.
13 LOSC Article 133(b).
14 Lodge, M., & Verlaan, P. (2018). Deep-sea mining: International regulatory challenges and 
responses. Elements (in press).
15 LOSC Article 1(1)(1).
16 See LOSC Article 145, which is the governing article applicable specifically to “activities in the 
Area”; other marine environmental protection requirements for these activities are found else-
where in the LOSC, including in Part XII, which is dedicated to the marine environment.
17 LOSC Article 145(b).

Environmental Issues of Deep-Sea Mining: A Law of the Sea Perspective



26

Despite this uncertainty, the ISA must establish a comprehensive framework for 
sustainable – i.e. environmentally and commercially responsible – management of 
the emerging deep-sea mining industry. The present book, for which it is a signal 
honour and privilege to add these brief reflections, will make an invaluable contri-
bution to assist the ISA, as the representative of the global community of stakehold-
ers in sustainable deep-sea mining, in achieving this compelling mandate.
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Abstract The new industry of deep-sea mining (DSM) potentially offers abundant 
supplies of several metals from the deep ocean, but the ores will need to be recov-
ered from pristine environments in which the ecosystems are often poorly known. 
Information that is available for some of these environments suggests that organ-
isms may struggle to recover from the impacts of DSM, whilst in other areas the 
impacts may be somewhat less.

Deep-sea mining is focussed on three distinct resources – manganese nodules 
(also known as polymetallic nodules), cobalt crusts and seafloor massive sulphides 
(SMS) (sometimes called polymetallic sulphides). These occur in different seafloor 
settings, each hosting very different ecosystems and each with its own set of envi-
ronmental issues.

Manganese nodules occur in the deep basins of the ocean where lack of sediment 
supply results in very slow sediment accumulation – rates that can be as low as 
1 mm per thousand years – thus allowing nodules to form from slow precipitation 
of metals. Interest in mining manganese nodules is focussed mainly on the Clarion 
Clipperton Zone in the eastern equatorial Pacific and Central Indian Basin in the 
Indian Ocean. Here the seabed faunas are sparsely distributed but are very varied in 
composition. Many different species live in the upper few centimetres of the sedi-
ment or attached to the nodules. The mining process will disrupt this surface sedi-
ment layer and remove the nodules. Experiments have shown that species are very 
slow to return to the disrupted areas. Combined with the large areas that will need 
to be mined for manganese nodules, this gives rise to potentially a high environmen-
tal and ecological impact.

Cobalt crusts occur as layers up to 26 cm thick coating the rocky tops and upper 
flanks of seamounts, with the most promising deposits occurring between 800 and 
2500 m water depth. The absence of sedimentation due to currents in these areas 

P. P. E. Weaver (*) 
Seascape Consultants Ltd, Romsey, UK
e-mail: phil.weaver@seascapeconsultants.co.uk 

D. Billett 
Deep Seas Environmental Solutions Ltd., Ashurst, Hampshire, UK
e-mail: david.billett@deepseasolutions.co.uk

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12696-4_3&domain=pdf
mailto:phil.weaver@seascapeconsultants.co.uk
mailto:david.billett@deepseasolutions.co.uk


28

allows the slow growth of the crust via the precipitation of minerals from seawater. 
Seamount faunas are not well studied but they include a large number of species, 
many of which are slow-growing, long-lived and slow to reproduce. This makes it 
difficult for the ecosystem to recover from disruption. Large areas will need to be 
mined because the ore occurs in a very thin layer and whole seamounts may be 
affected.

The third resource – seafloor massive sulphides – differs from the previous two, 
being formed from precipitation of metals from hydrothermal fluids at oceanic plate 
boundaries. This process creates three-dimensional ore bodies extending metres 
into the seabed which are similar to some ore bodies that occur on land. Ecosystems 
comprising specialist organisms that can tolerate and make use of the harsh bio-
chemical conditions are often found at active hydrothermal vents. These vent sites 
are probably too hot to ever be mined, so ore bodies are being sought some distance 
away from the active ridge axis in areas where venting is weaker or has stopped. The 
species occurring ‘off axis’ are more akin to those from the surrounding rocky 
slopes and possibly on the continental slopes in the same ocean basin. The species 
may occur over wide areas, and the impact of localised mining may be relatively 
small.

In all types of deep-sea mining, the generation of plumes of sediment-laden 
water, both by the mining process and the transport of ores to a support ship, will 
have an impact on benthic and mid-water ecosystems away from the mining site. If 
uncontrolled, such impacts could be comparable to or of greater scale to impacts in 
the mined areas.

Keywords Deep-sea mining · Polymetallic sulphides · Manganese nodules · 
Cobalt crusts · Environmental impact · Impact of plumes · Habitat loss

1  Introduction

Deep-sea manganese nodules and cobalt crusts were first discovered during the 
Challenger expeditions of 1873–1876 (Murray 1876; Murray and Renard 1891), 
and the idea that metals could be mined from the seabed in the deep remote parts of 
the ocean was first mooted in the 1960s (Mero 1965). However, after some initial 
efforts to assess the potential of commercial-scale mining of manganese nodules in 
the late 1960s and 1970s, the concept was largely abandoned. Following the estab-
lishment of the International Seabed Authority (ISA) in 1994 under the United 
Nations Convention on the Law of the Sea (UNCLOS), rules were established to 
enable contracts to be signed for exploration for seabed minerals. Six 15-year con-
tracts were signed in 2001 and one in 2002 for exploration for manganese nodules. 
These early contracts were awarded to States, in one case a group of States working 
together. Many more exploration contracts have been signed subsequently, includ-
ing for cobalt crusts and seafloor massive sulphides (SMS), but no mining has taken 
place to date. Indeed regulations to govern exploitation (the act of mining) are cur-
rently under development by the ISA.
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In the development of its exploitation regulations, the ISA needs to take into 
account its dual remit of regulating deep-sea mining and ensuring that the marine 
environment is protected from any harmful effects of mining. This is seen by many 
as a difficult task because the effects of the mining equipment are not known; many 
of the subcomponents required for mining are only now under development and 
have not been tested in a mining situation. Another complicating factor is the lack 
of information on many aspects of deep-sea environments including species distri-
butions, interactions between different taxa and between the species and their envi-
ronment. Evidence, though scant in many cases, seems to suggest that many seabed 
locations subject to deep-sea mining will not be able to recover for tens or even 
hundreds of years (Gollner et al. 2017). The precautionary approach has therefore 
been promoted as a sensible way to develop this new industry (Ellis et al. 2017), but 
how this will be accommodated in the emerging exploitation regulations is not clear.

One of the major obstacles to generating scientific knowledge of deep-sea eco-
systems in areas of potential mining interest is their remoteness. The logistics and 
costs of mounting independent scientific studies have meant that only a few studies 
have been undertaken. In addition, it is only relatively recently that advanced tech-
nologies such as autonomous underwater vehicles (AUVs) and remotely operated 
vehicles (ROVs) have become more widely available. In recent years two projects 
have produced valuable information. The MIDAS project (www.eu-midas.net/) 
investigated the environmental impacts of deep-sea mining and the JPI Oceans 
‘Mining Impact’ project investigated the “Ecological aspects of deep-sea mining” 
specifically for manganese nodules (www.jpi-oceans.eu/ecological-aspects-deep-
sea-mining). Both of these projects focused on seabed ecosystems; there has been 
no concerted effort to examine potential impacts on organisms in the water 
column.

The continuing uncertainties of the environmental impacts of deep-sea mining 
have the potential to be a show-stopper unless greater knowledge is generated on the 
environmental impacts of mining and on plans to mitigate the expected impacts 
(Miller et al. 2018). Uncertainties about the environmental impact of seafloor min-
ing led a decision-making committee to reject a proposal to mine seabed phospho-
rite deposits in waters off New Zealand (Ellis et al. 2017). In Japan test mining was 
carried out in 2017 for deep-sea minerals in the Okinawa Trough, and whilst the test 
mining technologies were reported to be successful, no information on assessing the 
environmental impacts has been released (www.meti.go.jp/english/
press/2017/0926_004.html).

2  Deep-Sea Minerals and Their Occurrence

The ocean floor varies considerably from place to place across the world. New crust 
is formed at the mid-ocean ridges where oceanic plates spread apart, and volcanic 
activity is common (Fig. 1). These areas are rocky, but as the plates move away from 
the ridge axis through seafloor spreading, thin layers of sediment begin to 
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accumulate, and the rock is eventually covered by thick layers of mud. These layers 
of mud can accumulate relatively quickly (10 s of cm per 1000 years) in areas with 
strong sediment supply to very slowly (~1 mm per 1000 years) in the middle of the 
large ocean basins such as the Pacific  (http://www.boscorf.org/repository/

Fig. 1 (a) Locations of mid-ocean ridges and back-arc spreading centres important for the forma-
tion of seafloor massive sulphides. Colours denote the spreading rate of each segment. Dark blue 
= ultraslow spreading (140  mm/year). (b) Location of high-temperature seafloor hydrothermal 
systems and associated seafloor mineralization, where red colour indicates occurrences with eco-
nomically interesting metal concentrations (average grade of the deposit is either >5  wt% Cu, 
>15 wt% Zn or >5 ppm Au) and large symbols indicate occurrences with size estimates above 1 
million tonnes. Using these criteria, only a few occurrences of economic interest have been identi-
fied. Note that geochemical analyses are commonly only available for surface samples that are not 
representative for the entire occurrence. A quantitative resource assessment for seafloor massive 
sulphides is only available for two occurrences (Solwara 1 and Solwara 12, both within the EEZ of 
Papua New Guinea; [56]). Light blue areas delineate the Exclusive Economic Zones. (Figure from 
Petersen et al. 2016 Marine Policy)

P. P. E. Weaver and D. Billett

http://www.boscorf.org/repository/curatorial-reference/accumulation -rates


31

curatorial-reference/accumulation -rates). Exceptions to this are seamounts where 
rocky edifices may tower above the general seafloor reaching high into the water 
column. These seamounts are often swept clean of sediment by currents acting on 
their steep slopes.

Metalliferous deposits can accumulate in the top layers of the oceanic crust at 
mid-ocean ridges, on the seabed in areas with very low sediment accumulation rates 
and on the rocky flanks of seamounts.

On volcanically active ocean ridges (mid-ocean ridges, volcanic arcs and back- 
arc basins: Hannington et al. 2011), high-temperature hydrothermal fluids associ-
ated with the volcanism can dissolve metals in the upper crust, and in some 
circumstances, these metals can be deposited when the fluids are released at the 
seabed (Fig. 2). These are known as seafloor massive sulphide (SMS) deposits and 
can be rich in zinc, lead, copper, gold and silver (Fig. 3). They form three- dimensional 
ore bodies that can be metres to tens of metres thick. Ancient equivalents are mined 
on land today. There is a relationship between the rate of seafloor spreading with the 
occurrence and longevity of hydrothermal vents. On slow-spreading ridges, such as 
those in the Atlantic Ocean, vents can be hundreds of kilometres apart with indi-
vidual vents lasting for millennia, whilst on fast-spreading ridges, such as those on 
the East Pacific Rise, vents can be just tens of kilometres apart with individual vents 

Fig. 2 Schematic diagram of hydrothermal vent system. Volcanic heat at the mid-ocean ridge axis 
drives hydrothermal circulation and chemical exchange between the ocean crust and seawater. A 
mid-ocean ridge hydrothermal system, plume, and resulting deposits and precipitates are featured. 
Some metals represented: Mn = Manganese, Mg = Magnesium, Co = Copper, Zn = Zinc, Fe = Iron. 
Some gases represented: 3He = Helium from the Earth’s mantle, H2 = Hydrogen, CH4 = Methane, 
H2S = Hydrogen Sulphide, CO2 = Carbon Dioxide. The boiling point of water at sea level is 100 
degrees C (Celsius) or 200 degrees F (Fahrenheit). 350 °C = 690 °F. (Image courtesy of Submarine 
Ring of Fire 2002, NOAA/OER)
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Fig. 3 Potential concentrations of metals in sulphide deposits in various plate boundary settings 
(a) copper, zinc and lead (b) gold and silver. Note metals do not necessarily precipitate in all loca-
tions depending on local conditions. (From SPC 2013, www.grida.no/resources/8159)
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lasting for decades (Copley et al. 2016). Slow-spreading ridges therefore have the 
time to develop larger and more commercially attractive metal deposits.

Metalliferous deposits in the form of cobalt crusts on seamounts and manganese 
nodules on abyssal plains are both formed from the very slow precipitation of met-
als from seawater – hence the requirement for very slow or no sediment accumula-
tion that would prevent the growth of significant deposits (Maribus 2014). On the 
flat ocean floor such deposits take the form of nodules – golf ball or potato-sized 
concretions – that lie strewn across the seabed in water depths between 3500 and 
6500 m (Fig. 4). These are formed both from precipitation of minerals directly from 
overlying seawater (hydrogenously) and from seawater held in the sediments 
beneath the nodules (diagenetically). Although they take millions of years to form, 
very few of them are found completely buried in the sediment, perhaps because they 
are overturned periodically by animals searching for food. Manganese nodules con-
tain a large range of metals. But the most commercially attractive are nickel, copper, 
cobalt, manganese and molybdenum. The Pacific Ocean is particularly rich in man-
ganese nodules with large deposits in the Clarion Clipperton Zone (CCZ), Peru 
Basin and Penrhyn Basin. Additional deposits have been found in the Indian Ocean 

Fig. 4 Image of the seafloor in the abyssal Pacific showing manganese nodules and large deepwa-
ter prawn (Bathystylodactylus sp.). Image shows an area of seafloor approximately 50 cm across. 
(Credit: Image courtesy of Dr Daniel Jones, National Oceanography Centre, Southampton (NOC))
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(Fig. 5). The CCZ, Peru Basin and Indian Ocean deposits all lie in international 
waters, whereas the most promising deposits in the Penrhyn Basin lie within the 
territory of the Cook Islands (McCormack 2016). To be commercially attractive, 
nodules need to be abundant on the seafloor: a density of more than 15 kg/m2 over 
areas of more than several tenths of a square kilometre is generally accepted as a 
minimum (www.isa.org.jm/files/documents/EN/Brochures/ENG7.pdf). This is fre-
quently exceeded in the CCZ and Penrhyn Basin.

Cobalt crusts form by precipitation of minerals from seawater onto bare rock 
outcrops in the ocean (Fig. 6). The most economically interesting crusts are found 
at water depths between 800 and 2200 m on the flanks and summits of seamounts 

Fig. 5 Areas of the world ocean where manganese nodules (solid blue lines) and cobalt crusts 
(dashed blue lines) are known to occur in high enough quantities and in sufficient thickness in rela-
tively benign geomorphology to be economically interesting. (From Maribus 2014, 2017)

Fig. 6 Cobalt-rich crust 
on a hyaloclastic substrate 
from the flank of a 
seamount in the Central 
Pacific; thickness of crust 
ca. 8 cm. (Source: Prof. 
Halbach, FU Berlin)
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and plateaux where currents are sufficiently strong to prevent sediment from depos-
iting (Hein 2002). In these areas crusts can build up to thickness of 26 cm, with 
growth rates of 1–6 mm per million years, so the oldest seamounts tend to have the 
thickest crusts. The most promising areas for exploitation lie in the Pacific Ocean, 
in an area known as the prime crust zone, although other areas such as the Rio 
Grande Rise in the South Atlantic also have crust formations (Fig. 5). Cobalt crusts 
are composed predominantly of iron and manganese oxides and hydroxides but can 
contain significant quantities of other metals such as cobalt, nickel and platinum, 
alongside rarer metals such as tellurium, bismuth, tungsten, niobium and some rare 
earth elements. The main metals of commercial interest are cobalt, nickel and plati-
num, though rare earth elements may also be recovered.

3  Progress Towards Deep-Sea Mining

Interest in mining metals in the deep sea began in the 1960s, when it appeared there 
would be a bountiful supply of cobalt, nickel and other metals in the manganese 
nodules that could be found in the deep parts of the oceans (Mero 1965). Initial 
interest was shown by a number of companies (Jones et al. 2017) including a con-
sortium led by Lockheed in the USA, called the Ocean Minerals Company (OMCO), 
who built the ship Glomar Explorer and fitted it with a test mining system for man-
ganese nodules. This consisted of a seabed-mining vehicle connected to the ship via 
a 5000-m-long steel pipe (Chung 2009). The mining system was successfully tested 
in the mid-1970s but never went into commercial production. In fact, all companies 
involved in this early phase gave up due to a combination of factors, including rela-
tively low metal prices, the engineering challenges and the lack of a legal frame-
work in the “Area.” The term “Area” is defined in UNCLOS as “The seabed and 
ocean floor and subsoil thereof, beyond the limits of national jurisdiction” and 
relates to the entire ocean floor that is not owned or governed by individual coun-
tries (Fig. 7) (for a description of UNCLOS and its history, see http://www.un.org/
depts/los/conventionagreements/conventionoverviewconvention.htm).

The legal framework for controlling deep-sea mining in the Area was established 
as part of the 1982 United Nations Convention on the Law of the Sea (UNCLOS) 
and the 1994 Agreement relating to the implementation of Part XI of UNCLOS 
(known as the 1994 Implementation Agreement). The International Seabed 
Authority is an autonomous international organisation created by UNCLOS to orga-
nise, carry out and control activities in the Area. This role includes both setting the 
detailed standards that govern the operations of deep-sea mining companies and 
supervising the implementation of these standards and the general provisions of 
Part XI. The Authority also has the responsibility for the protection of the marine 
environment (Article 145), the promotion of marine scientific research (Article 143) 
and the protection of underwater cultural heritage in the Area (Article 149). The 
Authority became fully operational in June 1996 and has its headquarters in 
Kingston, Jamaica (Article 156). All States parties to the 1982 Convention are 
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members of the Authority. On 15 January 2015, there were 167 members of the 
Authority plus the European Union, with the notable exception of the USA.

By the mid-1990s with the legal framework established, and major advances in 
offshore engineering brought about by the offshore hydrocarbon industry, the 
 deep- sea mining industry was poised to take off. The ISA approved six contracts for 
exploration for manganese nodules in 2001, one more in 2002 (Fig. 8) and a further 
contract in 2006. However, the sharp rise in metal prices in the early 2000s (Fig. 9) 
seems to have been responsible for a surge in applications for contracts beginning in 
2011, such that by the end of 2018, a total of 29 exploration contracts had been 
awarded (ISA 2019). Of these 17 were for manganese nodules, 7 for SMS and 5 for 
cobalt crusts (Fig. 8). As of the end of 2018, however, the ISA had not issued any 
contracts for exploitation of minerals (actual mining). This is because the contrac-
tors are not yet ready to begin mining because they are still engaged in equipment 
development and because the rules that will govern exploitation remain under dis-
cussion and development at the ISA, with an expectation that they will be approved 
by 2020. Until these exploitation regulations are in place, it is difficult for the com-
panies to estimate costs and profit margins.

Whilst progress towards mining may be proceeding slowly in international 
waters, the mining of SMS deposits within the exclusive economic zones (EEZs) of 
some countries is close to becoming a reality. The Canadian company Nautilus 
Minerals claim to be almost ready to mine SMS deposits in the Bismarck Sea off 
Papua New Guinea (www.nautilusminerals.com). The Japanese corporation 
JOGMEC also began test mining of SMS deposits in the Okinawa Trough off Japan 

Fig. 7 Exclusive economic zones, extended continental shelf areas and claims for extended con-
tinental shelf areas under UNCLOS. Within these areas states maintain control of activities on the 
seabed such as mining. The pale blue regions on the map are collectively known as the Area, and 
deep-sea mining here is managed by the International Seabed Authority. (Courtesy: Riccardo 
Pravettoni GRID Arendal www.grida.no/resources/7922)
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Fig. 8 Cumulative number of exploration contracts awarded by the International Seabed Authority 
(ISA 2019)

Fig. 9 Nickel prices since 1900. (Data combined from USGS 1999 and www.indexmundi.com/
commodities/?commodity=nickel&months=360, 29th November, 2019)

in 2017 (www.meti.go.jp/english/press/2017/0926_004.html). The mining of SMS 
deposits has advanced more quickly because the deposits can be found at relatively 
shallow water depths, and they are similar to those mined on land, so existing min-
ing technology can be adapted to the deep sea rather than needing to be invented.

Nodule and crust mining presents more acute technological challenges. 
Exploitation of manganese nodules requires the development of riser pipes that can 
transfer the ore from the seabed to the sea surface over 5000–6000 m water depth 
and the ability to control mining vehicles on the seabed at these remote depths 
(Fig. 10). The mining of cobalt crusts requires the development of sophisticated 
equipment that can remotely measure the thickness of the crust over large areas to 
facilitate resource assessment. Equipment needs to be developed that will remove 
only the metal-rich crust and not the underlying rocks. This will require systems that 
constantly vary the depth of the cutting blades as the mining machine progresses 
over rugged terrain.
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Fig. 10 Schematic diagram showing the main components of a deep-sea mining system for man-
ganese nodules (not to scale). (Slide courtesy of IHC Mining, the Netherlands)
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4  Environmental Issues Related to Deep-Sea Mining

The potential environmental impacts of deep-sea mining were recognised at an 
early stage (Thiel et al. 1991). There are many concerns relating to physical impacts 
of the mining systems on the seafloor, the creation of sediment plumes by seabed 
operations, the integrity of the riser pipes and the release of wastes following pre-
processing of the minerals at the sea surface. A number of concerns are specific to 
certain deposit types, for example, specialist hydrothermal vent communities are at 
risk from exploitation of SMS deposits at mid-ocean ridges, whilst the ecosystems 
in areas of nodule fields are diverse with sparsely distributed individuals that may 
be impacted by the very large areas (Weaver et al. 2018). Other issues are common 
to all types of deep-sea mining such as the impact of noise and of mid-water plumes 
of sediment-laden water that may affect animals living in the water column.

The biggest issues relating to the impact of deep-sea mining revolve around:

 – Lack of scientific knowledge of deep-sea ecosystems
 – Lack of knowledge about the performance of the technology that is still under 

development
 – Lack of a regulatory framework that will set limits on environmental impact

Gaining more scientific knowledge in the available timeframe before mining 
begins may be difficult in regions such as the CCZ, some seamount chains and some 
ocean ridges because they are so remote from land. Nevertheless there is a pressing 
need for resources to be dedicated to such activities (Boetius and Haeckel 2018). In 
the Area the contractors themselves may generate the most information as they are 
mandated to collect environmental data within their contract areas. However, these 
data need to be generated as exploration progresses and to be reported early because 
Regional Environmental Assessments (REAs) are likely to be required before min-
ing begins (Jones and Weaver 2017). Standardisation of data collection methods and 
plans for environmental surveys to achieve statistically significant results are two 
critical challenges so that data from large regions of the seabed incorporating mul-
tiple contract areas will provide a comprehensive assessment of cumulative and 
regional impacts. It is not clear who will collect information from outside of the 
contract areas to complete this work.

The technology issue relates to the large monetary investment that is needed 
before the equipment can be field-tested and hence its full environmental impact 
assessed. There will consequently be reticence to significantly modify the equip-
ment designs if the environmental impacts are greater than predicted. Cumulative 
impacts – where the effect increases as time progresses – will be difficult to identify 
in the first few years of mining. A strategy for dealing with these unknowns is to use 
adaptive management to deal with problems as they arise (Jaeckel 2016). The new 
exploitation regulations under consideration (ISA 2018) will have to ensure that 
technologies to mitigate for environmental impacts are considered in detail at the 
equipment design stage to reduce the need for costly modifications at a later date. In 
addition the Regulations should be formulated in such a way that will compel new 
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technologies to be introduced as we learn more about environmental aspects. This 
might mirror the way in which measures introduced by the International Maritime 
Organisation are now being introduced to regulate toxic emissions from shipping.

Development of legislation brings both reassurance and new challenges: on one 
hand, setting a regulatory framework for a new industry should ensure that activities 
meet modern standards and have minimal impact on the environment. On the other 
hand, the regulations must deal with uncertainties and unknowns and anticipate 
issues that can only be solved by greater investment. Such regulation must adhere to 
the law as it was laid down under UNCLOS and be enforceable across all the min-
ing nations. One way forward would be to apply the precautionary approach, which 
was adopted by the Rio Conference, or Earth Summit, in 1992 (UNCED 1992). 
Principle 15 of the Rio Declaration states “where there are threats of serious or 
irreversible damage, lack of full scientific certainty shall not be used as a reason for 
postponing cost-effective measures to prevent environmental degradation.” A bro-
chure explaining how the Precautionary Principle might be applied to deep-sea min-
ing has been produced by the Secretariat to the Pacific Community (SPC) (see 
http://dsm.gsd.spc.int/public/files/resources/ Deep_Sea_Minerals_in_the_Pacific_
Islands_Region_Brochure_13_Precautionary_Principle.pdf). This type of approach 
has been advocated by Ellis et al. (2017).

5  Deep-Sea Ecosystems

The impacts of deep-sea mining on deep-sea ecosystems can be divided into habitat 
destruction and/or modification at the mine site, impacts in the area surrounding the 
mine site related to the dispersal of sediment-laden plumes generated by the mining 
process, impacts related to plumes released in the water column after dewatering of 
the ores on the ship and transport barge and impacts related to other factors such as 
sound and light.

The three ores  – seafloor massive sulphides, manganese nodules and cobalt 
crusts – are each associated with very different ecosystems, each posing different 
environmental issues during their exploitation. Each will therefore be treated sepa-
rately below, followed by a section on impacts that are common to all deep-sea 
mining activities.

For all three ores, the application of the ‘mitigation hierarchy’ moving in 
sequence from ‘avoid’, to ‘minimise’, to ‘restore’ and finally, if relevant, to ‘offset’ 
should be considered. The rate at which deep-sea ecosystems recover from impacts 
in many cases will present particular challenges for the restoration of deep-sea eco-
systems, and offsetting impacts by improving degraded similar deep-sea habitats is 
unlikely to be appropriate (Van Dover et al. 2017).
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5.1  Potential Environmental Impacts from Mining SMS 
Deposits

SMS deposits have higher metal contents than the surrounding rocks, for example, 
at the Solwara 1 mine site in the Bismarck Sea off Papua New Guinea, the ore con-
tains just over 7% copper and 5.0 g/t gold (Lipton 2012). Rocks containing metals 
with these percentages are difficult to determine by geophysical prospecting, and 
prospectors currently often use geochemical prospecting methods such as the occur-
rence of hydrothermal venting (expulsion of hot fluids at the seabed) as an indica-
tion of where to look in detail (Holz et al. 2015). The vent fluids can be identified 
through physical and chemical anomalies in the water column (temperature, chemi-
cal variations of elements such as Mn, Fe, redox potential and/or particle concentra-
tions). The vent fluids can themselves sustain unique biological communities of 
bacteria, shrimp, tubeworms and other organisms (Figs. 11, 12, and 13) that are 
adapted to this hot and inhospitable environment (Fisher et al. 2013). Such chemo-
synthetic organisms have limited distributions because they are confined to the hot 
springs which are themselves limited to small areas distributed along the ocean 
ridges.

Different ridge systems also host different organisms, for example, giant tube-
worms dominate many vent habitats in the eastern Pacific but are not known from 
the Atlantic, Indian or Southwest Pacific ridges. Vent shrimp are very common in 
the Atlantic, whilst shrimp, snails and anemones are common in the Indian Ocean 
(Fisher et al. 2013; Clark and Smith 2013). At least 11 different biogeographical 

Fig. 11 White shrimp (including Rimicaris sp.) on hydrothermal chimney at Von Damm vent site 
on Mount Dent Caribbean Sea and smaller reddish shrimp with green head. (NOAA Okeanos 
Explorer Program, Mid-Cayman Rise Expedition 2011 www.photolib.noaa.gov/htmls/expl6952.
htm accessed December 18th 2017)
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zones have been proposed for vent fauna (Rogers et al. 2012; Chown 2012) (Fig. 14).
The geographic distributions of particular species may be limited, but in some cases, 
notably polychaete worms, geographic distributions appear to be extensive (Copley 
et al. 2016).

Loss of habitat at the seabed due to SMS mining will be relatively small scale 
because SMS deposits are three-dimensional and have a small footprint on the sea-
bed. The Solwara 1 mine off Papua New Guinea will directly impact 1.4 km2 of 
seabed over a projected 3-year mine life (Batker and Schmidt 2015). This is a very 
small deposit, but even large SMS deposits may only have footprints of a few square 
kilometres. However, as hydrothermal vent chemosynthetic communities are also 
potentially restricted to a small footprint, it may be necessary to take particular 
regard of these communities in environmental impact assessments and regional 
environmental management plans. If large numbers of hydrothermally active sites 
are mined or impacted by mining, then these unique ecosystems, which occur in 
relatively few locations, could suffer loss of connectivity between populations (Van 
Dover 2014). SMS mining in areas without present-day hydrothermal vent com-
munities may have little impact in terms of loss of habitat because deep-sea taxa 
associated with them will be more typical of rocky slope fauna, which have wide 

Fig. 12 Vent mussels, shrimp and crabs from the Mid-Atlantic Ridge © MISS√O SEHAMA, 
2002 (funded by FCT, PDCTM 1999/MAR/15281). (Photographs taken by VICTOR6000/
IFREMER)
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Fig. 13 Hydrothermal 
vent surrounded by giant 
red tubeworms and squat 
lobsters. From the Main 
Endeavour hydrothermal 
field on the Juan de Fuca 
Ridge. Vibrant colonies of 
tubeworms with red gills 
thrive on this vent, which 
is predominantly 
composed of iron- and 
sulphur-bearing minerals. 
(Credit: University of 
Washington; NOAA/OAR/
OER.www.flickr.com/
photos/51647007@
N08/5277263409/)

Fig. 14 Biogeographic provinces of hydrothermal vent faunas. The data shows 11 provinces iden-
tified in different colours each of which has distinct groups of species. (From Rogers et al. 2012)
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geographic distributions. Such low impact will however depend on the spread and 
impact of plumes. These communities are described further below.

Plans have been developed to temporarily relocate some organisms and to create 
new substrates to replace those that have been mined (http://nusc.live.irmau.com/
IRM/Company/ShowPage.aspx?CategoryId=190&CPID=1176&EID=83153213). 
However, the success of these plans has not been proven, and much greater sus-
tained research on the restoration of hydrothermal vent communities is required. 
Closely spaced areas of active hydrothermal venting can show many very different 
habitats and biodiversity indicating that subtle variations in environmental factors 
and biological interactions may control distribution of organisms (Boschen et al. 
2015) making it very difficult, if not impossible, to temporarily relocate organisms 
to other sites.

One characteristic of hydrothermal vent faunas is their ability to recover rela-
tively quickly from disturbance, especially in comparison to other deep-sea faunas 
(Gollner et  al. 2017). This is because hydrothermal venting does not necessarily 
occur at constant rates and may even cease for some periods, thus organisms need 
to be adapted to colonise other areas. Populations of animals on fast-spreading 
ridges can recover in just a few years (Van Dover 2011; Gollner et al. 2017), whilst 
those on slower-spreading ridges may recover more slowly (Boschen et al. 2013). It 
is not certain what the impacts of mining might be on the long-term health of vent 
communities in the different setting of fast-, slow- and ultraslow-spreading ridges – 
especially the cumulative impacts if mining is intense along any particular interval 
of ocean ridge.

Apart from the seabed area that is directly impacted by the mining, adjacent 
areas may be impacted by plumes of sediment-laden water generated by the mining 
machines. These plumes will spread away from the mine site and may bury or 
smother seafloor organisms and habitats and prevent recolonisation (Levin et al. 
2016; Clark and Smith 2013). Such organisms could include corals, sponges and a 
wide variety of other fauna that are attached to hard rock surfaces. For SMS mining 
the plumes may be relatively small in volume because the SMS substrate is hard, 
and most of the material generated may be too large or too dense to be suspended 
in the water. However, the act of mining sulphide deposits will expose metal sur-
faces to oxidation, which will produce dissolved sulphides (Fuchida et al. 2017; 
Simpson and Spadaro 2016; Brown and Hauton 2018; Brown et al. 2017) and will 
also produce very small sulphide particles (Fuchida et  al. 2017; Hauton et  al. 
2017). Thus the plumes are also likely to be toxic (Fallon et al. 2018; Knight et al. 
2018), and these toxins will be transported away from the mine site. This may lead 
to very significant releases of toxic metals, such as cadmium, arsenic, antimony 
and copper, especially if the crushed ore is stockpiled on the seabed for any length 
of time. Increases in acidity following oxidation may lead to runaway reactions 
within ores stored on the seabed. Consequently, care should be taken to minimise 
any leakage of toxic material from stockpiled sulphides either on the seabed or 
onshore (Steiner 2009).

Gwyther (2008) suggested that plumes will spread only for 1 km at the Solwara 
1 site, but this remains to be tested. Plumes may also be generated if sediment 
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 overlying the ore body has to be removed from the mine site. This sediment, which 
is likely to be pumped downslope from the mine site, will be easily disaggregated 
and less dense than the ores (Gwyther 2008) and hence may spread further. It is 
likely that the volume of these near-seabed plumes can be reduced through good 
engineering design and mining practice. One possibility could be to encase the min-
ing vehicles in a shroud that would contain the plume and force all of it up the riser 
pipe (Van Dover et al. 2017).

When the ores are received by the mining vessel, they will be dewatered, and the 
waste water will be returned to the ocean. The dewatering process cannot remove all 
the smallest particles and those smaller than a few tens of microns will be dis-
charged in the returned water. Gwyther (2008) suggested that only particles smaller 
than about 8 μm will be released at Solwara 1, and the plume will be released close 
to the seabed. In many cases toxic metals attach preferentially to fine particles. Even 
though the discharge plume may be diluted very quickly within the environment 
(Gwyther 2008), it may still have biological effects, especially through bioaccumu-
lation. Discharge plumes therefore have the potential for wide-ranging effects at 
scales larger than those evident directly at the mine site and in both the pelagic and 
benthic environment.

Mining at active hydrothermal sites may be limited because these locations are 
still in the process of precipitating metals and the deposits may be small (German 
et al. 2016: Van Dover et al. 2018). Furthermore, active vents are very hot and can 
pose serious challenges to the development and operation of equipment (Clark and 
Smith 2013). It is more likely therefore that SMS deposits will be sought at some 
distance from the ridge axes at sites where the ore bodies have had chance to fully 
form and to cool (Petersen et al. 2017). These ore bodies are currently difficult to 
locate because their geochemical and geophysical signatures become progressively 
weaker away from the ridge as the minerals become buried by the gradually thick-
ening sediment layers and/or by lava flows. Work is underway to develop new high- 
resolution prospecting equipment including magnetic and self-potential sensors 
(measuring weak electrical currents produced by chemical reactions occurring 
between the sulphide deposit and seawater) as well as mineralogical and geochemi-
cal techniques (Petersen et al. 2017). It is hoped that potential ore bodies will even-
tually be located up to a few tens of kilometres from the ridge axes and potentially 
beneath several metres of sediment.

The ecosystems present on ore bodies away from the ridge axes have not been 
extensively studied but are likely to be more representative of the regional benthic 
fauna with few, if any, of the chemosynthetic organisms (Gollner et  al. 2017: 
Boschen et  al. 2015) (Fig.  15). Exceptions may occur if low-level hydrothermal 
activity is still in progress, and research needs to be conducted to ensure that spe-
cialist faunas have not developed to use weathered sulphide deposits as a substrate 
(Erickson et al. 2009). The regional fauna will be dependent on a number of factors 
such as substrate type, water depth, water mass characteristics (temperature and 
salinity) and particulate organic flux to the seafloor. These characteristics were used 
by Watling et al. (2013) to develop a scheme to describe the biogeographic distribu-
tion of species across the seabed of the world in which a number of different benthic 
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provinces were proposed. Substrate is important because hard rocks allow species 
that attach to the seabed, and soft sediment allows burrowing animals. In many 
areas both hard and soft seabeds are intermixed (Priede et al. 2013).

The siting of an SMS mine away from the ridge axis in one of the faunal prov-
inces could have a small footprint that may not make a significant impact. 
Nevertheless, these areas remain poorly known, and a precautionary approach is 
prudent until the impacts of actual mining can be determined. The International 
Seabed Authority is likely to adopt environmental management plans for the Atlantic 
and Indian Oceans in the next few years, and one element of these may be networks 
of Areas of Particular Environmental Interest (APEIs) that will establish areas for 
the conservation of biodiversity and across the ridge axis where representative eco-
systems at different depths can be preserved. Such a network has been suggested for 
part of the North and Equatorial Atlantic Ocean (Dunn et al. 2018).

5.2  Potential Environmental Impacts from Mining Manganese 
Nodules

Manganese nodules are located in some of the remotest places on the planet. 
Consequently these areas have received less attention from the scientific community 
than sedimented areas closer to continental margins. It has actually been the 

Fig. 15 Typical area of rocky seabed away from the ridge axis with the crinoid Anachalypsicrinus 
nefertiti and some large sponges. Mid-Atlantic Ridge, depth c. 2400 m. (Credit: Image courtesy of 
Dr. Daniel Jones, National Oceanography Centre, Southampton, UK. ECOMAR Project)
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prospect of mining in areas such as the Clarion Clipperton Zone (CCZ) in the equa-
torial eastern Pacific that has stimulated research. Ecosystems with manganese nod-
ules have been found to have a great diversity of organisms and with many species 
appearing apparently at only one sample location. This gives the impression that 
individuals from each species are very rare, but this may reflect merely the very 
small number of samples that have been collected and examined. With greater sam-
pling effort, many species may eventually be found to have wide distributions. 
There is not enough information to understand why such high diversity of species 
occurs and how different species interact. There is little information on connectivity 
between populations of all taxa (Glover et al. 2016a). What is known is that the 
seabed of the CCZ has a very stable environment with very low sedimentation rates 
and generally low input of food. Organic matter inputs come from particulate 
organic flux from the sea surface, and inputs are slightly greater towards the east and 
south of the CCZ owing to slightly higher primary productivity in these regions. 
These variations in food supply are reflected in variations in fauna across this vast 
region (Smith 2013), which extends for about 6 million km2. In this environment it 
is expected that many organisms will be long-lived and slow to reproduce making it 
difficult for them to recover quickly from mining disturbances (Gollner et al. 2017).

Animals in the CCZ, and likewise all manganese nodule areas, occur within the 
sediment, attached to the nodules and in the water column above the seabed. 
Specialist benthopelagic organisms occur in the benthic  boundary layer (BBL) 
immediately above the seabed (Billett et al. 1985). In addition, the BBL is an impor-
tant region for the dispersal of larvae from benthic organisms.

The fauna within and on the sediment generally occur within the upper few cen-
timetres of the seabed. The dominant meiofaunal groups (organisms that can pass 
through a 1 mm mesh sieve but will be retained by a 45 μm mesh) are nematodes 
and harpacticoid copepods, whilst polychaetes and isopod crustaceans are the most 
important macrofaunal taxa (larger than 1 mm). Typical megafauna (animals visible 
in sea bottom photographs and trawls) include holothurians, fish and giant protists. 
The latter provide shelter for numerous invertebrate groups such as nematodes and 
isopods. A specialist fauna attaches to the nodules, which provides a hard substrate 
supporting a wide variety of encrusting fauna such as corals, bryozoans, xenophyo-
phores, komokiaceans and sponges (Fig. 16) (Vanreusel et al. 2016), whilst smaller 
animals such as foraminiferans and nematodes colonise crevices in the nodule sur-
faces. A detailed account of the biology of manganese nodule areas is given by 
Smith (2013).

A study of megafauna in the CCZ by Vanreusel et al. (2016) found that the epi-
fauna (animals living on top of the sediment and on nodules) in areas associated 
with polymetallic nodules are more abundant and diverse than in areas without nod-
ules or with only low nodule numbers (Fig. 17). The loss of nodules will reduce the 
substrate upon which a wide variety of fauna depend. As the nodules take millennia 
to grow, the loss of substrate will have permanent impacts on biodiversity unless 
spatial management plans safeguard large areas where nodules occur, including 
areas with dense nodule cover.
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The main environmental concerns relating to the mining of manganese nodules 
are:

 1. The slow rate at which abyssal fauna recolonize the environment following min-
ing disturbances

 2. The large aerial scale of the impacts
 3. Lack of knowledge of the organisms due to vastness of the area and limited sci-

entific study

Recolonisation in the deep sea is much more complex than on land because many of 
the species are long-lived and reproduce very slowly, and they are not adapted to 
environments where disturbances occur. This is particularly true for the nodule 
areas where mining will scrape the top ~10 to 15 cm of the seabed, disaggregate the 
sediment and sift out the nodules, dumping the sediment particles behind the collec-
tor machine (Fig. 18). This dumped material will have different properties to the 
original seabed, containing much more water, lacking cohesion and will be devoid 
of life. Experiments in the MIDAS project have shown that even the bacteria are lost 
in this process.

Jones et al. (2017) carried out a comprehensive review of the effects of nodule 
mining on sediment communities based on small-scale commercial test mining and 

Fig. 16 Images of megafauna associated with nodules from the CCZ (a–c) actiniarians; (d–f) 
alcyonacean corals; (g) antipatharian coral; (h–l) hexactinellid sponges. Copyright: ROV Kiel 
6000 Team/ GEOMAR Kiel. (From Vanreusel et al. 2016)
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scientific disturbance experiments. They found that whilst severe changes in abun-
dance and diversity of benthic communities occurred immediately after the 
 simulated mining disturbance, some recovery occurred in faunal density and species 
numbers for meiofauna and mobile megafauna over a number of years. Even after 
two decades, however, the communities had not returned to the pretest baseline 
condition. In addition, where the sediment surface is compacted with no evidence of 
significant resedimentation and restructuring of a surface sediment layer, meiofau-
nal communities showed no recovery even after 26 years (Miljutin et al. 2011).

In another study the seabed of the DISCOL area in the Peru Basin has been 
repeatedly revisited since it was deliberately disturbed in 1989 (Thiel and Schreiver 
1990). While faunal densities of most taxa were almost back to pre-disturbance 
levels after 7 years, diversity and faunal composition had not recovered over a lon-
ger 26-year period (MIDAS 2016; Gollner et al. 2017). The MIDAS project also 
showed the importance of ultrahigh-resolution bathymetric mapping to set the dis-
turbance experiment in the context of the local sub-metre scale geomorphology, and 
the need for precision sampling by ROV-placed cores for accurate determination of 
spatial variability in recovery rates. Jones et al. (2017) also highlight the limitations 

Fig. 17 Densities (individuals/100 m2) of sessile (a, c) and mobile (b, d) epifauna for separate 
ROV video transects from areas of the CCZ rich in nodules and nodule-free areas. (a, b) Densities 
from ROV video transects in experimentally disturbed areas of various age; (c, d) Densities from 
undisturbed areas. (From Vanreusel et al. 2016)
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of the data of some studies, most notably owing to small sample sizes in meiofaunal 
and macrofaunal studies.

The mining vehicles will alter the physical structure of the seabed by destruction 
of the bioactive surface layer and through the deposition of an unconsolidated sedi-
ment layer at least 10 cm thick. This disaggregated layer will be more readily resus-
pended by near-seabed currents even though these currents are relatively sluggish. 
It is not known how long the redeposited layer will take to return to its original 
semi-consolidated and more cohesive state, but other deep abyssal sediments, such 
as on the Madeira Abyssal Plain in the Atlantic show layers of redeposited sedi-
ments, introduced by turbidity currents from the continental margins, have remained 
soupy for 1000 years (Thomson and Weaver 1994). Re-establishing an appropriate 
supply of organic material from the nutrient-poor surface waters overlying nodule 
areas may be required to stimulate the consolidation of sediments by key organisms, 
notably microbes and meiofauna, which bind the sediment and create microstruc-
ture for subsequent recolonisation by other fauna.

The clouds of suspended sediment particles created by the mining systems at the 
seabed may be a particular problem in nodule mining because the sediments consist 
mainly of small clay particles (Weaver et al. 2018; Jones et al. 2017). The plumes 
will be denser than the surrounding water and will flow across the seabed depositing 
sediment as they progress. Plume deposits may have an immediate effect if the sea-
bed organisms are overwhelmed by particles or their filter-feeding mechanisms are 

Fig. 18 Diagram showing the process of mining may inhibit recolonisation of organisms. Mining 
is assumed to remove the upper 15 cm of the seabed including the nodules from the surface. The 
nodules will be sifted out and taken to the ship in a riser pipe, and the remaining sediment will be 
dumped behind the mining vehicle. Organisms and any available food material were originally 
concentrated in the upper few cm but are now lost into the water column or dispersed in the new 
unconsolidated layer. This layer may be too soft to support recolonisation even if and when food 
becomes available. Animals that attach to nodules are not able to return because the hard substrate 
is no longer available
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blocked. In addition, plumes may have a chronic effect if the organisms are subject 
to low levels of deposition over many years or decades.

Plumes will spread for long distances but will have little impact in their far range. 
The area over which plumes will damage or kill animals is not known and may vary 
according to the composition of the plume and the organisms impacted. Early esti-
mates suggested impacts could reach as far as 100 km from the mine site (Rolinski 
et al. 2001), but estimates produced by modelling plume behaviour by the MIDAS 
project (see http://www.eu-midas.net/sites/default/files/downloads/MIDAS_recom-
mendations_ for_policy_lowres.pdf) suggested 50 km may be more realistic. For 
areas of manganese nodules, the problem is that background sedimentation rates are 
extremely low, and thus the faunas are not adapted to cope with even small amounts 
of fallout from plumes.

Plumes are one area where good technology can reduce the environmental impact. 
For example, a mechanical nodule collector may generate a much smaller plume than 
removing the nodules with a suction hopper dredge (www.isa.org.jm/files/documents/
EN/Brochures/ENG7.pdf) that uses water jets to loosen the nodules.

For manganese nodule mining to be commercially viable, a nodule abundance of 
over 13.7 kg/m2 is required to provide an annual yield of 1.5–2 million tons of nod-
ules per year. This means that each mining operation must cover a total area of 
120–180 km2 per year (Volkmann and Lehnen 2017). Owing to the slow rates of 
recovery indicated above contractors involved in deep-sea mining may be required 
to continue monitoring the mine site for considerable time after mining activities 
have ceased. There is an economic case therefore for minimising mining impacts 
through engineering solutions and for considering ecosystem restoration actions 
that might be undertaken to speed up ecosystem recovery processes. These actions 
would reduce the costs and commitments of continued monitoring as part of a clo-
sure plan apart from demonstrating good environmental management.

Our knowledge of biology of the abyssal seabed and the overlying water column in 
terms of (1) species diversity and distribution, breeding patterns and connectivity 
between communities and (2) ecological functions of the various components of the 
ecosystem is poor and cannot be addressed quickly. This is particularly true for the 
assessment of the efficacy of ecosystem restoration measures which may take 10 years 
or so to generate statistically significant results. Work is urgently needed here because 
the results could feed into better equipment design and better working practices.

New techniques in using Autonomous Underwater Vehicles and environmental- 
DNA (e-DNA) may provide fast, accurate and cost-effective approaches to monitor-
ing of mining impacts. Molecular taxonomic approaches have the potential of 
making information more robust by linking DNA sequencing with traditional mor-
phological techniques (Glover et al. 2016b). For instance, Janssen et al. (2015) used 
morphological and DNA barcoding to study connectivity between populations of 
isopods and of polychaetes between two locations spaced 1300  km apart in the 
CCZ. Their results showed a higher proportion of wide-ranging species in poly-
chaetes in contrast to apparently more restricted distributions in isopods. Many 
more similar studies are needed for a good scientific understanding of ecosystems 
in nodule areas.
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5.3  Potential Environmental Impacts from Mining Cobalt 
Crusts

The most economically important cobalt crust deposits are found on the tops and 
upper flanks of seamounts in a water depth range of 800–2500  m (Hein and 
Koschinsky 2014). Since the crusts form over millions of years, the oldest seafloor 
tends to have the thickest deposits, and for this reason the western Pacific is an area 
that is being actively explored. In addition, crusts formed on top of flat-topped guy-
ots will make mining operations easier. As of the end of 2017, the International 
Seabed Authority had signed three contracts for the exploration of cobalt crusts in 
the Western Pacific, and a further one was awaiting signature. In addition, there is 
also a contract for exploration of cobalt crusts in the South Atlantic on the Rio 
Grande Rise (ISA 2019).

Areas with cobalt crusts are characterised by having reasonably swift currents, 
which sweep away sediments leaving rocky substrates on which the crust can 
develop. These hard surfaces provide anchorage points for sessile filter-feeding ani-
mals (Fig. 19), and some of these, such as corals and sponges, provide structural 
habitat for many other species (Nalesso et al. 1995). In a study off New Zealand, 
Rowden et al. (2010) showed that biomass was four times greater on seamounts 
than on adjacent continental margin slopes at equivalent depths due to high densities 
of stony corals. The flanks of the seamounts occupy a broad depth range with differ-
ent species occupying different depth ranges, and thus many different species can be 
found on single seamounts (Clark et al. 2010). Significant questions remain about 
seamount faunas such as how many species are endemic to particular seamounts or 

Fig. 19 Fauna including deep-sea corals attached to manganese crust on the Vogt Seamount in the 
western Pacific. (Images courtesy of the NOAA Office of Ocean Exploration and Research, 2016 
Deepwater Exploration of the Marianas)
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chains of seamounts. In addition, it is not certain whether cobalt crusts support dif-
ferent species assemblages to seamounts without cobalt crusts, i.e. whether there are 
species adapted to the higher metal contents of the crusts. One study on Hawaiian 
seamounts has shown no significant differences (Clark et al. 2011), whilst a more 
recent study by Schlacher et al. (2014) showed that the faunal composition was dif-
ferent with lower abundance of certain species in areas with cobalt crusts.

Apart from the corals and sponges, a wide range of species has been recorded 
from seamounts including squids and echinoderms (sea stars, sea cucumbers, 
feather stars, crabs and sea squirts). Large foraminiferans including xenophyo-
phores may be common on some crust areas (Mullineaux1987, Fukushima 2007), 
and high densities of suspension feeders, especially feather stars and sea pens, have 
also been recorded along the edges of crusts (Fukushima 2007).

The mining of cobalt-rich crust will involve grinding or scraping the surface of the 
seamounts or other topographic features to a depth of about 25 cm (see https://www.
isa.org.jm/sites/default/files/files/documents/eng9.pdf). As with polymetallic nodules, 
crusts are essentially a two-dimensional feature, and therefore large areas would need 
to be mined per year. Assuming a crust thickness of 30–60 mm, Hein et al. (2009) 
estimated that approximately 9–17 km2 will be mined per million tons of ore extracted. 
He et al. (2011), using a different mining model, estimated that up to 60 km2 would 
need to be mined per year for the same yield. Each operator is likely to mine between 
1 and 2 million tons of ore per year over a 20-year mining operation.

Apart from the loss of this area of habitat, benthic plumes created by the min-
ing process will likely travel downslope on the flanks of the seamount or other 
feature. As the habitats and organisms change with depth, a range of different 
habitats may be impacted. The extent of the impact of the benthic plume will 
depend on its volume and composition, which will be dependent on the mining 
process and equipment design. Shrouds or other mechanisms could be used to 
trap the plume and force it all up the riser pipe (Van Dover et  al. 2017). The 
plume will affect organisms by clogging the filter-feeding mechanisms of ani-
mals that rely upon clean current flow containing zooplankton and particulate 
organic material. In addition, deposits from plumes may overwhelm organisms 
and prevent juveniles from settling (Rogers 1999).

Many of the species that live on seamounts are slow-growing, long-lived and 
slow to reproduce. Some cold-water corals are known to live for hundreds to 
thousands of years (Roark et al. 2006; Rogers et al. 2007; Carreiro-Silva et al. 
2013). Schlacher et al. (2014) considered that the life history characteristics of 
the cobalt crust fauna would make recovery from the mechanical impacts of min-
ing very slow. Indeed studies of faunal recovery on seamounts off New Zealand 
following intense bottom trawling showed few signs of recolonisation after 
10 years (Williams et al. 2010).

Hence the environmental impacts from mining cobalt crusts will be similar to the 
mining of nodules – large areas impacted that could be considerable larger if plumes 
are not controlled – and poor recovery potential of the ecosystems. The organisms 
impacted however will be represented by very different species to the nodule areas.
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In terms of environmental management, regional spatial management plans will 
be important and may require whole seamounts to be set aside in their entirety for 
the conservation of biodiversity. This may require a high level of planning and 
agreement by different contractors working in the same region. In addition, restora-
tion measures for impacted ecosystems may be important. Experimentation is 
already being conducted in the restoration of deep-sea corals (https://www.bbva.
com/en/hospital-corals-mediterranean/; http://www.merces-project.eu/sites/default/
files/MERCES_D1.1_0.pdf) although the costs of large-scale restoration may prove 
to be very high (Van Dover et al. 2014).

6  Common Issues Related to Environmental Impact 
Affecting all Resource Types

Apart from the resource-specific issues discussed above, there are several issues that 
are common to all resource types. The most important of these are mid-water 
plumes, noise and light.

6.1  Mid-Water Plumes

Once mined the ores from all three resources will be transferred to the surface sup-
port ship as a slurry with a high-water content, and this water will need to be 
removed from the slurry so that the ores can be stored in a dry state, ready for trans-
fer to shore. The recovered water will be returned to the ocean but will contain small 
particles that are impossible to remove (Weaver et al. 2018). This returned water is 
known as the mid-water plume, and no research to date has been carried out on its 
potential impacts. However, introducing large volumes of small particles into the 
ocean could impact mid-water organisms by clogging their filter-feeding mecha-
nisms if the concentrations are high. In addition there may be issues of toxicity 
especially from sulphide mining. The returned water may have different properties 
to the water it is added to, e.g. temperature and pH, which are critical factors since 
organisms are very sensitive to these properties. In addition, changes in oxygen 
content or the presence of elements such as iron could cause changes in plankton 
and or microbial populations. In shallower mining operations, it may be possible to 
pump this returned water back to the seabed, e.g. Nautilus Minerals has proposed to 
drive seabed pumps with the returned water from Solwara 1 where the mine will be 
at a depth of 1600 m (Gwyther 2008). Returning the mid-water plume to the seabed 
at 4000–5000 m in nodule mines may be technically difficult.

The supply ship will periodically offload its ores to barges that will transport the 
ores to shore. This transhipment may require the ores to be rewetted and then dewa-
tered on the barge (see http://www.motorship.com/news101/industry-news/digging-
deep-the-new-seafloor-industry). This will create an additional plume similar to the 
mid-water plume.
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Returned water could be added back to the ocean at the deepest feasible depth 
thereby impacting less layers in the water column. It may even be possible to release 
the returned water at the base of the riser pipe where it will mix with the volumetri-
cally much larger seabed plume thus converting the plume problem to a single 
hazard.

6.2  Noise and Light

The seafloor production tools, the riser pipe and the ship will all generate noise and 
vibration. Noise and vibration together can affect the auditory senses and systems 
of some animals and may cause discomfort, e.g. by causing avoidance reactions or 
even damage. Background noise can also interfere with communication between 
animals or limit their ability to detect prey (Popper et al. 2003). Evidence is begin-
ning to emerge that many deep-sea fishes depend on underwater sound for commu-
nication during mating and possibly also for navigation, e.g. https://news.agu.org/
press-release/new-research-reveals-sound-of-deep-water-animal-migration/. Sound 
may have an impact at all water depths but could be a particular problem in depths 
down to 2000 m where it may interfere with marine mammals. Any noise generated 
at the base of the thermocline in the “deep-sound channel” has the potential to travel 
long distances (see https://dosits.org/wp-content/uploads/2017/07/DOSITS-
Booklet-2015-web.pdf), and since the depths between 800 and 1000 m may coin-
cide with mine sites for SMS and cobalt crust deposits, particular attention may 
need to be given to controlling sound generation in this layer. The positioning of 
pumps along the vertical transport or riser pipe may need to avoid the deep-sound 
channel as well as the deep scattering layer where large concentrations of fish and 
invertebrates are found, as well as deep-diving marine mammals that feed on them.

Seafloor mining operations may require lights. They will also be used on the sup-
port ship, which, unlike ships in transit, will move very slowly as the mining pro-
ceeds. Although light does not penetrate more than a few hundred metres in the 
ocean, most deep-sea fishes have well-developed eyes, which are sensitive to very 
dim light such as that produced by bioluminescence. Depending on the species, 
deep-sea fishes either avoid or are attracted by artificial light, which can destroy or 
temporarily hamper their vision. Most deep-sea invertebrates have light receptors 
too, and artificial lights can severely damage eyes of invertebrates, or even blind 
them permanently. Bright artificial light can also obscure or completely block the 
function of bioluminescence, which is fundamental to deep-sea organisms for, e.g. 
orientation (especially in rough terrain), communication, finding food, mating and 
defence against predation.

Light emitted from the support ship may have an impact on birds as well as on 
near surface marine life. The slow speed of the ship will make it a permanent target, 
being in a nearby position every night. Birds can be affected by disruption of their 
migrations, by collisions with the ship and by disruption of their feeding habits, 
though the use of lighting with specially adapted wavelengths (Marquenie et al. 2014) 
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can reduce the hazard. Marine life in the upper ocean (e.g. squid and other predators, 
plus animals in the deep scattering layer that migrate up and down daily) is also 
attracted by light, and locally this can disrupt normal community behaviour and 
structure and predator-prey relationships.

7  Conclusion

When considering the potential environmental impacts from deep-sea mining, it is 
important to distinguish between the three types of deep-sea mining for metallifer-
ous ores – manganese nodules found on deep abyssal plains, cobalt crusts found on 
rocky surfaces such as seamounts and seafloor massive sulphides found at and near 
to oceanic tectonic plate boundaries. Each of these ores is associated with its own 
unique ecosystem, but these ecosystems are poorly understood due to their remote-
ness from land and the consequent cost of carrying out research. The impacts of new 
activities, from a whole new industry, on poorly understood ecosystems are there-
fore difficult to predict. Research has shown that many animals in nodule and crust 
environments are long-lived and slow to reproduce. This combined with alteration 
of the seabed structure, particularly in nodule areas, means that it will be difficult 
for the ecosystem to re-establish except over long timescales perhaps taking tens to 
hundreds of years in the case of manganese nodules and cobalt crusts.

Following initial enthusiasm for mining metalliferous ores from the deep sea in 
the 1980s, only little activity took place until 2002. Since that date many contracts 
for exploration have been signed, and effort has been put into technology develop-
ment. The International Seabed Authority is developing its regulations for exploita-
tion, which are expected to be in place by 2020, and these may herald the start of 
this new industry. Mining for manganese nodules and cobalt crusts will be quite 
different from any metal mining on land since large areas will be mined per year as 
the ores only exist as thin layers at the seabed. On the other hand, mining for sea-
floor massive sulphides will be analogous to some on-land mines and have a much 
smaller footprint.

Research into all aspects of seafloor ecosystems in areas with potential for DSM 
is urgently required, with particular emphasis needed on community structure, eco-
system function and connectivity between populations. In the water column, very 
little is known about mid-water ecosystems and how these might be affected by 
deep-sea mining. Information is also needed on how the mining machines will oper-
ate, particularly on how successful they will be in limiting plume development and 
spread, and how they will restrict noise and light pollution.
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Abstract There is growing recognition that a clean energy, low carbon future will 
require additional metals to be inserted into the world economy. This has led to 
increased interest in obtaining these metals from the seafloor of the deep ocean, 
with many proponents of the seafloor mineral industry claiming environmental and 
social advantages such as minimal waste, no disruption of indigenous populations, 
no need for deforestation including large areas of rainforest, and multi-metal and/or 
high-grade deposits. With interest in mining the deep seabed on the rise, an increas-
ing number of exploration licences and contracts granted, and one mining project 
expected to be soon ready to commence operations, the deep seabed mineral indus-
try is emerging, bringing with it a recognised need for thoughtful environmental 
assessment and management. This chapter examines the current state of knowledge 
of the services provided by ecosystems associated with deep-sea mineral deposits 
and how this knowledge can support the future inclusion of ecosystem services in 
environmental impact assessments (EIAs) for individual mining operations and in 
the regional-scale planning of resource extraction and conservation measures.

Faced with an incomplete understanding of deep-sea environments and the man-
agement strategies that could be deployed to minimise ecological losses from min-
ing operations, scientists have expressed concern about the potential for related 
species extinctions, changes in ecosystem structure and function, and a loss of 
 deep- sea ecosystem services (McGeoch et al. Diversity and Distributions, 16(1), 
95–108, 2010; Van Dover Marine Environmental Research, 102, 59–72, 2014; 
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Van Dover et al. Nature Geoscience, 10(7), 464–465, 2017; Folkersen et al. Marine 
Policy, 94, 71–80, 2018). The environmental costs of extracting deep-sea mineral 
resources have been the subject of an increasing number of studies, yet remain dif-
ficult to quantify (Thurber et  al. Biogeosciences, 10(11), 18193–18240, 2014; 
Jobstvogt et al. Ecological Economics, 97, 10–19, 2014; Folkersen et al. Marine 
Policy, 94, 71–80, 2018). Regulators of future deep-sea mining activities have been 
developing rules, regulations, and guidelines aimed at the responsible use of seabed 
mineral resources and that conservation goals are met. Key players in the seabed 
mineral industry have committed to a precautionary and ecosystem-based approach 
to environmental management that aims to mitigate the potential impacts of mining. 
Part of this approach includes employing best environmental practice and tools used 
in environmental management, including robust EIAs and adaptive management.

Keywords Environmental impact assessment · Ecosystem services · Deep-sea 
biodiversity · Adaptive management

1  Environmental Impact Assessment and Deep-Sea Mining

Environmental impact assessments (EIAs) are the most widely accepted tool for 
assessing the potential environmental impacts of commercial and industrial projects 
(Morgan 2012; Lallier and Maes 2016). The EIA process has been adopted by gov-
ernments worldwide and incorporated into international law and lending institution 
standards since the 1970s in response to growing environmental awareness. EIAs 
focus on the impacts of a project on the environment and related social, economic, 
and cultural values, bringing input from ecologists, economists, and social scientists 
into a single assessment framework. EIAs also include impact mitigation strategies 
and the expected residual impacts. Over time, EIAs have evolved in response to the 
changing needs of decision-makers, the experience of practice, and the changing 
values and priorities of society (Morgan 2012; Jha-Thakur and Fischer 2016). 
Global trends in EIA developments include mandatory requirements for EIAs; com-
prehensive assessments that go beyond the biophysical to include social, economic, 
and cultural values; the inclusion of EIAs earlier in the project development pro-
cess; increasing scrutiny of assessments including public access to EIAs; more 
ambitious assessments with regard to sustainability objectives; and a growing rec-
ognition of scientific uncertainties and the need to take a precautionary approach to 
decision-making (Gibson 2002; Ellis et al. 2017).

The EIA process, in principle, fosters communication between the proponent, the 
regulator, and stakeholders, ensuring that uniform and consistently high environmen-
tal standards are applied to all project proponents (Durden et al. 2018) and that envi-
ronmental decisions are based on sound scientific grounds (Lallier and Maes 2016). 
The EIA process for the seabed mineral industry is recognised as a key component to 
ensuring effective protection of marine ecosystems, and this was explicitly men-
tioned in the leaders’ declaration from the G7 Summit in Germany in 2015 along 
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with scientific research as a priority issue for sustainable deep-sea  mining. However, 
deep-sea mining as an industry does not yet exist, and to date, there have been fewer 
uses of EIA as a decision-making tool in the deep sea relative to terrestrial and coastal 
environments (e.g. Petts 1999; Glasson et al. 2013). EIAs conducted in the deep sea 
have so far focused on offshore hydrocarbon resources (e.g. Husky Oil 2001), com-
mercial fisheries (e.g. CCAMLR 2008; Government of New Zealand 2008; SPRFMO 
2008), and seabed minerals, including the  exploration and extraction of minerals 
(e.g. NOAA 1981; Coffey Natural Systems/Nautilus Minerals 2008).

The United Nations Convention on the Law of the Sea (UNCLOS) sets the legal 
framework for seabed mining and became effective in 1994. The UNCLOS estab-
lished the International Seabed Authority (ISA) as the regulatory body governing 
mineral resources in the area of the seabed beyond national jurisdiction (referred to 
as “the Area”). Under UNCLOS, states are given rights to exploit the resources of 
their continental shelves and seek rights from the ISA to undertake or sponsor deep- 
sea mining exploration and exploitation within the area and are under a general 
obligation to protect and preserve the marine environment and must be “no less 
effective than international rules, regulations and procedures” (UNCLOS Article 
192). Several national jurisdictions have or are in the process of developing their 
own rules and regulations to govern the nascent seafloor mineral industry within 
their own exclusive economic zones (EEZs).

The ISA requires an EIA if any one exploratory sampling activity of the seafloor 
or “test” mining activity in the area exceeds 10,000 m2 (ISBA/19/LTC/8). The ISA 
developed a provisional Environmental Impact Statement (EIS) template for deep- 
sea mining activities (the document prepared to present the environmental effects of 
mining), partly based on an EIS developed for Nautilus Minerals’ Solwara 1 Project 
proposal to mine polymetallic seafloor massive sulphide deposits in Papua New 
Guinea (Coffey Natural Systems/Nautilus Minerals Ltd 2008). The Solwara 1 EIS 
is based on extensive studies of the deep-sea benthic communities at the site. 
Because it is the first seafloor massive sulphide mining operation to receive a min-
ing licence, it is regarded as an engineering experiment, an environmental experi-
ment, an economic experiment, and a policy experiment (Filer and Gabriel 2016). 
The EIS template is intended to guide contractors to achieve consistency in EIA 
information and has subsequently evolved since 2012. A workshop convened in 
Germany in 2017 considered several models for EIA procedures in national legisla-
tion (e.g. Clark et al. 2017) and international law, identified procedural and techni-
cal issues with EIA processes and offered key recommendations and options to 
address these issues (ISA 2017). The ISA issued an updated EIS template in 2018 
(ISBA/24/LTC/WP.1/Add.1) as an Annex to the draft exploitation regulations.

By design, EIAs are project-scale assessments and are often limited in spatial 
and temporal scale to the project being assessed. If the disturbance footprint of any 
activity, land or sea-based, occurs at the scale of an entire ecosystem, there is a 
potential that it will bring risks of long-term, ecosystem-scale losses of biodiversity, 
ecosystem function, and ecosystem services that need to be considered during the 
EIA process. Assessment of the services provided by deep-sea ecosystems is a rela-
tively recent field whose development is hampered by the so far limited knowledge 
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of deep-sea biodiversity and ecosystem function. Given the spatial extent of poten-
tial disturbances resulting from deep-sea mining operations and the likely extended 
recovery times, it is necessary to compile existing information into a framework that 
will enable meaningful consideration of ecosystem services in the EIA process in 
the future (Karjalainen et al. 2013). The ISA’s EIS template accounts for biodiver-
sity and ecosystem functions, which underpin deep-sea biodiversity, and has added 
consideration of ecosystem services to the scope of EIAs for future mining con-
tracts (ISBA/24/LTC/WP.1 Annex IV), so far without specific guidelines for identi-
fying and quantifying services provided by deep-sea ecosystems. As environmental 
assessment of deep-sea mining continues to develop, it is an appropriate time to 
evaluate what is required for a robust EIA process and the nature and scope of EIAs 
for the major types of deep-sea mineral resources and their environments. Some of 
these approaches, as well as linkages between different components of ecosystem 
management have been covered in a separate chapter in this book (Cormier 2019, 
Chap. 14, this volume).

2  Ecosystem Services Provided by the Deep Sea

Mineral deposits that are the current focus of regulatory efforts by the ISA include 
polymetallic sulphide deposits at active and dormant hydrothermal vents, cobalt- 
rich ferromanganese crusts found primarily on seamounts, and polymetallic nodules 
on abyssal plains. The spatial extent of deposits is a function of deposit type: poly-
metallic sulphide deposits typically occupy hectare-scale areas of seafloor, while 
crusts occur at square kilometer scales on individual seamounts, and manganese 
nodule fields/provinces extend over thousands of square kilometers. These scale 
differences will be reflected in the environmental footprints of individual mining 
operations and the environmental management strategies that will need to be 
considered.

Deep-Sea Mineral Deposits of Economic Interest
The International Seabed Authority has issued exploration contracts for three 
common types of deep-sea mineral deposits, each occurring within distinct 
geological settings. Associated ecosystems operate at different spatial and 
temporal scales (Levin et al. 2016a, b) and have varying degrees of resilience 
to mining activities (Gollner et al. 2017; Suzuki et al. 2018).

Polymetallic sulphide deposits are mainly restricted to mid-ocean ridges, 
back-arc basins, and submerged volcanic arcs. Most deposits cover only a few 
hectares. To date, Nautilus Minerals Niugini Ltd’s Solwara 1 Project in Papua 
New Guinea holds the only licence to mine polymetallic sulphide deposits. 
The Solwara 1 deposit is high grade and relatively small in scale (10 ha or 
0.1 km2). Elsewhere, as of October 2018, the ISA has entered into 15-year 
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Ecosystem services are goods and services derived from ecosystem processes 
(“ecosystem functions”) that contribute to human well-being. The term “ecosystem 
services” has been evolving since the 1970s when it first gained traction in the sci-
entific literature (e.g. SCEP 1970; Holdren and Ehrlich 1974; Ehrlich et al. 1977; 
Westman 1977). Underpinning the many facets of ecosystem functioning and the 
ecosystem services provided by the deep sea is biodiversity (Thurber et al. 2014; 
Niner et al. 2018). Biodiversity, from local to global scales, can affect multiple eco-
system functions including maintenance of ecosystem productivity (Tilman et al. 
1997; Worm et al. 2006; Foley et al. 2010; Thurber et al. 2014), stabilisation of food 
webs (Myers et al. 2007), and the ability to recover from disturbances (Leslie and 
Kinzig 2009; Palumbi et al. 2009). Consideration of ecosystem services is implied 

contracts with seven contractors for the exploration (not exploitation or 
 mining) of polymetallic sulphides in the international seabed area. Each explo-
ration contract covers an area of 10,000 km2 (ISA Exploration Areas). Within 
the exploration areas, it is envisaged that individual future mine sites will 
encompass a much smaller area with direct impacts covering up to a few 
square kilometres. However, a series of mine sites may be required to create a 
profitable enterprise within a single mining contract area (Petersen et al. 2016).

Cobalt-rich ferromanganese crusts accrete onto nearly all rock surfaces in the 
deep ocean and can also coat rock pebbles and cobbles. They are particularly 
abundant on current-swept flanks of seamounts, knolls, ridges, and plateaux 
that are free of sediments over long periods (Hein 2004) at depths of 400–
5,000 m, with the thickest and most cobalt-rich crusts found at depths of ~800 
to 2,500 m. While no exploitation contracts for ferromanganese crusts on sea-
mounts have been issued, the ISA has entered into 15-year contracts with five 
contractors for exploration of cobalt-rich ferromanganese crusts with explora-
tion areas for each contractor set at 3,000  km2, encompassing several sea-
mounts (ISA Exploration Areas). Areas of this size are needed to provide 
enough ore for a 20–30 year mining operation. Individual mining blocks on 
seamounts are anticipated to be in the order of 20 km2.

Polymetallic nodules are found spread over the abyssal plain where they may 
cover 10–30% of the seafloor at any given location (Collins et al. 2013). While 
no contracts to mine polymetallic nodules have been granted, as of October 
2018, the ISA has entered into 15-year exploration contracts for polymetallic 
nodules with 17 contractors. Exploration areas for each contractor are in the 
order of 75,000 km2, areas roughly equivalent to the size of Panama (ISA 
Exploration Areas). However, some contractors have stated that the maximum 
area  they will be able to mine (for economic and/or technical reasons) is 
18–30% of the contract area (ISBA/19/LTC/8), and it is expected that ISA 
contractors will be required to set aside a preservation reference zone (PRZ).
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in the current ISA EIA template by the inclusion of biodiversity and ecosystem 
functions, but it is not explicitly articulated (ISBA/19/LTC/8). Below we provide an 
overview of the major categories of ecosystem services provided by the deep sea 
and examine some of the services that are specific to nodules, crusts, and sulphides 
(Table 1) and how these relate to biodiversity and ecosystem function.

Ecosystem services are generally characterised as supporting services, provi-
sioning services, regulating services, and cultural services, with an additional cate-
gory of “option use value” to capture future unknown and speculative benefits of 
individual ecosystem components or the whole ecosystem (Walsh et  al. 1984; 
Hanemann 1989; Beaumont et  al. 2007; Armstrong et  al. 2012; Jobstvogt et  al. 
2014). Ecosystem service frameworks tend to focus on biotic services, those pro-
vided by living components of the ecosystem (e.g. MA 2005; Beaumont et al. 2007; 
Mace et al. 2009; Bateman et al. 2011). However, abiotic goods and services, such 
as mineral resources, are recognised in some frameworks (e.g. Haines-Young et al. 
2009) either directly as a provisioning service or indirectly through their roles in 
supporting and regulating services (Armstrong et al. 2012). Supporting services in 
the deep sea are functions (processes) that support the production and maintenance 

Table 1 Overview of deep-sea ecosystem services in ecosystems currently associated with 
mineral deposits

Ecosystem 
service category Deep-sea ecosystem service

Deep-sea ecosystem/habitat

Seamounts
Hydrothermal 
vents

Abyssal 
plains

Supporting 
services

Nutrient cycling nc nc +
Habitat ++ ++ +
Primary production + + nc
Water circulation and exchange + + −

Regulating 
services

Gas and climate regulation nc nc nc
Waste absorption and 
detoxification

− + ++

Bioregulation − − −
Carbon capture and storage nc − +

Provisioning 
services

Finfish, shellfish ++ + −
Oil, gas, minerals +, ++ ++ +
Chemical compounds for 
industrial and pharma use (biotic 
materials)

+ ++ nc

Cultural services Educational + + nc
Scientific + ++ nc
Aesthetic nc nc −
Existence/bequest − − −

Option-use value Future unknown and speculative 
benefits of the whole ecosystem

+ + +

Adapted from Fletcher et al. (2011) and Thurber et al. (2014)
“++” = widespread or abundant; “+” = present or assumed; “–” = unknown, not present; and “nc” 
= no consensus in the literature
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of other ecosystem services (Armstrong et  al. 2012), including habitat, nutrient 
cycling, water circulation and exchange, and chemosynthetic primary production. 
Regulating services are the benefits obtained through the natural regulation of habi-
tats and ecosystem processes (MA 2005), including gas and climate regulation, 
waste absorption and detoxification, biological regulation, and carbon dioxide 
(CO2) capture and storage. Provisioning services include the products used by 
humans that are obtained directly from habitats and ecosystems (MA 2005) and 
tend to be the most tangible ecosystem services to conceptualise. Cultural services 
include the non-material benefits people obtain from habitats and ecosystems (MA 
2005), and because the deep sea is not accessible to the majority of the population, 
the foci of cultural services are scientific, educational, and bequest/existence ser-
vices. Option-use value includes future unknown and speculative benefits (Beaumont 
et al. 2007), related to future discoveries of provisioning, regulating, and cultural 
service values. In the context of deep-sea mining, the most discernable ecosystem 
service that the deep sea offers is the provision of minerals, which are abiotic eco-
system components. However, in accessing a single provisioning service such as 
seabed mineral deposits, it is crucial to consider the potential impact of removing 
these mineral deposits on other ecosystem services and the biodiversity and ecologi-
cal functions underpinning them. Assessing the impact of the potential loss of eco-
system services as a result of deep-sea mineral extraction first requires identification 
of the relevant services and determination of their value (Thurber et al. 2014).

Ecosystem Services Provided by Hydrothermal Vents
Hydrothermal vents support highly localised faunal communities (Smith et al. 
2008b), whose dependency on chemosynthetic processes, together with the 
physiochemical severity of the vent environment, have resulted in a high level 
of endemism, where the majority of species are found only at vents, and many 
are confined to vents within distinct biogeographic provinces (Van Dover 
et al. 2002; Thurber et al. 2014).

Vents are hotspots of microbial productivity and microbial genetic diver-
sity (Van Dover 2000, 2011; Levin et al. 2016a). The chemosynthetic produc-
tion of new organic matter by vent microbial communities sustains 
high-biomass faunal communities that have low species diversity but exhibits 
considerable genetic novelty that includes sophisticated symbioses, extreme 
thermotolerance, and resistance to hydrogen sulphide and heavy metals. 
Microbial chemosynthetic processes remove sulphide and dissolved metals 
from discharging vent fluids and transform climate-relevant substances such 
as carbon and methane (Hinrichs and Boetius 2002; Cochonat et  al. 2007; 
Jørgensen and Boetius 2007; Dekas et al. 2009; Boetius and Wenzhofer 2013).

Hydrothermal vents hold high scientific value and have been the source of 
continual discoveries of novel organisms with adaptations to extreme environ-
ments (Deming 1998). The same technological advances that have enabled 
the exploration of these environments (e.g. developments in submersibles) 
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have also led to scientific breakthroughs. Repeat submersible surveys, auton-
omous instruments, and cabled seafloor observatories monitor hydrothermal 
vent biology, geology, and chemistry, and promote community and educator 
engagement.

One option-use value of hydrothermal vents is likely to be found in the 
genetic novelty of vent organisms and the potential future discovery of as yet 
unidentified enzymes and chemical compounds that may be relevant to human 
health and environmental remediation (Deming 1998) or have industrial 
applications. For example, the high, and so far unquantified, diversity of 
microorganisms at hydrothermal vents has led to growing interest in potential 
biotechnology applications, including bioenergy and biofuel production 
(Chaudhuri and Lovley 2003). A more specific example involves hyperther-
mostable forms of carbonic anhydrase, the enzyme that rapidly catalyses the 
reversible hydration of CO2 in aqueous solutions. Hyperthermostable car-
bonic anhydrase is widespread among the chemoautotrophs of hydrothermal 
vents (Goffredi et  al. 1999; Jo et  al. 2014; Fredslund et  al. 2018) and has 
attracted research interest for its medical relevance and biotechnical potential 
for carbon sequestration (Fredslund et al. 2018).

Ecosystem Services Provided by Seamounts
Seamounts rise up in stark contrast to the surrounding seafloor and occur 
either singularly or as a chain. They are comprised of a mixture of soft and 
hard substrata and often harbour fragile, vulnerable, and long-lived, habitat- 
forming epifauna that create areas of high biodiversity and support rich fish-
ing grounds (Clark et al. 2010; Chivers et al. 2013; Thurber et al. 2014). In the 
Pacific Ocean, there are more than 11,000 seamounts (57% of the global total) 
(Yesson et al. 2011), and many more might exist in uncharted waters (Kim 
and Wessel 2011). The Atlantic Ocean has fewer seamounts, and their cobalt- 
rich ferromanganese crusts are mostly associated with hydrothermal activity 
at seafloor-spreading centres, with the exception of seamounts in the northeast 
and northwest continental margin areas.

Seamounts and the water column above them often serve as important 
habitats, aggregation areas, feeding grounds, and reproduction sites for many 
open-ocean and deep-sea species of fish, sharks, marine mammals, seabirds, 
and benthic organisms (Genin 2004; Baco 2007; Danovaro et al. 2008; Morato 
et  al. 2009; Clark et  al. 2010). Seamounts can be biological hotspots with 
distinct, abundant, and diverse fauna and are often a source of previously 
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unidentified species (Worm et al. 2003; Morato et al. 2008, 2010). Studies of 
megabenthic fauna (large invertebrates larger than 1–2 cm) have been con-
ducted as part of the Japan-SOPAC surveys (1985–2005) in ferromanganese 
crust areas within the EEZs of Kiribati, Tuvalu, Samoa, the Marshall Islands, 
and the Federated States of Micronesia.

Deep-water corals and sponges are often the most conspicuous megafaunal 
organisms on seamounts (Genin et al. 1986; Lundsten et al. 2009; Rowden 
et  al. 2010). These suspension-feeding organisms concentrate particulate 
organic matter from the surrounding water column and provide physical habi-
tat for other species. Coral diversity and community composition along the 
Hawaiian-Emperor seamount chain have been extensively investigated in 
video imagery and samples obtained from submersible surveys (Baco 2007; 
Sinniger et al. 2013).

The high productivity on seamounts provides provisioning services of fish-
eries and by attracting mobile organisms. To date, fisheries represent the most 
important provisioning service derived from seamount ecosystems. The main 
fisheries occurring on seamounts use trawls, longlines, gillnets, and pots and 
traps, but other methods including hook and line are also present in some 
small-scale seamount fisheries (Clark and Koslow 2007; Da Silva and Pinho 
2007).

As yet undiscovered benthic biodiversity is the most obvious option-use 
value of seamounts. The seamount benthos is poorly sampled worldwide, and 
expeditions frequently report species new to science (Smith et al. 2008b).This 
genetic resource reservoir includes sponges, the richest known marine source 
of novel compounds (Witherell and Coon 2001; Grehan et al. 2003; Maxwell 
et al. 2005; Armstrong et al. 2012).

While most seamounts are remote and difficult to access, several cultural 
services related to seamounts have been identified. Compared to the sur-
rounding seafloor, seamounts are often biodiversity hotspots of consider-
able scientific interest, particularly in relation to endemism and genetic 
connectivity (De Forges et al. 2000; Sautya et al. 2011). Those seamounts 
that are easily accessible (close to land) support tourism industry growth 
through marine mammal watching (Armstrong et al. 2012). A number of 
seamounts within EEZs have cultural value through their designation as 
marine protected areas (e.g. SGaan Kinghlas-Bowie Seamount Marine 
Protected Area in Canadian Pacific waters, Marine Protected Area of the 
Mid-Atlantic Ridge North of the Azores in Portugal, Papahānaumokuākea 
Marine National Monument in Hawaiian waters, Huon Marine Park in 
Australian waters).
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Ecosystem Services Provided by the Areas of Abyssal Plains that Host 
Polymetallic Nodules
The abyssal zone of the oceans, from 3,000 to 6,000 m below sea level, covers 
54% of the geographic surface of the planet (Gage and Tyler 1992). The areas 
of the abyss where polymetallic nodules form are relatively restricted by com-
parison but still represent vast expanses of seafloor. For example, the Clarion- 
Clipperton Zone (CCZ), the primary area of commercial interest for 
polymetallic nodule mining (Wiklund et  al. 2017), covers 5 million km2 
(~1.4% of the total ocean area), ~65% of the size of Australia’s 7.7 million 
km2 land area.

The abyssal plains that host polymetallic nodules enhance the biodiversity 
of the deep-sea benthos (Smith et al. 2008a; De Smet et al. 2017). The hard 
substratum provided by manganese nodules supports faunal assemblages dis-
tinct from those in adjacent sediments (Mullineaux 1987; Bussau et al. 1995; 
Veillette et al. 2007; Smith et al. 2008a, b). The presence of nodules has been 
shown to influence the abundance, community composition, and distribution 
of meiofauna, macrofauna, and megafauna at regional scales (Mullineaux 
1987; Glover et al. 2015; Amon et al. 2016; De Smet et al. 2017). These fau-
nal assemblages play a key role in supporting and regulating ecological and 
biochemical processes (Jahnke and Jackson 1992; MA 2005; Danovaro et al. 
2008).

Abyssal plain ecosystems provide services in the form of remineralization 
and detoxification that are poorly quantified but possibly of global signifi-
cance given the huge area of the abyss (MA 2005; Armstrong et al. 2012). 
Deep-sea ecological processes regulate the burial of carbon in seabed sedi-
ments, which ultimately feeds back to climate regulation. The so-called con-
veyor belt of global thermohaline circulation moves cold deep-sea water 
masses move around the globe, providing buffering capacity for nutrient and 
carbon cycles (Thurber et al. 2014). Through this large-scale circulation sys-
tem, the remineralization of nutrients in the deep sea eventually fuels surface 
ocean productivity and fisheries and supports the production of oxygen 
(Beaumont et al. 2007; Armstrong et al. 2012; Thurber et al. 2014; Niner et al. 
2018).

Nodule ecosystems have high scientific value as a source of continued dis-
coveries of previously undescribed species and genetic diversity. Few pub-
lished data on the macrofaunal biodiversity and community structure are 
available (De Smet et al. 2017), but studies have recorded large numbers of 
species from relatively small areas, noting a long list of rare species (i.e. 
where only small numbers, or even singletons, have been found) and fauna 
largely undescribed by taxonomists (Grassle and Maciolek 1992; Glover et al. 
2002; Smith et al. 2006). For example, 183 species of polychaetes were dis-
covered in 19.25 m3 of sediment and nodules in the CCZ (Glover et al. 2002), 
with estimates that >90% of polychaete species collected in the abyss cur-
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3  State of Knowledge of Deep-Sea Ecosystem Services

The deep sea represents a huge knowledge challenge. Only 5% of the deep sea has 
been explored, and less than 0.01% (an area the size of a few football fields) has 
been sampled and studied in detail (Ramirez-Llodra et al. 2010), although this is set 
to increase, particularly in the areas of commercial interest. There are only 200 or 
so scientists worldwide working to fill knowledge and data gaps around deep-sea 
ecosystems, and researchers have so far identified only a fraction of the deep-sea 
faunal species (Higgs and Attrill 2015; Sinniger et  al. 2016; Shulse et  al. 2017; 
Niner et al. 2018). There is not a single deep-sea species for which we understand 
its entire life history (Armstrong et al. 2012). Environmental studies conducted by 
contractors with exploration licences or contracts are helping to fill these knowledge 
gaps, often through collaborations with the scientific community. This will contrib-
ute to inform decision-making about potential impacts and how to minimise them. 
The knowledge and publications that have resulted from seabed mineral industry 
EIA processes represent a major contribution to deep-sea science. For example, the 
Solwara 1 EIS has resulted in more than 40 publications and presentations and 
directly involved ~14 academic institutions, and ~21 were consulted during the pro-
cess and/or reviewed the EIS. The Abyssal Baseline Project (ABYSSLINE) under-
took biological baseline studies within the UK Seabed Resources Ltd. Exploration 
contract area in the Clarion-Clipperton Zone in the Pacific and produced a database 
of deep-sea biodiversity. More than 60 publications have resulted from this work. 
DISCOL/ATESEPP (disturbance and recolonization experiment; Auswirkungen 
technischer Eingriffe in das Ökosystem der Tiefsee im Süd-Ost-Pazifik vor Peru 
(German programme)), the first experiment to investigate the potential impacts 
from mining in a manganese nodule area in the deep South East Pacific Ocean 
resulted in 124 publications, including a special issue of Deep-Sea Research II 
(Volume 48) in 2001. The Indian Deep-sea Environment Experiment (INDEX) has 
resulted in 32 publications on the deep-sea environment from the Central Indian 
Ocean in three special issues (Sharma and Nath 2000; Sharma 2001, 2005). A sur-
vey of peer-reviewed publications from biological studies in the area published 
between July 2017 and July 2018 found 32 new publications (Glover 2018), with 
the most focus on polymetallic nodules (17 publications), followed by 10 

rently remain undescribed by taxonomists (Grassle and Maciolek 1992). In 
addition to the scientific discovery potential of abyssal seabed biodiversity, 
the sedimentary strata beneath the deep seafloor contain extensive and scien-
tifically important records of global climate, ocean productivity, and deep-sea 
conditions over long-time scales (Nellemann et al. 2008).
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publications on polymetallic sulphides and five on cobalt-rich crusts. There are also 
several recent and existing programmes outside of the seabed mining industry that 
explore and catalogue deep-sea biodiversity and habitats, such as the Census of the 
Diversity of Abyssal Marine Life (CeDAMar) a field project of the Census of 
Marine Life that catalogued the biodiversity of abyssal plains and the Ocean 
Biogeographic Information System (OBIS), a global database documenting marine 
biodiversity from observations around the world.

However, the quantification and valuation of deep-sea ecosystem services have 
developed slowly, primarily because of the challenges associated with conducting 
ecosystem-level observations and experiments in remote environments where eco-
system processes unfold across vast spatial and temporal sales (Niner et al. 2018). 
The focus has been twofold, with economists and social scientists examining the 
economic value of deep-sea ecosystem services (Costanza et al. 1997; Ressurreição 
et al. 2011; Wattage et al. 2011; Jobstvogt et al. 2014; Binney and Fleming 2016; 
Folkersen et al. 2018) and deep-sea researchers studying biodiversity and ecological 
functions and interactions that support these ecosystem services (e.g. Smith et al. 
2008a; Beaumont et al. 2007; MA 2005; Rex and Etter 2010; Danovaro et al. 2008; 
Thurber et al. 2014). Beyond the commercial value of deep-sea mineral deposits, 

Ecosystem 
service category Deep-sea ecosystem service

Deep-sea ecosystem / habitat

Seamounts

Supporting 
services

Nutrient cycling 1–4 38–43, 53, 54 71–76, 87
Habitat 5–15 41, 44–48, 51 77–85
Primary production 15–18 39, 49–53 86
Water circulation and exchange 16,19 51 –

Regulating 
services

Gas and climate regulation 1–4 39, 50, 54 73, 86–89
Waste absorption and detoxification 1–4 55–56, 61
Bioregulation 18 – –

Carbon capture and storage – 54

Provisioning 
services

Finfish, shellfish 19–23, 37 46–48 91–92

Oil, gas, minerals 24–32 53, 57–61 80
Chemical compounds for industrial 
and pharma use (biotic materials) 4 42, 54, 62–66 –

Cultural services

Educational 33 39 95–98
Scientific 3, 34–35, 37 39, 42, 67–68 95–98
Aesthetic 36–37 69–70 –
Existence/bequest

Option-use value Future unknown and speculative 
benefits of the whole ecosystem 33 69,70 97

Hydrothermal 
vents

Abyssal 
plains

73, 86–90

72, 86–89,
91–92

Table 2 State of knowledge of deep-sea ecosystem services in ecosystems currently associated 
with mineral deposits

Green shading = some knowledge; yellow shading = little knowledge; blue shading = no knowl-
edge; no shading = irrelevant. Numbering represents references presented in Appendix A
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studies of the economic value of the deep sea are so varied that it is impossible with 
any confidence to estimate value in monetary terms, let alone determine the value of 
individual ecosystem services that the deep sea provides (Thurber et  al. 2014; 
Jobstvogt et  al. 2014; Folkersen et  al. 2018). Yet, broad cost-benefit analyses of 
deep-sea mining are needed for informed decision-making (Thurber et al. 2014) and 
are an important component of the EIA process.

Several frameworks have been proposed for assigning monetary values to the 
ecosystem functions and services of the deep sea (van den Hove and Moreau 2007; 
Armstrong et al. 2012); however, there are major impediments to accurate monetary 
assessments of marine ecosystem services and a general lack of knowledge of the 
economic value of marine ecosystem services that managers and society require for 
quantitative evaluations (Thurber et al. 2014). Scientific understanding of the eco-
logical value of biodiversity and ecosystem functions is growing but remains very 
limited. Consequently, there is currently high uncertainty about the environmental 
trade-offs that will be considered during evaluations of deep-sea mining proposals 
(Folkersen et al. 2018). Yet, as interest in exploiting deep-sea minerals grows and 
knowledge is gained by contractors fulfilling their environmental study obligations, 
it is important to develop knowledge-based, decision-making frameworks to weigh 
losses of biodiversity and ecosystem services against the economic returns from 
mining operations.

The need to identify and better understand the ecosystem services provided by 
the deep sea has gained momentum as the seabed mining industry has taken form, 
and several recent studies have attempted to identify the services present (e.g. 
Armstrong et al. 2010, 2012; Fletcher et al. 2011; Thurber et al. 2014) and quantify 
their value (e.g. Beaumont et al. 2007; Armstrong et al. 2012; Folkersen et al. 2018). 
These studies highlighted the limited state of knowledge of some ecosystem ser-
vices and where future investigation could be directed. Building on this work, 
Table 2 presents a summary of the state of knowledge of deep-sea ecosystem ser-
vices in ecosystems currently associated with mineral deposits. Ecosystem services 
that can be linked to simple quantifiable metrics, such as connections between pro-
visioning services and fishery catch rates, or cultural services and numbers of scien-
tific publications are easier to identify and quantify than more subjective services, 
such as regulating services. On the other hand, the temporal and spatial characteris-
tics of deep-sea ecosystem functions and services will be very difficult to incorpo-
rate into decision-making frameworks, based on current knowledge. For example, 
deep-sea ecosystem functions such as faunal-microbial interactions that accelerate 
nutrient cycling in sediments operate at scales of micrometres to metres over peri-
ods of years, yet their extent and derived services can be widespread but only 
become apparent after centuries of integrated activity (Thurber et al. 2014). Clearly, 
there will be a need to incorporate an assessment of uncertainty and knowledge gaps 
in decision-making frameworks. The industry, ISA, and relevant stakeholders are 
seeking an effective approach to assessing environmental effects including explicit 
consideration of managing uncertainty and risk and approaches that provide oppor-
tunities for adaptive management (Ellis et al. 2017).
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The seabed mineral industry is moving towards an ecosystem-scale assessment 
and management approach. An ecosystem-based approach to EIA will require 
drawing links between biodiversity and ecosystem function, commonly included in 
these assessments, and as far as possible and practicable, ecosystem services with 
the aim of increasing understanding and reducing risk of harm. The seabed mineral 
industry has repurposed a number of approaches to provide regulators and managers 
with tools to begin including ecosystem services in EIAs and ultimately in 
management.

4  Evaluation Criteria

Criteria for identifying areas of high ecological value are a fundamental tool for 
balancing ecological and socioeconomic objectives and focusing limited resources 
for conservation in marine spatial planning (Gilman et al. 2011). Effective criteria 
need to appropriately represent the ecosystem and the functions and services it pro-
vides and are used in EIAs, risk assessments, vulnerability assessments, and marine 
spatial planning. Criteria can focus on taxa individually or jointly, on specific habi-
tats or communities, or regionally to identify networks of sites important to the 
maintenance of ecosystems at a global scale (e.g. IMO 2006a, b; Langhammer et al. 
2007; OSPAR Commission 2007; FAO 2009; O et al. 2015). The use of evaluation 
criteria can result in the identification and prioritisation of species, communities, 
habitats, or areas that can act as reference points for baseline assessments or those 
that require monitoring in relation to human activities. Additionally, criteria may be 
used to select simple indicators of some of the more tangible ecosystem services 
such as provisioning services (finfish, shellfish, oil, gas, minerals), cultural services 
(educational, research), and supporting services (habitat). As knowledge increases 
from deep-sea research and the first mining contractors, it may be possible to use 
criteria to identify indicators for some of the more intangible ecosystem services 
that are currently difficult to incorporate in assessments, such as regulating 
services.

Several United Nations agencies have proposed suites of criteria for identifying 
areas of high ecological value. These include Ecologically or Biologically Significant 
Areas (EBSAs) (Convention for Biological Diversity (CBD); CBD 2008), 
Vulnerable Marine Ecosystems (VMEs) (Food and Agriculture Organisation; FAO 
2009), and Particularly Sensitive Sea Areas (PSSAs) (International Maritime 
Organization; IMO 2006a, b). A 2009 CBD workshop that considered the applica-
tion of EBSA criteria to areas beyond national jurisdiction found no inherent 
 incompatibilities between the criteria that have been applied by intergovernmental 
organisations such as the ISA and other national and non-governmental organisa-
tions (CBD 2010). Other commonly used criteria include Key Biodiversity Areas 
for identifying globally significant sites for biodiversity conservation (Langhammer 
et al. 2007) and Valued Ecosystem Components to identify species, habitats, and 
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communities crucial to the health and functioning of an ecosystem (O et al. 2015). 
Gilman et al. (2011) provide an in-depth review of available criteria.

While the purposes for which these criteria were developed often differ, each 
suite employs similar indices to assess ecosystems, with the aim of ensuring species 
conservation and maintenance of environmental quality. Criteria include but are not 
limited to rare, unique, endemic, habitat forming, sensitive, nutrient importer/
exporter, keystone role in the food web, ecological processes critical for ecosystem 
functioning, functional groups that play a critical role in ecosystem functioning, 
functional significance of the habitat (importance for vulnerable life history stages), 
and structural complexity of the habitat. The concepts and protocols for evaluation 
can be applied in screening and scoping processes related to deep-sea EIAs, for site 
screening and scoping for strategic environmental assessments, and providing 
knowledge to formulate conservation plans. The use of such criteria in spatial plan-
ning allows for more informed and transparent decision-making and can help estab-
lish a framework for monitoring and managing ecosystem services and the 
biodiversity and function supporting them. These criteria are needed to overcome 
data gaps and address limitations in knowledge of factors responsible for maintain-
ing ecosystem integrity (Gilman et al. 2011). Including ecological value consider-
ations in EIAs facilitates the process of EIS review and public consultation and adds 
transparency to the assessment, which can be a significant factor in obtaining social 
licence (Lallier and Maes 2016). In the case of deep-sea mining, internationally 
recognised value criteria can provide a basis for using limited knowledge as a start-
ing point for developing an adaptive management framework.

5  Adaptive Management Approach

Adaptive management has been identified as a practical tool to address the develop-
ment of environmentally responsible and cost-effective observation and monitoring 
systems that can be used in the deep sea to feed into conservation measures. The 
industry is not expected to grow exponentially at this point but will expand gradu-
ally, allowing time to incorporate feedback from the work of the first contractors to 
improve EIA methods and management. An adaptive management approach used in 
this way allows for management to scale up as the industry scales up. The ISA has 
been proactive in developing rules, regulations, and procedures that incorporate 
standards for the protection and preservation of the marine environment during 
exploration and mining. Part of the adaptive management toolbox for deep-sea min-
ing is the development of regional environmental management plans (REMPs) and 
marine spatial planning to protect biodiversity, ecosystem functions and services, 
and the sustainability of resources.

The first REMP for abyssal polymetallic nodule fields in the CCZ was approved 
in 2012 (ISBA/17/LTC/7) with the goal of facilitating exploitation and cooperative 
research, monitoring the environment, fostering area-based management, and 
applying an ecosystem-based approach to management and broad stakeholder 
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 participation. A key component of a REMP is a network of areas of particular envi-
ronmental interest (APEIs) for the preservation of representative ecosystems for the 
protection of biodiversity and ecosystem structure and function (Dunn et al. 2018). 
APEI networks contribute to a precautionary approach to environmental manage-
ment of deep-sea mining by ensuring that representative benthic habitats and associ-
ated ecosystems are protected from serious harm on regional scales. The CCZ was 
divided into nine subregions, each containing a 400 × 400 km APEI, representing a 
total of ~24% of the CCZ management area. Two additional APEIs were proposed 
in 2016 (22nd Session of the ISA), which, if implemented, would increase the total 
protected area to ~29% (Dunn et al. 2018). The location of these APEIs within each 
subregion is currently flexible, allowing for adaptive management based on new 
knowledge and the location of mining sites.

The ISA has called for REMPs in other areas where there are currently explora-
tion contracts (ISBA/20/C/1; ISBA/21/C/20; ISBA/22/C/28) in response to recom-
mendations from the United Nations General Assembly (UNGA; UNGA 69/245; 
UNGA 70/235). The ISA is yet to approve a REMP for any region of polymetallic 
sulphide or ferromanganese crusts but has encouraged the scientific community to 
support the development of REMPs for key areas of commercial interest (Dunn 
et al. 2018). In response, guidelines were proposed for the establishment of net-
works of chemosynthetic ecosystem reserves to protect environments associated 
with polymetallic sulphide deposits (Dinard Guidelines for Chemosynthetic 
Ecological Reserves; Van Dover et  al. 2011). Building on these guidelines, ISA 
workshops have discussed the design of a network of protected areas for the Mid- 
Atlantic Ridge, resulting in a framework for the design and assessment of APEI 
network scenarios. Dunn et  al. (2018) subsequently developed a network design 
framework for the Mid-Atlantic Ridge, based on a suite of criteria for evaluating 
potential network performance against conservation targets and CBD network 
design criteria (EBSA criteria). APEIs for ferromanganese-encrusted seamounts are 
currently in the initial stages of development. However, some of these seamounts 
are included in existing marine protected areas. A key example is the Pacific Remote 
Islands Marine National Monument (PRIMNM), one of the world’s largest MPAs 
that covers an area of ~1.3 million km2.

While areas protected from the impacts of mining are important reference sites, 
it is possible that the APEIs may not be well studied or understood prior to the com-
mencement of mining. However, it is an ISA requirement as part of the EIA to 
designate impact reference zones (IRZs) and preservation reference zones (PRZs) 
for the primary purposes of ensuring the preservation of biota representative of 
those impacted and facilitating monitoring of biota impacted by mining activities 
(ISBA/19/LTC/8 Annex I). Both IRZs and PRZs are included in the CCZ 
REMP. IRZs are designated within the claim area and are representative of the site 
to be mined and the recovery potential. PRZs are reference sites and should include 
some of the mineral deposit to be as ecologically similar as possible to the impact 
zone and be removed from potential mining impacts (ISBA/17/LTC/7). PRZs hold 
high scientific value as locations where meaningful baselines may be established for 
comparison with IRZs and a key component of the EIA. Continued efforts to map 
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and monitor the deep sea will provide a strong foundation to support the increasing 
efforts to spatially manage these areas (Wedding et al. 2013).

Encouragement of scientific research and monitoring, both related to and inde-
pendent from deep-sea mining impacts in APEIs and PRZs, is an important step 
towards understanding deep-sea biodiversity and ecosystem functions that underpin 
ecosystem services. Simple indicators, selected using available criteria, could be 
used to measure and monitor not only these key factors but some tangible ecosystem 
services and the potential impacts on them for incorporation in an EIA. The ISA 
actively encourages data sharing and collaboration to ensure there is access to envi-
ronmental data for EIAs and the formulation by the ISA of rules, regulations, and 
procedures while encouraging the scientific community to publish their findings. A 
culture of data sharing and collaboration will be essential for accelerating the rate at 
which knowledge is gained, identifying knowledge gaps, prioritising future research, 
and increasing the accuracy and speed at which EIAs can be conducted, leading to 
informed decision-making. An inventory of the data holdings from each contractor 
should be accessible (ISBA/19/LTC/8), photographs should be archived (ISBA/19/
LTC/8, Annex I), and a list of relevant publications in peer-reviewed journals pub-
lished during the reporting year (ISBA/21/LTC/15) should be shared by the contrac-
tor. Long-term, data sharing and collaboration could result in building databases of 
environmental information (such as population connectivity, genetics, and biodiver-
sity at a regional level) over several decades that will be an invaluable resource for 
future EIAs.

The information gained from EIAs and the scientific research conducted at refer-
ence sites can feed into adaptive management to continually improve the EIA 
 process and management. By building on knowledge, new priorities for research 
can be set and, consequently, certainty will be increased.

6  Conclusions

The seabed mineral industry is moving towards an ecosystem-based approach to 
EIAs, which would include assessing the impacts of mining on ecosystem services. 
At this time, knowledge of deep-sea ecosystem services is limited to tangible eco-
system services, such as provisional and cultural services, and even less is known of 
the less tangible services, such as regulatory and supporting services. However, by 
using the available tools and taking an adaptive management approach to environ-
mental assessments, allowing management to scale up as the industry does, the 
more tangible ecosystem services could be included in future EIAs, building knowl-
edge with the aim of eventually being able to assess ecosystem services more 
completely.
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 Appendix A: Studies Included in Table 2

1 Meyers et al. 
(2014)

26 Hein et al. (2010) 51 McCollom and 
Shock (1997)

76 Jørgensen and 
Boetius (2007)

2 Edwards et al. 
(2011)

27 Wang et al. (2011) 52 Petersen et al. 
(2011)

77 Beaulieu (2001)

3 Huo et al. 
(2015)

28 Edwards et al. 
(2004)

53 Kilias et al. (2013) 78 Smith et al. 
(2006)

4 Emerson and 
Moyer (2010)

29 Verlaan (1992) 54 Minic and 
Thongbam (2011)

79 Gage and Tyler 
(1992)

5 Clark et al. 
(2010)

30 Halbach (1986) 55 Zierenberg et al. 
(2000)

80 Mullineaux 
(1987)

6 Koslow et al. 
(2015)

31 Wang and Müller 
(2009)

56 Minic et al. (2006) 81 Linley et al. 
(2017)

7 Schlacher et al. 
(2014)

32 Jiang et al. (2017) 57 Ehrlich (1983) 82 Vanreusel et al. 
(2016)

8 Morgan et al. 
(2015)

33 Koschinsky et al. 
(1996)

58 Juniper and 
Sarrazin (1995)

83 Bussau et al. 
(1995)

9 Tittensor et al. 
(2009)

34 Baco et al. (2016) 59 Hiriart et al. (2010) 84 Rex et al. (2004)

10 Worm et al. 
(2003)

35 Sogin et al. (2006) 60 Juniper et al. 
(1992)

85 Kuhnz et al. 
(2014)

11 Morato et al. 
(2010)

36 Sewell 2017 61 Holden and Adams 
(2003)

86 Smith et al. 
(2008b)

12 Tracey et al. 
(2011)

37 Ressurreição and 
Giacomello (2013)

62 Wery et al. (2002) 87 Weslawski et al. 
(2004)

13 Boehlert and 
Sasaki (1988)

38 Campbell et al. 
(2006)

63 Jiang et al. (2014) 88 Smith et al. 
(2009)

14 Pereira-Filho 
et al. (2011)

39 Levin et al. (2016b) 64 Chen et al. (2015) 89 Ruhl et al. (2008)

15 Genin et al. 
(1986)

40 Holden et al. (2012) 65 Thornburg et al. 
(2010)

90 Hannides and 
Smith (2003)

16 White et al. 
(2007)

41 Reysenbach et al. 
(2006)

66 Cripps et al. (2009) 91 Mayor et al. 
(2014)

17 Morato et al. 
(2009)

42 Poli et al. (2017) 67 Leary (2004) 92 Lampitt et al. 
(2001)

18 Boehlert and 
Genin (1987)

43 Mehta et al. (2003) 68 Van Dover et al. 
(2018)

93 Pearcy et al. 
(1982)

19 Genin (2004) 44 Lonsdale (1977) 69 Van Dover (2014). 94 Priede et al. 
(2010)

20 Clark (2017) 45 Mullineaux et al. 
(2003)

70 Baross and 
Hoffman (1985)

95 Brandt et al. 
(2005)

21 Clark and Dunn 
(2012)

46 Salinas-de-León 
et al. (2018)

71 Brunnegård et al. 
(2004)

96 Snelgrove (1999)

22 Watson et al. 
(2007)

47 Biscoito et al. (2002) 72 Smith (1992) 97 Webb et al. 
(2010)

23 Koslow (1997) 48 Lutz and Kennish 
(1993)

73 Smith and Druffel 
(1998)

98 Ramirez-Llodra 
et al. (2010)

24 Krishnan et al. 
(2006)

49 Van Dover and Lutz 
(2004)

74 Deming and 
Colwell (1982)

25 Wang et al. 
(2009)

50 Nakagawa and Takai 
(2008)

75 Scheckenbach 
et al. (2010)
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Abstract Safety and sustainability are both critical for the sake of profitability in 
deep-seabed mining. Environmental impacts and potential harms to ecosystems 
would be caused basically by benthic intervention and materials transportation. 
A commercial mining has to be based on minimizing of the environmental impacts. 
For safe and sustainable mining, the entire mining system should be designed with 
the objectives of the production efficiency of minerals and the feasibility of treat-
ment of by-products (seawater, sediment) and operated in an integrated and smart 
fashion. Utilization of techniques of simulation-based design (SBD) and multidisci-
plinary design optimization (MDO) and also implementation of underwater robot 
technology are required to ensure operability and sustainability as well as to reduce 
development risks as well.

Keywords Benthic intervention · By-products · Simulation-based design (SBD) · 
Multidisciplinary design optimization (MDO) · Automation · Tailings treatment

1  Introduction

Polymetallic nodules (PMN) are the most explored resource among deep-seabed 
minerals. Their deposits are found at upper sediment layers of abyssal basins (see 
Fig. 1). The “Nodule Belt” in Clarion-Clipperton Zone of Northeast Pacific is the 
biggest area with high abundance. The metals and minerals contained in PMN are 
being highlighted as so-called energy metals, which are widely utilized in energy 
harvesting and generation, energy transportation, and energy saving. Those are 
mostly trace and rare earth metals and include elements such as manganese, nickel, 
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cobalt, copper, molybdenum, tellurium, selenium, platinum, lanthanide, neodym-
ium, praseodymium, cerium, etc. Toward the low carbon society, for global sustain-
ability, the role of metals and minerals is growing in the industries of energy and 
transportation (World Bank Group 2017). In this context, the approaches for the 
energy metals from deep-seabed have to be based on the global sustainability as 
well.

Deep-seabed mining (DSM) of polymetallic nodules will be a quite complex and 
challenging operation. For technological feasibility of these operations, the com-
monly asked questions are the following: How to dredge the ores from seafloor? 
How to transport them up to the sea surface? What kinds of equipment should be 
applied? How to operate these equipment? How to reduce and manage the unde-
sired by-products? How to minimize the sediment plume and control the disper-
sion? How serious will be the environmental impacts and potential harms?

What is also critical is that equipment and materials of entire subsystems will be 
exposed all the time to wear and tear due to corrosion, collision, friction, and fatigue. 
Regular inspection, maintenance, and repair are highly mandatory. Some core parts 
of equipment and subsystems could be resolved by applying the industry standards. 
Nonetheless, the underwater mining equipment and systems have not been fully 
tested and proven through field operations yet anywhere in the world.

The first primary factor in selection of concept and scenario of DSM is the ultra- 
deep water depth of 5000  m. It causes a highly nonlinear and coupled dynamic 
behavior of underwater systems, which is critical for control of relative positions 
between subsystems. The second one is the geological setting that polymetallic nod-
ules are deposited on the soft and cohesive sediment on seafloor. Collection of nod-
ules from the top of this fluffy sediment layer with high water content is a huge 
challenge to seafloor dredging operations.

Simultaneous accomplishment of profitability and sustainability in DSM with 
that complexity will be an extraordinary challenging mission. It should be treated 
based on multi- and interdisciplinary approaches. Occurrence of downtimes in min-
ing operation has to be minimized. With the aims of safety, sustainability, and profit-

Fig. 1 Polymetallic nodules sample and as seen in seabed photograph. (Courtesy: KIOST)
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ability, it is proposed to operate the entire mining procedure by integrated means 
and in a smart fashion.

A concept of continuous mining should take account of the safe and reliable 
operations of underwater system including launching-and-retrieval (L&R) and 
maintenance-and-repair (M&R) and of the seawater treatment and tailing process 
on board. The safety and reliability contains a wide spectrum ranging from design 
and operation to risk management.

For sustainability, requirement of continuous mining should take into account safe 
and reliable operations of all underwater systems, including launching-and- retrieval 
(L&R) and maintenance-and-repair (M&R), as well as of seawater treatment and tail-
ing discharge on board. The safety and reliability of such systems encompasses a wide 
spectrum ranging from design and operation to risk management.

In this chapter, initially, the functional requirements that are mandatory and prereq-
uisite for the sake of safe, profitable, and sustainable DSM are reviewed. Subsequently, 
it is described about the concepts of continuous mining as well as design and engi-
neering technologies. Thereafter, some operations that have been conducted recently 
are discussed in regard to safety and sustainability in deep-sea mining.

2  Functional Requirements for Deep-Sea Mining

Functional requirements describe the necessary aspects required to achieve the 
comprehensive performances of DSM and will provide the basis for making deci-
sion of mining concept. The most important requirements are annual production, 
safety, and sustainability, to be considered by the contractor(s) based on the con-
cerned regulations. Functional requirements shall be based on operational feasibil-
ity targeting fulfillment of these requirements.

2.1  Production of Functional Requirements

The Functional Requirements (FR) are expressed in form of a hierarchical structure 
with multiple aspects having multiple levels (see Fig. 2). Production of FR is the 
utmost critical step influencing the success of subsequent procedures, and so it has 
to be considered meticulously.

Function domain is built up by Functional Parameters (FPs) corresponding to 
FR. The FPs define the factors to accomplish the goals of sustainable commercial 
mining. Design domain will correspond to the function domain, where Design 
Parameters (DPs) are defined to fulfil the desired performance values of the FP of 
each level. This relationship can be schematically shown as Fig. 3.

The functional requirements for deep-seabed mining could be described as in 
Table 1, where FR are limited within three levels and the third level is expressed by 
representative feature. The FR of each level are parameterized in Table 2 in order to 
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define the design domain. The DPs are determined through participation of experts 
and engineers of various disciplines. Design Variables would be defined corre-
sponding to the DP in turn.

2.2  Hazards and Risks in Deep-Seabed Mining

The intrinsic hazards have to be resolved by means of an appropriate operational 
concept, development of technologies, utilization of proven technologies, and appli-
cation of industrial standards. Risks anticipated in DSM are attributed primarily to 
scenario of mining operation, which stems fundamentally from investigation of 
technological viability.

Hazard identification and risk assessment are needed prior to the development of 
not existing (or unproven) technologies. Participation and role of experts group are 
utmost critical in this phase. Various kinds of design and analysis schemes and con-
cerned field experiences are required in order to find appropriate means and 

Fig. 2 Hierarchy of functional requirements

Fig. 3 Corresponding hierarchies between FPs (left) and DPs (right)
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Table 1 Functional requirements for deep-seabed mining

Level 1 Level 2 Level 3 Remarks

To be capable of 
eco-friendly 
collecting ores from 
seafloors into 
buffering station

Moving on seafloors 
along designed paths

Automatic or remote 
control

Dependent on 
geological setting

Dredging the ores from 
seafloors

Automatic or remote 
control

Dependent on 
geological setting

Fragmentizing the 
dredged ores

Optimum 
fragmentizing of ores

Materials durability

Discharging the 
fragmented ores to 
buffering station

Prevention of 
congestion/clogging

Coping with 
inconstant dredging

Reducing the disturbances 
of benthic zones

Prevent excessive 
disturbances

As low as possible

To be capable of safe 
and effective vertical 
transportation of the 
collected ores to sea 
surface

Conveying the discharged 
ores into buffering station

Preventing clogging Optimum flexible/
conduit design

Optimum operation of 
vertical lifting system

Optimum design of 
lifting system

Slurry flow

Maximizing the mass 
flowrate of ore 
transportation

Feeding control of 
ores

Max. volume 
concentration

Avoiding failures in 
vertical transportation

Preventing 
overloadings

Anti-clogging, 
bypass

To be capable of 
ore-seawater 
separation and of 
eco-friendly tailing

Separation of seawater 
matching with pump 
flowrate

Multi-stage 
separations

Prevention of 
overflow

Treatment of separated 
seawater to allowable 
criteria

Satisfaction of 
eco-criteria

To be defined

Eco-friendly tailing of 
treated seawater

Injection below 
thermocline depth

To be determined

To be capable of 
storage and 
offloading of the 
separated ores

Conveying the separated 
ores into cargo holds

Loading procedure Weight-and- ballast 
calculation

Storage management of 
the ores in cargo holds

Prevention from 
agglomeration

Drying or 
dehumidifying

Offloading ores to 
ore-carriers

Offloading with 
mining operation

Tandem positioning

To be capable of 
supporting the 
underwater mining 
operations

Launching and retrieval of 
underwater systems

Heave compensation, 
automation

Safety and 
contingency plan

Power generation, supply 
and control

Maximizing 
efficiency

Contingency plan

Dynamic positioning 
relative to underwater 
systems

DP2-class Safety and 
contingency plan

Maintenance and repairs Regular inspection 
procedures

Redundancy and 
contingency

Underwater navigation 
and tele-communication

High-precision, 
real-time comm.

LBL, USBL

Provision of 
accommodation, foods, 
and fresh water

Two-shift system Emergency plan
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Table 2 Functional parameters for deep-seabed mining referred to Table 1

Level 1 Level 2 Level 3 Remarks

Collecting 
capacity of 
ores

Capacity of moving on 
seafloors

Mobility and controllability; 
speed, steering, stability

Sustainability 
criteria

Capacity of seafloor 
dredging

Ore dredging efficiency, 
amount of plume generation

Sustainability 
criteria

Capacity of ore crushing Optimum size of fragmented 
ores

Material 
durability

Capacity and efficiency of 
discharge of ore fragments

Max. ore flowrate, max. 
volume concentration

Robust 
performance

Capacity of minimizing 
benthic intervention, max. 
overall efficiency of ore 
collecting

Area sweep efficiency, 
penetration into substrata, 
spreading range of plume, 
co-transportation of 
sediments, noise levels, etc.

Sustainability 
criteria

Lifting 
capacity of 
ores

Capacity of ore influx into 
buffering station

Capacity of buffering and 
sediment plume discharge

Sediment plume 
extraction

Optimum performance of 
vertical lifting system

Head, flowrate, pipe 
diameter, ore passage, 
working depth

Material 
durability

Max. volume concentration 
of ores

Capacity and controllability 
of ore feeding

Flow assurance

Capacity of overload 
monitoring

Capability of overloading 
prevention; bypass

Safety criteria

Treatment 
capacity of 
ore-seawater 
mixture

Capacity of seawater 
separation

Seawater separation flowrate 
via multistage

Matching with 
pump flowrate

Capacity of separated 
seawater treatment

Seawater treatment flowrate 
to allowable criteria

Eco-criteria to be 
defined

Capacity of eco-friendly 
seawater tailing

Flowrate, pressure loss, 
injection water depth

Below 
thermocline depth

Storage and 
offloading 
capacity of 
ores

Capacity of conveying 
separated ores

Automatic control of ore 
conveying into cargo holds

Weight-and- 
ballast calculation

Capacity of management of 
ores in cargo holds

Power to dry (or dehumidify) 
ores in cargo holds

Design of cargo 
holds

Capacity of ore offloading Simultaneous offloading with 
mining operation

Offloading 
operation 
sea-state

Support 
capacity for 
underwater 
operations

Capacity of launch-and- 
retrieval equipment

Sea-state limit, automation 
ratio

Safety and 
minimizing 
downtime

Capacity of power 
generation, supply, and 
control

Efficiency and optimization Design of 
contingency 
backup

Capacity of dynamic 
positioning

Sea-state limit Safety and 
contingency plan

Capacity of maintenance- 
and- repair on board

Inspection standards/manual, 
spares

Minimizing 
downtime

Capacity of UW navigation 
and telecommunication

Precision, latency, 
robustness, bandwidth

Sensor fusion 
algorithm

Capacity of 
accommodation, foods, and 
fresh water

Capability of two-shift 
system

Health, safety, 
environment
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 measures for reduction of risks and damage. Qualitative description about hazards 
and risks is followed by risk assessment identifying levels and scopes of risks and 
damages. Table 3 shows an example of qualitative descriptions of hazards and risks 
of a continuous mining scenario using hydraulic lifting.

The functional requirements, the hazard identification and risk assessment, as 
well as the subsequent concept design are interrelated so that iterative procedure 
will be necessary until all kinds of risks are estimated as acceptable. Various kinds 
of countermeasures will be required to reduce the risks below certain levels.

Among the functional requirements, those ones related with risks and damages 
to ecosystems can be categorized in Sustainability Requirements and are described 
in the following section.

2.3  Sustainability Requirements

In deep-seabed mining, the sustainability focuses on the impacts by mining opera-
tions and the resulting potential harms to ecosystems in benthic zones and water 
column. The environmental impacts are caused basically by intervention in benthic 
zones and transportation of materials (Hong and Yang 2018).

 Benthic Intervention

The collecting process of polymetallic nodules from seafloor sediment layer requires 
a collecting machine, crawling and dredging the nodules from seafloor. This process 
will cause inevitable impacts on benthic ecosystem. The upper layers of sediment, 
swept by a collecting machine, will be destroyed to a certain depth. An ideal condi-
tion of picking-up only nodules from sediments would not be feasible in respect of 
commercial mining.

The primary concern about seabed sustainability is the size of mine site, which 
is calculated by Eq. (1):

 
A
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(1)

where:

As is the size of mine site (km2)
Ar is annual nodule production rate (dry tons/year)
D is duration of mining operation (years)
An is average nodule abundance in mineable area (kg/m2)
E is overall efficiency of collector (%)
M is mineable area (km2) (UNOET 1987)
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Table 3 A general description about hazards and risks in deep-seabed mining

Activity Hazards Risks Damages

On-board 
operation

Handling heavy 
weights: moving, 
hanging

Collision and/or drop accidents
Damage(s) of equipment
Mortality and/or injury accidents

Loss of costs 
and time

Repeated launch-and-
retrievals of underwater 
system

Connection/disconnection failures of 
pipe units and cables
Loss of underwater system(s)
Damage(s) of equipment
Mortality and/or injury accidents

Loss of costs 
and time

Use of high power 
capacity equipment and 
systems

Power interruption or overload
Damage(s) of equipment and/or 
system
Fire and/or explosion accidents
Mortality and/or injury accidents

Loss of costs 
and time
Environmental 
impact

Necessity of a large 
number of various 
signals for 
communication and 
control

Loss of signal(s)
Stop of mining operation
Damage(s) of equipment
Loss of system

Loss of costs 
and time

Collecting Moving on soft and 
sticky sediment seafloor

Excessive digging and penetration 
into sediments
Reduction and/or loss of mobility 
and production rate
Damage or loss of machine
Total stop of mining operation

Loss of costs
Increase of 
downtime
Environmental 
impact

Dredging nodules 
half-buried in sediments

Loss of dredging capability
Over-dredging
Reduction of production rate
Excessive generation of plumes

Loss of costs
Environmental 
impact

Necessity of crushing 
nodules

Crushing failure
Clogging in collector
Damage of crusher/collector
Total stop of mining operation

Loss of costs
Increase of 
downtime

Necessity of 
discharging dredged 
nodules to prevent 
overweight of collector

Discharging failure
Clogging in collector
Clogging in flexible conduit
Total stop of mining operation

Loss of costs
Increase of 
downtime

Lifting Necessity to support the 
total weight and tension 
force of free-hanging 
lifting pipeline

Failure of lifting pipeline
Loss of underwater system(s)
Damage of mining vessel
Total stop of mining operation
Mortality or injury accidents

Loss of costs 
and time
Environmental 
impact

Continuous vertical 
transportation of slurry 
through lifting pipeline

Pipe and/or pump clogging
Damage of pump station(s)
Total stop of mining operation

Loss of costs 
and time

Use of high power 
underwater pump 
stations

Electric shortage
Occurring of water hammering
Damage and failure of pump 
station(s)
Total stop of mining operation

Loss of costs 
and time
Environmental 
impact
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Table 3 (continued)

Activity Hazards Risks Damages

Positioning Keeping positions in 
harsh environmental 
conditions

Failure in DPS
Total stop of mining operation
Damage and/or loss of underwater 
system
Damage of mining vessel (derrick)

Loss of costs 
and time
Environmental 
impact

Dependent on GPS and 
underwater localization 
system, and signal 
delay

Irrelevant positioning
Decrease of production rate
Damage of flexible conduit and 
umbilical
Damage and/or loss of collector

Loss of costs 
and time
Environmental 
impact

On-board 
treatments

Massive transportation 
of ores- seawater- 
sediment mixture

Clogging or overflow in ores-
seawater separation
Flooding of mining vessel
Total stop of mining operation
Damage of on-board facility
Accident of lives

Loss of costs 
and time
Environmental 
impact

Massive seawater 
amount to be treated

Overflow in seawater treatment
Flooding of mining vessel
Total stop of mining operation
Damage of on-board facility
Accident of lives

Loss of costs 
and time
Environmental 
impact

Necessity of sediments 
separation from 
seawater

Overload in sediment caking 
[optional]
Delay of mining operation
Damage of on-board facility

Loss of costs 
and time
Environmental 
impact

Massive tailing amount 
to treat

Overload and/or failure of tailing 
treatment
Flooding of mining vessel
Total stop of mining operation
Damage of on-board facility
Accident of lives

Loss of costs 
and time
Environmental 
impact

Dumping out tailing 
below thermocline 
water depth

Loss of power for tailing treatment
Failure of tailing pipeline
Total stop of mining operation

Loss of costs 
and time
Environmental 
impact

Repeats of loading and 
offloading operations of 
huge amount of nodules 
in wet-and-dirty 
condition

Congestion in ore storage
Agglomeration of ores in cargo holds
Delay and/or failure of offloading
Stop of mining operation

Loss of costs 
and time
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Higher is the overall efficiency (E), smaller will be the size of mine site (As). Of 
course, it will make profitability higher. The overall efficiency (E) of a collecting 
system is estimated as:

 E e e= ×d s  (2)

where:

ed is nodule dredging efficiency
es is area sweep efficiency

Dredging Efficiency

The nodule dredging efficiency (ed) is the ratio of minerals gathered by dredge head 
versus the minerals on the seafloor initially. There are various kinds of dredge head 
designs showing ed over 80%: principally classified in hydraulic, mechanical, and 
hybrid designs (Oebius 1993). However, those were mostly tested in laboratory con-
ditions, since it is not easy to define the nodule coverage in real conditions.

The dredging efficiency wouldn’t be sufficient for sustainability. An optimum 
operation condition has to be found in order to satisfy the required efficiency and to 
minimize the benthic impacts, e.g., generation and dispersion of sediment plumes. 
As an example, a hydraulic dredge head was tested by Hong et al. (1999), where the 
term “pick-up” was used instead of dredge. It was shown that a flowrate ratio (qr) 
defined as Eq. (3) has correlation with the dredging efficiency.

 
q

q

v hr
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(3)

where:

v is the forward speed of dredge head
qw is the water-jet flowrate per unit breadth
h is the gap between dredge head and seafloor

An optimum control of h and qw with respect to the forward speed (v) can reduce 
generation of plume and energy consumption and secure productivity.

Sweep Efficiency

The area sweep efficiency (es) is the area percentage of the seafloor swept by col-
lecting machine with respect to the designed area of mine site. The area sweep 
efficiency will be governed by mobility and controllability of collector vehicle, 
which is utmost important for delineation of mine sectors and design of mining 
paths in each mine sector. For the sake of high area sweep efficiency, an automatic 
path tracking of collector vehicle, based on high-precision seafloor navigation 

S. Hong et al.



105

system, will be mandatory. Mobility of collector vehicle, represented by maximum 
speed, minimum turning radius, maximum upslope, and relevant sediment penetra-
tion, and precision of tracking control algorithm are the most critical points for 
development of collector vehicle.

If es is around 60%, the overall efficiency (E) will be about 50%. On the other 
hand, in case es is 80%, the E of collecting system will rise up to 64%. This makes 
a big difference in the aspect of sustainability: reduction of 25% in the size of mine 
site (As).

Because the sediment on the seafloor is very sensitive and the remolded strength 
of sediments is quite low, an overlapping of mining tracks should be prevented for 
securing seafloor mobility. In order to maximize the area sweep efficiency (es) and 
the overall efficiency (E), an optimum design of mining paths is utmost important 
together with the performance of collector vehicle.

In order to reduce the scope of benthic intervention, it is necessary to have a col-
lecting system of high overall efficiency. The major factors for enhancement of the 
overall efficiency (E) are summarized as follows (Hong and Yang 2018):

 – Optimum design of dredge head and collector vehicle
 – Optimum operation of collector
 – Robust algorithm for path tracking control
 – Optimum design of mining paths based on mobility and controllability

Moreover, the collecting system needs to be designed as a robot system capable 
of automatic path tracking, since a remote control will be totally paralyzed due to 
sediment plumes.

 Materials Transportation

The materials transported in DSM will be typically nodules, seawater, and sedi-
ments. Whereas nodules are the target material, the others are undesired by- products. 
Sediments and seawater when mixed together form sediment plumes. One part of 
the sediment plumes is spread out horizontally in benthic zone, and the other part 
enters to lifting line together with nodules.

The horizontal dispersion of sediment plume will resettle back to seafloor within 
certain distances. The vertical transportation of sediments has to be reduced as 
much as possible before reaching to water surface. The functional parameters of 
collecting and lifting processes regarding with discharging of sediment plume as in 
Table 2 are based on this aspect. The sediments lifted up to the mining vessel have 
to be treated to satisfy an (to be defined) environmental regulation.

Vertical Ore Lifting

Vertical lifting of nodules requires the maximum energy in the entire mining opera-
tion. Hydraulic lifting, air-lifting, and mechanical lifting have been studied by a 
large number of academicians, researchers, and experts. In the aspects of durability, 

Technologies for Safe and Sustainable Mining of Deep-Seabed Minerals



106

reliability, and safety, hydraulic lifting and air-lifting are front-runners for commer-
cial application. Hydraulic lifting has comparatively higher efficiency but has disad-
vantages in durability and maintenance-and-repair of underwater pump stations. 
Air-lifting has advantages of maintenance-and-repair and with relatively less vol-
ume of water but has disadvantages in efficiency and noise. Also, it is difficult to 
foresee other problems of durability and safety due to drastic expansion of injected 
air bubbles and consequent impacts and collisions.

The efficiency of hydraulic lifting, typically represented by maximum volume 
concentration of ores in pipe, is related with energy consumption and by-products 
(seawater and sediments) required for ore transportation.

In the aspects of profitability and sustainability, the consequences of increasing 
efficiency are as follows:

 – Cost reduction (CAPEX, OPEX) for on-board treatment facilities and mining vessel
 – Reduction of by-products and tailing

It is highly recommended for safety and efficiency to operate the lifting pumps 
constantly in optimum design condition. On the other hand, the collecting rate of 
nodules (ton/hour) will not be constant because the nodule abundance (kg/m2) is not 
uniform. Moreover, due to non-homogeneity of sediment properties and undulation 
of seafloor topography, the speed of collector cannot be kept constant, and the 
dredging efficiency will not be constant as well.

Therefore, a buffering mechanism between collecting and lifting operations 
plays a significant role for safety and efficiency (flow assurance) and sustainability 
(sediments extraction). Feeding control, i.e., an optimum ore charging into lifting 
line, is of great importance for the sake of preventing pipe clogging and keeping 
optimum efficiency of lifting pumps. A further function of discharging sediment, 
collected during mining operation, will reduce the sediment transportation to the 
mining vessel (see below Fig. 4).

By-products and Tailing

The inevitable by-products in nodule lifting are a great burden for sustainable min-
ing. Figure 5 shows a schematic diagram of material flows in on-board treatment 
facilities (Hong and Yang 2018). The treatment objects are nodules, seawater, and 
sediments. In order to avoid flooding, the on-board treatment facilities of the mining 
vessel should be designed as per suitable types and capacities of sub-units in Fig. 5. 
Moreover, the on-board treatment processes have to be integrated in capacities to 
avoid any congestion and clogging to secure smooth material flows.

In view of sustainability, the design of deep-seabed mining system should not 
focus only on the achievement of annual nodule production but also consider the 
feasibility of treating the by-products.

Figure 6 represents the correlations between materials transportation and treat-
ments. As of current approaches, the treatment of pumped seawater-sediment  
mixture would be a challenge for commercial mining. The criteria of seawater 

S. Hong et al.



107

Fig. 4 Concept of sediment plume discharges at collector and buffer

Fig. 5 A schematic diagram of on-board treatment processes
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tailing (to be defined) will be another significant factor affecting economic and 
technological feasibility. A relevant recycling (or utilization) of treated seawater for 
a certain purpose could be one of keys for the future of deep-sea mining.

 Key Parameters for Sustainable Mining

The key parameters for sustainable deep-sea mining include the activities on the 
seafloor as well as those in the water column which are described below:

• Penetration depth into substrata
• Spreading range of sediment plume
• Co-transportation of sediments and seawater
• Underwater noise levels (sound and light)
• Criteria of seawater treatment and tailing
• Leakage of chemicals
• Energy efficiency

Seafloor Penetration Depth

The seafloor penetration depth (PD) is defined as the depth of penetration by the 
collector in to the seafloor sediment, either because of the removal of top layer of 
sediment or due to sinking of the collector under its own weight and during 

Fig. 6 Major aspects of material flows in deep-seabed mining system
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locomotion. The removal of top layer means the removal of benthic habitats and 
could result in compaction, removal, transportation, and dispersion of sediments. 
Thus, PD needs to be minimized as much as possible.

Spreading Range of Sediment Plume

The sediment plumes will be inevitably generated by seafloor mining operations. It 
will be made by crawling, harvesting, and excavating on seafloors. The spreading 
and resettlement of sediment plumes cause changes of benthic ecosystem (Nakata 
et al. 1997; Yamazaki et al. 2000). Visibility degradation hinders safe and efficient 
mining operations as high turbidity blocks video monitoring and disturbs acoustic 
signals. Hence, the spreading range should be controlled and managed for the sake 
of sustainability as well as operational safety.

Co-transportation of Sediments and Seawater

The co-transportation (CT) of sediments and seawater up to mining vessel would be 
unavoidable in DSM.  The decision and management about the amounts of co- 
transported by-products (sediments and seawater) is one of the critical factors for 
the design of mining platform. Topside of mining platform will be heavily occupied 
by the facilities for seawater and sediment separation and treatment (filtering option) 
and discharge of tailings. This will strongly affect the FEED (Front-End Engineering 
and Design) of the mining platform based on the concept and scenario of DSM. The 
CT of sediment and seawater has to be minimized as much as possible for the feasi-
bility and sustainability of DSM.

Underwater Noises

The underwater noises have not been treated enough in deep-sea mining. It seems 
that benthic faunas in the silent and dark environment are rather less habituated to 
external lights and sounds than marine mammals. It has been observed that the 
underwater sound noises have harmful effects on marine mammals like whales and 
dolphins. Underwater illumination would have rather local effects. However, under-
water sounds of low frequencies propagate long distance and disturb the marine 
mammals. Main sources of underwater sounds will be the operations of engines, 
thrusters, generators, and on-board facilities of mining platform, making structure- 
borne noises radiating in wide range. IMO (2014) provided guidelines for the reduc-
tion of underwater noise from commercial shipping. And the concept of eco-ship 
would have to be adapted for the design of mining platform (vessel). The underwa-
ter mining system (nodule collector) will also generate sound noises that include 
machine noises and hydrodynamic noises. Eventually, many of hydraulic actuators 
will have to be replaced by electric ones in order to reduce the noise level. Moreover, 
countermeasures may have to be figured out through shielding design, utilizing 
anechoic materials and shape, based on characteristics of sound sources.
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Capacity of Seawater Treatment and Tailing

The capacity of seawater treatment and tailing is also one of the critical points in 
decision of mining concept and design of mining platform. It would not be only 
concerned with sustainability but also related with feasibility of mining scenario. 
The capacity of seawater treatment facility has to meet the pumped volume of sea-
water per unit time. The tailing treatment is required to be conducted below suffi-
cient water depth, e.g., thermocline layer, to exclude re-upwelling. The design and 
engineering of the seawater treatment facilities will be coupled with general arrange-
ment of topside, hull strength, ballasting, and so on.

Leakage of Chemicals

The leakage of chemicals (LC) is forbidden by London Convention on prevention 
of marine pollution by dumping of wastes and other matters (IMO 1972). Use of 
any chemicals in treatment of sediment-seawater mixture to enhance the resettling 
speed and capacity should be banned. Leakages of hydraulic oils for actuation and 
pressure compensation have to be meticulously monitored and prevented. Sealing 
of hydraulic actuators and pressure compensation devices is a critical issue. 
Standards and routines of monitoring, inspection, and maintenance have to consider 
this problem as well.

Energy Efficiency

The enhancement of energy efficiency (EF) is one of critical issues in design and 
engineering of DSM system. EF is to lower the costs of construction and operation 
and to reduce CO2 emission. It is related with sustainability concerns in all kinds of 
resource development.

As a consequence, it has to be kept in mind that the eco-friendliness will play a 
dominant role for ensuring profitability as well as safety. Minimum disturbance of 
benthic zones and less transportation of sediments and seawater up to sea surface 
will bring a drastic reduction of the costs in CAPEX and OPEX.

The concerned regulations and standards on safety and environment protection 
in maritime and offshore activities such as shipping, navigation, offshore platforms, 
subsea equipment, and sea operations can be found in IMO (1974, 1978), ISO 
(2010), ISO/IEC (2014), API (2006, 2008), IEC (2009), and even in the rule books 
of classification societies.

The regulations on sustainability of deep-seabed are being developed by the ini-
tiative of International Seabed Authority (ISA). The DSM technologies, in particu-
lar, the seafloor dredging technology, should meet the sustainability requirements. It 
is supposed that these regulations that are expected to be implemented soon will 
provide reasonable guidelines between permitted, non-permitted, and accidental 
impacts in deep-seabed mining activities. Safety design will have to focus on the 
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prevention of structural and operational failure of mining system and avoiding the 
accidental impacts in turn. The technologies for DSM have to be based on the limi-
tation of environmental impacts within the permitted ranges satisfying the sustain-
ability requirements.

3  Deep-Seabed Mining Technology

Polymetallic nodules (PMN) are found mostly in half-buried condition in the upper 
layer of deep-sea sediments of abyssal basins. So, the mining of PMN has to be 
performed based on the concept of moving on seafloors, maximizing the nodule 
collecting efficiency and minimizing the by-products.

The profitability of deep-seabed mining can be secured through mass produc-
tion of PMN in magnitude of millions tons per year, which would be feasible by 
means of continuous mining. The concept of continuous mining is realized on the 
basis that the mass flowrate of ores can be kept constant as designed through the 
entire system (see Fig. 6). Congestion and clogging in materials transportation and 
treatment at any locations might cause shutdown or total failure of the entire mining 
operation.

The technologies for continuous mining can be grouped in two categories:

• Design and engineering technology
• Operation technology

The design and engineering is required to figure out the equipment, facilities, and 
systems for the purpose of commercial mining based on safety, operability, sustain-
ability, and productivity. It will govern CAPEX and OPEX. The operation technol-
ogy will have to realize the functional performances of total mining system. The 
DSM operation is executed on the basis of system integration of equipment, powers, 
and signals. The performance of operation technology can be verified and validated 
only through large-scale sea trials. It is necessary to operate deep-seabed mining 
system by integrated means and in a smart fashion.

3.1  Concept of Continuous Mining System

In continuous mining concept, polymetallic nodules are harvested from seafloor to 
sea surface in the following sequence: dredging-and-collecting → buffering → lifting 
→ separation → treatment-and-tailing.

A continuous mining system would consist of the following major subsystems:

• Seafloor dredging robot
• Buffer station
• Lifting system
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• Seawater separation and treatment facility
• Nodule handling and offloading system
• Tailing treatment facility
• Mining platform

Figure 7 represents a schematic view of continuous mining system using hydrau-
lic lifting. The collector mechanism moving on the seafloor is assisted by position-
ing of the relevant distances between subsystems, such as seafloor collector, buffer 
station, and surface mining vessel. That increases the complexity of design and 
operation of the deep-seabed mining system. The condition of moving-end on bot-
tom (seafloor dredging machine or robot) of the production line would give rise to 
significant problems of safety and control, not experienced in conventional offshore 
industry.

The vertical lifting line is almost freely hanging. The top tension forces magni-
fied by axial vibrations of lifting line will play a predominant role in structural 
safety design. The swinging motions of the long vertical line will get long natural 
periods, and it makes the motion control extremely difficult.

Fig. 7 A concept of continuous mining of polymetallic nodules
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The following components are the prerequisite core technologies for design and 
operation of continuous mining system:

• Estimation of highly nonlinear coupled dynamics of total mining system
• Dynamic positioning of subsystems with relevant distances
• Understanding of slurry flow characteristics and flow assurance measures
• Mobility of seafloor mining machine/robot covering productivity
• On-board batch processing of seawater treatment and trailing in a row
• High-precision underwater navigation
• Multidisciplinary design of seafloor mining machines and robots
• Real-time remote control of underwater systems
• Maximizing of automation processes in mining operation
• Security of equipment/system reliability and materials durability

On the basis of the systematic accomplishments of the above components, the 
following issues important for profitability, sustainability, and safety could be 
achieved:

• Minimizing of downtime
• Risk management
• Safety and security measures

It is important for a vertical lifting pipe that natural period of axial vibration 
modes is determined only by length (Lp), elastic modulus (E), and mass density (ρ) 
as Eq. (4), independent from pipe cross section. The period of first mode is about 4 s 
for a pipe of 5000 m length.

 
T
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(4)

where c Eo = / ρ  (phase speed) is about 5164 m/s in case of steel.
A lifting system with pumps and buffer will have a natural period of around 

5.0 s. It is in the range of high wave energy density. Therefore, it is mandatory to 
compensate the heave motions in order to avoid a resonant vibration.

3.2  Design and Engineering Technology

Design and engineering of a continuous mining system, like other system designs, 
will be executed in the sequence of conceptual design, preliminary design, basic 
design, and detail design. The design sequence is repeated until requirements of 
safety, operability, profitability, and sustainability are satisfied in allowance limits.

The conceptual design is to examine the feasibility of mining scenarios for the 
annual production and to show candidate(s). In the preliminary design, the safety, 
operability, and power requirements of mining system are investigated in priority, 
and the main dimensions of total mining system are determined. The basic design 
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will result in the compilation of numerous and diverse drawings based on the main 
dimensions up to the level of subsystem and provide cost assessment. The detail 
design will show a great deal of drawings and procedures about manufacture, fabri-
cation, construction, and assemblage of components of mining system. The scope of 
work in design sequence and technology requirements are listed as Table 4.

The design and engineering are to accomplish the following four “core” subjects 
on the basis of safety:

• Cost effectiveness
• Operability

Table 4 Scope of work and technology requirements in design sequence

Design and engineering of DMS and technology requirements
Design phase Goals Technology requirements

Conceptual 
design

Selection of mining scenario
  Annual production plan
  System configuration
  Operational concept
  Types and capacities
  Sustainability

Rules and codes
  Modeling and simulation: 

dynamic behaviors
  Modeling and estimation of 

environmental impacts

Preliminary 
design

Fundamental investigations
  Safety
  Operability
  Power requirements
  Main dimensions
  Risk assessment
  Environment assessment

Rules and codes
  Modeling and simulation: 

dynamic behaviors
  Experiment and analysis on 

fundamental phenomena
  Multidisciplinary design 

optimization
  Real-time remote control
  Model-based control
  Modeling and estimation of 

environmental impacts
Basic design Calculations and drawings

  Collecting system
  Lifting system
  Launch and retrieval system
  Seawater treatment system
  Tailing process and system
  Power system
  Communication system
  Mining vessel
  Costs assessment
  Environment assessment (review/

revision)

Rules and codes
  Engineering design
  VR-based design
  Cost evaluation
  Modeling and estimation of 

environmental impacts

Detail design Documentations and planning
  Drawings and procedures: manufacture, 

fabrication, construction, assemblage
  Procurement plan
  Health/safety/environment (HSE) 

procedure
  Commissioning plan

Rules and codes
  Manufacture/fabrication/

construction technology
  Quality control
  Production management
  HSE management
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• Reliability
• Environment-friendliness

 Fundamental Tests and Experiments

There are some needs of tests and experiments, in particular, concerned with dredging 
and lifting of nodules. The terramechanics of collector vehicle on deep-sea sedi-
ments, the performance of dredge head, and the characteristics of slurry pipe flows 
are the representative examples.

Terramechanics and Experiments

The geotechnical properties of deep-sea sediments are a tough hurdle for the move-
ment of the nodule collector on the seafloor. The deep-sea sediments are very cohe-
sive and adhesive so that traction force is obtained mainly from the shear resistance 
(Yamazaki et al. 1989, 1995). Test results on the maximum shear resistance, that is, 
cohesion, are highly variable between sites. The average cohesion is about 3.5 kPa 
in surface layer and increases with penetration depth. The sensitivity, defined by the 
ratio of the maximum shear strength versus the residual strength, is scattered also in 
range of 2–6. Figure 8 shows an example of shear characteristics of cohesive soil 
according to a mathematical formulation of Wong (1993).

Fig. 8 Shear 
characteristics of cohesive 
soil (τm, maximum shear 
stress; τres, residual shear 
stress; and kW, shear 
deformation of τm)
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A collector vehicle should satisfy floatation, trafficability, and steerability, where 
floatation concerns about static sinkage of vehicle, trafficability is related with 
speed and dynamic sinkage, and steerability decides controllability. In the aspect 
that an excessive sinkage must be prevented, track-type vehicle is preferred to an 
Archimedean-screw type.

For driving of a tracked vehicle on cohesive sediment, the decision and control 
of an optimum slip is the principal issue. The slip velocity (Vs), defined as Eq. 5, 
determines the distribution of shear deformation of sediment below the tracks and 
the shear resistance from sediment in turn.

 
V V Vs g t= −

 
(5)

where Vg is the ground speed of vehicle and Vt is the speeds of tracks. Integration of 
Vs during the time span from start to end of bottom contact results in the develop-
ment of shear deformation along the contact surface of tracks (Fig. 9).

Because of scaling problem of grain size, porosity, and cohesion, a track seg-
ment is tested, instead of a scaled vehicle model, to investigate relationships 
between bottom pressure, static sinkage, shear stress, shear deformation, and 
dynamic (or slip) sinkage, where sediments are imitated by cohesion (for instance, 
3.5 kPa).

By means of track segment tests, it was known that an excessive sinkage occurs 
at bottom pressure over 5~6 times of the residual shear strength, and the average of 
traction strength is about 1.2–2.0 times the residual shear stress depending on 
grouser shapes, and an additional dynamic (slip) sinkage occurs proportionately to 
the shear deformation (Hong and Choi 2001). It is shown in Figs. 10 and 11.

Performance Test of Dredge Head

The principles of dredge heads are classified in three categories of hydraulic, 
mechanical, and hybrid ones, though a hydraulic principle is preferred in respect of 
simplicity and robustness requirements.

Investigation of dredging performance should be based on large-scale model tests 
because of the same problems as in terramechanics experiments. The efficiency of 

Fig. 9 Development of shear deformation below tracked vehicle
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nodule dredging will be the main objective of model tests. For instance, various 
kinds of hydraulic dredge head showing a high dredging efficiency over 80% can be 
found in Oebius (1993).

In addition to the nodule dredging efficiency, particularly for hydraulic dredging, 
an optimum operational condition has to be found out, and thereby the sediment 
plume can be reduced and controlled. Figure  12 shows experimental results of 
dredging (pick-up) efficiency versus flowrate ratio (Eq. 3) of a hydraulic dredge 
head (Hong et al. 2001).

0
Grouser Shapes

t-11
t-21
t-31
b-11
t-12
t-22
t-32
b-12
b-22
b-32
t-13
t-23
t-33
b-13P

 / 
c re

s

ds / h

–2

–4

–6

–8

–10

–12

0 1 2 3

Fig. 10 Experimental 
results of bottom pressure 
(P) and static sinkage (δs) 
depending on grouser 
shapes (cres, residual stress; 
h, grouser height)

Fig. 11 Examples of experimental results of traction strength (left) and slip sinkage (right) versus 
shear deformation (cres, residual stress; bottom pressure, 5.0 kPa; slip velocity, 56 mm/s)
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Slurry Flow Characteristics and Experiments

The characteristics of slurry flows (solid-liquid, solid-liquid-gas) are represented by 
volume concentration, solid velocity, and hydraulic gradient. The important factors 
are ratio of solid density (ρs) to water density (ρw), ratio of solid diameter (d) to pipe 
diameter (Δ), load ratio (μs), and Reynolds number.

The volume concentration (Cv) is related with the load ratio (μs) by the following 
equation (Engelmann 1978):

 
C

v

v Sv s
wo

s

= ⋅ ⋅µ
1

 
(6)

where:

vs  is the mean velocity of solids
vwo  is the mean velocity of water only
S = ρs/ρw is the density ratio

The load ratio (μs) is defined as

 
µs

s

w

=




m

m  
(7)

In condition that the load ratio (μs) is given, it is needed to measure vs  in order 
to know about the volume concentration (Cv), and vice versa.

The total hydraulic gradient consists of the static gradient of mixture and the 
dynamic gradient. The static gradient corresponds to the holdup of the solids in 
pipe. The dynamic gradient is due to the friction between water and the pipe 

Fig. 12 Dredging 
(pick-up) efficiency of a 
hydraulic dredge head
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inner wall. The static hydraulic gradient (is) is obtained by the volume concentration 
(Cv) as follows:

 
i C Ss v= + −( )1 1

 
(8)

The mean water velocity can be obtained from the volume concentration as well.
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(9)

Figures 13 and 14 show the experiment results of the volume concentration and 
the hydraulic gradients based on the measurement of the solids velocities by means 
of PTV (Particle Tracking Velocimetry) methodology (Hong et al. 2002b).

Some important results from the fundamental experiments on solid-liquid slurry 
flows in vertical pipe are summarized as follows:

• Reynolds number, based on the mean water velocity of solid-water mixture flow, 
has significant effects on volume concentration and hydraulic gradient.

• Load ratio of pump has a dominant effect on the volume concentration of solids 
in pipe, which determines the mixture density of slurry flow and the static head 
loss in turn. At a constant load ratio, the volume concentration increases gradu-
ally by reduction of Reynolds number.

5.0x104 1.0x105 1.5x105 2.0x105 2.5x105

Re

0

0.02

0.04

0.06

0.08

Vo
lu

m
e 

C
on

ce
nt

ra
tio

n 
(C

v)

10.0 %, 3 mm
10.0 %, 5 mm
10.0 %, 7 mm
6.6 %, 3 mm
6.6 %, 5 mm
6.6 %, 7 mm
3.3 %, 3 mm
3.3 %, 5 mm
3.3 %, 7 mm
Curve Fitting: 3mm
Curve Fitting: 5mm
Curve Fitting: 7mm

µs = 10.0 %

µs = 6.6 %

µs = 3.3 %

Fig. 13 Experimental results of volume concentration as a function of Reynolds number, load 
ratio, and particle size
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• Load ratio has a minor effect on the hydraulic gradient of slurry flow, which is 
evaluated by subtraction of the static head loss from the total hydraulic gradient. 
The difference of hydraulic gradient of slurry flow from that of water only flow 
becomes larger at higher range of Reynolds number, which is caused by the 
change of water velocity profile near the pipe wall due to the presence of solid 
particles.

• Particle size has significant effects on volume concentration and hydraulic gradi-
ents. The effect on volume concentration is restrained relatively in lower range of 
Reynolds number, whereas the effects on hydraulic gradients are in the whole 
ranges of Reynolds number. There might be a certain diameter ratio of d/D pro-
ducing largest hydraulic gradient. The effects of particle size, however, will need 
more thorough experimental investigation.

In practice, it is possible to adjust the load ratio (μs) by means of a feeder at buff-
ering station (Hong et al. 2014). Maximizing of the volume concentration (Cv) and 
minimizing of the water flowrate is a trade-off problem in the aspects of safety, 
productivity, and sustainability.

It is expected that lifting pipe will oscillate and vibrate in waves and currents. 
Experimental data on the characteristics of slurry flows in oscillating and vibrat-
ing pipes are still limited: as examples, Xia and Huang (2000) and Xia et  al. 
(2004). Also, it is necessary to investigate more about slurry transportation 
through a flexible (dynamic) pipe. In curved pipes, where the Magnus Effect is no 
longer expected, it is likely that a bed of solid particles will be formed on the pipe 
inner bottom. This phenomenon will drop transportation efficiency and could 
result in fatal failure due to “pipe clogging” and bring about reduction of lifetime 
of conduits.
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 Modeling and Simulation

Modeling and simulation (M&S) techniques are used mostly in the stages of con-
ceptual design and preliminary design. M&S is particularly effective for develop-
ment of a new system, which has no precedents. The lack of experiences in 
operational practice can be compensated by means of modeling and simulation. 
Furthermore, the integration of design and operation in early stage could decrease 
the development risks.

The main subjects of M&S for the development of a continuous mining system 
are several and diverse as follows:

Nonlinear coupled dynamics of underwater systems
Nonlinear dynamics/terramechanics of seafloor crawling vehicle
Dynamic positioning of surface mining platform
Multibody dynamics of seafloor dredging machine/robot
Structural responses of subsea equipment/device
Launching and retrieval operation of underwater system
Heave compensating mechanism
Signal characteristics of underwater localization
Hydrodynamic behaviors of nodules and/or fragments
Slurry flows (solid-liquid and/or solid-liquid-gas)
Separation and filtering of ores and fine particles
Spreading of sediment plumes
Discharging and spreading of tailing

Numerical Analysis Models

Computer simulations, based on mathematical modelings, are a powerful tool in 
science, technology, and engineering. In engineering applications, it covers a broad 
spectrum, typically, structural stress and deformation responses, hydrodynamics/
fluid mechanics, multiphase flows, terramechanics, rigid-body dynamics, multi- 
body dynamics, and fluid-structure interactions. This enables simulation-based 
design (SBD) and multidisciplinary design optimization (MDO) for deep-seabed 
mining system.

Scopes and contents of modeling and simulations for the design of DSM system 
can be summarized as in Table 5.

To begin it is most important to understand global dynamics of underwater min-
ing system. An analysis on coupled dynamics of underwater systems is to provide 
critical information for the following purposes:

• Understanding of motions of underwater systems
• Estimation of mechanical interactions between subsystems
• Evaluation of safety and operability
• Feedbacks to functional requirements
• Global design of underwater mining system
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A simulation model for global dynamics of underwater mining system is to be 
achieved by means of integration of the following simulation models on:

• 3D nonlinear dynamics of lifting pipe and flexible hose
• 3D nonlinear dynamics of seafloor vehicle
• 3D dynamics of joints between subsystems

There are a number of references on dynamic analysis of lifting system: for 
instance, Brink and Chung (1981), Chung and Whitney (1981, 1983), Aso et  al. 
(1992, 1994), Hong (1995, 1997), and Hong et  al. (2003a, b). Typical results of 
axial vibrations and towing simulations are shown in Figs. 15 and 16.

An example of simulation model on nonlinear dynamics of tracked vehicle 
crawling on seafloor sediments can be found in Hong et al. (2002a, b), where tracked 

Fig. 15 Heave amplitudes of buffer (left) and resonant responses of top tension and buffer motion 
(right): total length 5030 m, total weight in water 848 ton, top excitation amplitude of 1 m, forced 
excitation period of 5 s (Hong 1997)

Fig. 16 Trajectories of ship and buffer at U-turn (left) and at keyhole turn (right): total length 
5030 m, total weight in water 848 ton, towing speed 1 knot (Hong 1997)
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vehicle is modeled as a single body and interacts with soft and cohesive sediments 
based on the characteristics of terramechanics of track segments (Figs. 10 and 11). 
The single-body simulation model of tracked vehicle was verified through compara-
tive study with multi-body dynamics model (Kim et  al. 2003). The single-body 
simulation model (TRACIM) realizes “real-time” simulations and can be utilized to 
produce a vast data set about driving performance of vehicle with respect to varia-
tion of design parameters. Figures 17 and 18 show the design variables of a single- 
body vehicle model and examples of simulation results of turning trajectory.

Fig. 17 Design variables of single-body model of self-propelled collector

Fig. 18 Examples of simulation results: turning trajectories according to variation of track speeds 
and steering ratios (Hong et al. 2002b)
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Examples of global dynamic analysis of total integrated mining system are 
shown in Fig. 19 (Hong et al. 2006) and in Fig. 20 (Kim et al. 2006). This kind of 
fast “real-time” simulation provides a powerful tool for SBD of deep-seabed min-
ing system. It is available to investigate the global safety and operability of under-
water mining system with respect to the design variations of subsystems, such as 

Fig. 19 An example of global dynamic simulation: landing (Hong et al. 2006)

Fig. 20 An example of global dynamic simulation: mining (Kim et al. 2006)
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configuration of collector vehicle (bottom pressure, center of mass, center of buoyancy, 
track shape), flexible conduit (length, buoyancy distribution), buffer (weight, joints, 
size, damper) and required buoyancy for lifting pipe, and so on. Moreover, based on 
the real-time simulation, it would be possible to implement a diagnostic and prog-
nostic measure in dynamic positioning of mining platform.

Meta-models

Meta-modeling is to build up a surrogate model, which is a model of the model. 
A meta-model of a performance response, achieved from an experimental results or 
by means of a theoretical (mathematical) model with respect to variation of design 
parameters, can be effectively utilized for multidisciplinary design optimization.

For an instance, the efficiency of dredge head and the characteristics of slurry 
pipe flows can be transformed in response surface models (RSM). On the other 
hand, the driving performance response of collector vehicle (driving speeds, turning 
radii, static and dynamic sinkages, slips, pitch and roll) can be obtained by using a 
numerical simulation model and can be meta-modeled by kriging (simplified as 
kriging model).

 1. RSM of dredging efficiency: Experimental results of dredging efficiency (η) such as 
in Fig. 12 can be curve-fitted as a polynomial quadratic function with respect to the 
independent design variables, which are driving speed (v), gap above seafloor also 
influenced by vehicle pitching (h) and water-jet flowrate (q), as follows:

 η β β β β β β β β β β= + + + + + + + + +0 1 2 3 4 5 6 7
2

8
2

9
2v h q v h qvh vq hq  (10)

where the coefficients β0, …, β9 are determined by means of the least square 
regression about the set of experimental results.

 2. RSM of characteristics of slurry pipe flow: Experimental results of volume con-
centration and hydraulic gradients of Figs. 13 and 14 can be also meta-modeled 
as a function of Reynolds number with respect to variation of design parameters, 
i.e., load ratio and particle size.

 3. Kriging model of vehicle performance: Kriging originally comes from the field of 
geostatistics as a model to predict spatial correlated data, such as thickness of ore 
layers, from a limited number of exploration data. A kriging model for prediction of 
driving performance of tracked vehicle crawling on soft cohesive soil was devel-
oped by Lee et  al. (2007). The kriging model was constructed based on the 
“limited” data from 108 simulation cases of vehicle designs, which were generated 
by means of numerical simulation model (TRACSIM) of Hong et al. (2002a, b).

Utilization of the meta-models for DSM system aims at the achievement of mul-
tidisciplinary design optimization (MDO) of collector robot for satisfaction of func-
tional requirements and sustainability constraints. It is expected that MDO could 
reduce the development risks and accomplish the seabed sustainability and achieve 
the optimum trade-offs of performances.
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 Multidisciplinary Design Optimization

As in Fig. 6, all the sub-units of DMS system are fully coupled in capacity, and each 
operational principle is various and diverse. Thus, in order to figure out appropriate 
design solution(s), a number of different physical disciplines need to be applied, 
such as fluid mechanics, hydrodynamics, material and structural mechanics, hydrau-
lics, geotechnique, rock mechanics, terramechanics, slurry flow dynamics, electrics 
and electronics, and so on.

In particular, the designs of underwater systems have to be approached through 
multidisciplinary design optimization (MDO). Utilizing MDO, structural safety, 
power supply, equipment purchase, maintenance and repair, hydrostatic and hydro-
dynamic resistance, weight limit and balance, functions, and performances are to be 
secured together with satisfaction of sustainability requirements but all within the 
limits of the supporting capacities of mining platform (vessel).

Figure 21 shows, in case of a self-propelled collecting machine (or robot), the 
functions of sub-units are strongly interrelated and a design optimization must be 
done. Also, the flexible conduit in Fig. 21 has to satisfy two conflicting functions: 
one is a sufficient structural flexibility assuring the mobility of collector vehicle, 
and the other is a flow assurance preventing pipe clogging. This contradictory situ-
ation is schematically expressed in Fig. 22.

An example of quality function deployment (QFD) for PMN collector (Fig. 23), 
conducted in early development stage (Hong et al. 2011b), visualizes the  correlations 
between design requirements and design variables. The relationships between 
design variables were evaluated, and the relative importance for the design require-
ments were quantified with respect to 28 design variables. At that time, a hybrid 
pickup device (dredge head) was adopted.

Fig. 21 Interrelationships among design requirements and design variables of a self-propelled 
collector. (Courtesy: Sup Hong)
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MDO of Nodule Collector

Figure 24 shows a schematic view of the framework for MDO of self-propelled collec-
tor. The dredging efficiency and the discharging efficiency are meta-modeled by RSM 
based on experimental results. The vehicle performance is formulated by kriging model 
based on the numerical simulation results using TRACIM. The performance (specific 
strength) of chassis frame structure is (high-fidelity) modeled by FEM.

Lee et al. (2012) demonstrated the convergence of MDO iteration procedure, per-
formed for a test collector, where the optimization problem was formulated to minimize 
the total power (objective function) with satisfaction of the design constraints (produc-
tivity, structure safety, trafficability limits of vehicle). It was resulted that the total power 
was reduced by 14.1% compared to the initial (given) design after 25 runs of iteration.

The correlations between subsystems and the data flows of design variables are 
represented as block diagram in Fig. 25. The meanings of symbols are as follows:

• h, Qjet, bw: gap, water-jet flowrate, and width of dredge head
• ΔP, Cv, Qpump: pressure loss, volume concentration, and pump flowrate
• df, Lf, κf: inner diameter, length, and curvature of flexible conduit
• Am, Al, Ad: cross sections of main frame, loading frame, dredge head frame
• W, H, L, L1, B, D: design variables of single-body model (Fig. 17)
• δz, θpitch: sinkage and pitch angle of single-body collector model
• Vg, Vt: ground velocity and track velocity
• M

⋅

, σmax: production rate (kg/s) and maximum stress of chassis frame

3.3  Practical Implementations and Sea Trials

In this section, two cases of practical implementation are introduced, and the results 
from sea trials, which have been performed and conducted in recent years, are 
discussed. One is development of a pilot mining robot, and the other one is develop-
ment of pilot lifting system.

Fig. 22 Design conflict of flexible conduit: design for vehicle (left) versus design for discharge 
pump (right)
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 A Pilot Mining Robot

Figure 26 explains a pilot mining robot (MineRo II), developed by using SBD and 
MDO during 2011–2013 (Hong et al. 2013). It was aimed at pilot mining tests in 
5000 m water depth. The main specifications are as follows:

Fig. 23 An example of QFD for collecting system of polymetallic nodules
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• Dredging capacity: 300,000 tons (dry) per year
• Weight: 28 tons (9 ton under water)
• Size: 6.5 m (L) × 4.7 m (W) × 3.6 m (H)
• Power: 530 kW (500 kW hydraulic, 30 kW electric) by 4000VAC
• Operating depth: 5000 m

Fig. 24 Schematic view of MDO framework for a self-propelled collector

Fig. 25 Correlations between subsystems and flows of design variables in MDO of self-propelled 
collector. (Revised from Lee et al. 2012)
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Prior to MineRo II, a test miner (MineRo I) was developed, and it was operated 
two times during sea trials in 2009/2010. The results of performance tests were 
evaluated and utilized for the concept of MineRo II.

The unique feature of MineRo II is that it is a combination robot of two unit robots. 
The unit robots were tested and validated in a laboratory and structurally integrated as 
one robot as shown in Fig. 26. A principle of KISS (Keep It Simple and Smart) was 
kept as design guideline. The design concept was based on 3M (Modularity, 
Maintainability, Multiplicity) for the sake of expandable mining capacity, simple and 
easy maintenance, and multiple backup solutions.

The pilot mining robot (MineRo II) was tested in June of 2013 (Fig. 27). Nodule 
(artificial) dredging tests and path tracking control tests were conducted, and the 
performances were validated. The configuration of H/W for remote control of min-
ing robot and the data flow of remote control S/W are shown schematically in 
Figs. 28 and 29, respectively (Yeu et al. 2013).

The algorithm of path tracking control is referred to the numerical simulation 
results of single-body model (Kim et al. 2009a, b). Figures 30 and 31 are the test 
results of underwater localization algorithm (sensor fusion by Integrated Kalman 
Filter) and path tracking control algorithm, respectively (KRISO 2013).

The results of path tracking control of pilot mining robot (MineRo II) show the 
possibilities of automation of collecting operation. It is prerequisite to automate the 
collecting operation, because just a remote control of collector will be totally para-
lyzed in the sediment plumes.

Fig. 26 A pilot mining robot (MineRo II) and its main units
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Fig. 27 Sea trial of a pilot 
mining robot (MineRo II)

Fig. 28 Configuration of H/W for remote control of mining robot (Yeu et al. 2013)
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An automatic control of seafloor mining robot for tracking optimum designed 
mining paths will enhance the seafloor sweeping efficiency and the overall collect-
ing efficiency together. It will reduce the benthic intervention and provide a sound 
basis for deep-seabed sustainability (see Sect. 2.2.3).

Fig. 29 Concept of data flow of remote control S/W (Yeu et al. 2013)

Fig. 30 Localization algorithm test through turning driving
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Fig. 31 Results of path tracking controls: COREA (left) and MineRo (right)

 A Pilot Lifting System

A pilot lifting system was developed and tested during 2014–2015 (Hong et  al. 
2014, 2016). It consists of buffer station, lifting pump, and lifting pipe. The main 
specifications of three subsystems are in Table 6.

A large-scale sea trial was conducted in November to December of 2015. The 
performances of lifting pump and buffer station were tested with a truncated lifting 
pipe of 500 m, where the rest of pressure drop was simulated on board. The facili-
ties for launch-and-retrieval through moon pool, nodule separation, and slurry 
measurement were designed and constructed and integrated with test support 
vessel (Fig. 32).

It was verified that the lifting pump and the buffer station satisfy the design 
requirements, integrated operation of pump and buffer is available, and an on-board 
measurement of volume concentration is feasible.

The main checkpoints in the sea trial were as follows:

• Heading control of buffer in sea currents
• Feeding control for flow assurance in slurry lifting
• Remote operation of underwater lifting pump
• Launch and retrieval of lifting system
• On-board treatment and measurement of liquid-solid slurry flow (Figs. 33 and 34)
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Fig. 32 Photos at sea trial of lifting system: lifting pump launching, buffer station, and on-board 
separation and measurement facility (from left clockwise)

Table 6 Main specifications of pilot lifting system

Subsystem Component Specifications

Lifting 
pump

6-stage slurry pump Flowrate: 500 m3/h
Head: 250 m
Passage: 40 mm (max)

Submersible electric 
motor

Power: 800 kW, 6000VAC
Working depth: 500 m

Shroud Function: shield and slurry ducts
Flange: connection with lifting pipes

Lifting pipe Pipe unit Inner diameter: 202 mm
Length: 12.5 m
Material: API 5L X80 (SAW)
Quantity: 38ea

Flange API 6A 6B 5000 psi, ASTM A182 F22 CLASS 3
Buffer 
station

Hopper Size: 6 m3 (storage for 15 min)
Screen: sediment plume discharge

Feeder Capacity: max. 10 kg/s (controllable)
Thruster Power: 400 kgf

Quantity: 2ea
Sensors Pressures, flowrates, temperature, gyro heading, yaw-rate, 

cameras, transducer, hydrophone, etc.
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Fig. 33 An example of measurements during sea trial (KRISO 2015)

Fig. 34 A simulation result of particles dynamics through duct channels of pump shroud 
(KRISO 2015)
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As described in 2.2.2, safety and efficiency of materials transportation are very 
important for the sake of sustainable mining. Maximizing the nodule production 
and minimizing the by-products at the same time are closely related with the control 
of volume concentration (Cv) of solids. It was shown that approximation of Cv is 
feasible by means of on-board measurement (Oh et al. 2018).

A container mounted on load cells is connected to a branch line of on-board 
slurry flowline and is filled by the slurry flow for a certain time span. Based on 
measurements of the weight (Ws) and the volume (Vs) of slurry filled in the con-
tainer, it is available to approximate the volume concentration (Cv) of solids (nodules) 
as in Eq. 11:

 

C
W

gVv
s

n l s

=
−( )ρ ρ

 

(11)

where:

ρs is the density of slurry
ρl is the density of seawater
ρn is the density of wet nodule

It is still an approximation, because the content ratio of sediment in slurry flow 
is not taken into account in this methodology. In order to evaluate the slurry weight 
(Ws) from the load cell measurement data, the effect of ship motions, the sloshing 
effect in the container, and the hull vibration effects are excluded.

The total weight and launch-and-retrieval of lifting system and the undesirable 
by-products (sediment and seawater) are a great concern for design and operation of 
mining platform.

Concerned with sustainability issue, as illustrated in Fig. 5, the huge amount of 
seawater pumped up to surface has to be separated fast from nodule fragments and 
also sediment particles as much as possible, and the separated seawater should be 
treated according to environment regulation. The capacities of treatment facilities 
have to be matched with the lifting capacity.

With regard to safety issues, the lifting pipe is exposed to lasting loads from 
inside and outside: total weight, tension and bending, abrasion and collision, corro-
sion, forced excitation by ship and waves, fluid-structure interactions such as vortex- 
induced vibrations (VIV), and internal flow effects as well (Stanton and Yu 2010). 
The weight and top tension is the most critical parameter for design of derrick struc-
ture and of course for mining platform. Next, the on-board treatment facilities for 
separation, filtering (optional), and tailing process will be laid out on deck aiming 
for a smooth flow. Then, the design engineers would face conflicting problems in 
deck space, hull strength, and stability of mining platform.

Small-sized nodule particles will have advantage for slurry lifting, because free 
fall (terminal) velocity is lower than larger ones and higher volume concentration of 
solids might be expected. However, a higher crushing ratio, defined as crushed size 
versus original size, would raise design complexity of collector and lower material 
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durability. Fine (powderized) particles generated by crushing and even in lifting 
pumps (Yamazaki and Sharma 2001) could increase the wear damage of materials 
by abrasion and further would make the on-board separation and treatment process 
more difficult.

The coupled relationships between lifting system, on-board treatment facilities, 
and design of mining platform are schematically shown in Fig. 35.

In functional aspects, a mining platform will get a combined hull form of drill-
ship and ore carrier, where drilling equipment and mud system are replaced with the 
on-board treatment facilities. However, the seawater pumping in DSM is not same 
with the mud circulation in drilling operation. It is expected that the water depth of 
5000 m and the amount of seawater pumping in DSM would pose severe hindrance 
to recycling of seawater.

The deep-seabed mining platform is the most important unit of total DSM system 
in the aspects of operation and investment. The design of mining platform has to meet 
the functional and sustainability requirements (see Table 1). It is necessary to integrate 
the design of on-board treatment system with the hull structure design of mining plat-
form. It will require to change the approach of design and engineering of mining 
platform, that is, not to see the on-board treatment facility as a topside facility to be 
simply mounted on the deck of mining platform. In this way, general desk arrange-
ment, arrangement of ballasting tanks, tailing treatment process, hull strength design, 
and dynamic stability of mining platform could be influenced in a positive sense.

4  Conclusions

Sustainability is a substantial subject dealing with safety and profitability in deep- 
seabed mining. Environmental impacts and potential harms to ecosystem are mainly 
caused by benthic intervention and materials transportation. Safety of deep-seabed 
mining can be ensured by minimizing and control of environmental impacts.

Fig. 35 Relationships of lifting system and on-board treatment system for design of mining 
platform
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The functional requirements for safe and sustainable mining should be based on 
the operability of mining system. The design and engineering has to be integrated 
with investigation on operational feasibility of deep-seabed mining system.

Simulation-based design (SBD) and multidisciplinary design optimization 
(MDO) are powerful tools for the design and engineering of DSM system, and it can 
reduce development risks and fulfill safety and sustainability.

A seafloor mining robot, capable of tracking mining paths covering most area of 
mine site, is prerequisite for enhancement of overall collecting efficiency and for 
minimizing the benthic intervention. Integrated design of lifting system, on-board 
treatment system, and mining platform is very critical for the sake of a sustainable 
mining system. New approach for an integrated design of hull structure with on- 
board treatment facilities would give rise to more benefits.
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Abstract Our assessment of deep-sea faunal communities is based on the results of 
a comprehensive UNESCO/IOC baseline study of the megafaunal assemblages of 
the metallic nodule ecosystem of five areas within the Clarion Clipperton Zone 
(CCZ) of the eastern Pacific Ocean. This study serves as benchmark to interpret the 
structure of megafaunal populations associated with benthic biotopes in areas tar-
geted for mining. It identifies on a large scale the variability of nodule and sediment 
facies and their associations with specific megafaunal communities. An appropriate 
set of management tools and options have been developed, in particular indicators 
of sensitivity to environmental changes anthropogenically or naturally induced. The 
general characteristics of the nodule ecosystem in the CCZ and its sensitivity to 
deep-sea mining are discussed from the surface to the seabed in relation to recent 
research on the description of water masses and dynamics and an assessment of 
their vulnerability. A tridimensional multiparametric rapid environmental assess-
ment (REA) has been applied on one pilot site of the French contract area using GIS 
zoning, ecohydrodynamics, and sensitivity indexes.

Keywords Polymetallic nodules · Deep-sea mining · Clarion Clipperton Zone · 
Deep-sea benthic communities · Sensitivity indicators · Environmental impact

1  Introduction

Knowledge of the structure of its megafaunal assemblages is essential to under-
standing the functioning of any deep-sea ecosystem (Rex and Etter 2010). Typically 
this faunal component includes a significant fraction (17–50%) of benthic abyssal 
biomass (Haedrich and Rowe 1977). Since the megafauna (Fig. 1) is also one of the 
principal agents of bioturbation at the depositional interface of the deep-sea benthos 
(Mauviel and Sibuet 1985; Levin et al. 1986), it can influence many other biological 
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Fig. 1 Photos of megafauna in the nodule ecosystem in the CCZ taken by the platforms “Epaulard, 
RAIE, TROIKA and the manned submersible Nautile” from the three French study sites. From top 
left to bottom right: 1 Cephalopod Cirrata Cirroteuthis sp. over nodule facies C 40% ©IFREMER, 
2 Fish Ophidiid Barathrites sp. over facies C15% ©IFREMER, 3 Crinoid Hyocrinus bethellianus 
on an escarpment © IFREMER, 4 Mound and burrow of an echiurian worm Bonellidae Jacobia 
birsteini on facies C 40% ©IFREMER, 5 Crustacean Decapoda Plesiopenaeus sp. or 
Aristaeomorpha sp. on facies B 50% ©IFREMER, 6 Ceriantharian Aliciidae, Cerianthus sp. on 
facies B 50% ©IFREMER, 7 Scyphomedusa Periphylla periphylla over facies B ©IFREMER, 8 
Fish Bathysaurus mollis over facies C 30% ©IFREMER, 9 Enteropneusta Spengelitae Glandiceps 
abyssicola on facies O ©IFREMER, 10 Octocorallia Gorgonacea Primnoidae, Bioturbation and
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and geochemical components of the deep ocean (Sharma and Rao 1992). In particu-
lar, the benthic fauna plays an important role in carbon cycling and mineralization 
within the epibenthos. Interestingly, it also contributes to the genesis of polymetal-
lic nodules, bioturbation along with bottom currents playing a role in allowing nod-
ules to remain on the seafloor (Friedrich and Plüger 1974; Du Castel 1985; Halbach 
et al. 1988).

Megafaunal assemblages also serve as good indicators of the status of a habitat 
in the face of natural and anthropogenic impacts and may be used to identify areas, 
environmental parameters, faunal communities, and associations on a large scale 
through video/photo imagery (Tilot et al. 2018), to measure the variation in flux of 
particulate organic carbon (Smith et  al. 1997), to identify critical environmental 
parameters, to characterize selected habitats and associated nodule facies (Tilot 
2006a; Tilot et al. 2018), and to measure rates of recolonization under natural or 
impacted conditions (Tilot 1988, 1989, 1990a, b, 1991, Bluhm 1997).

Echinoderms and cnidarians, the two dominant phyla in the CCZ, are good indi-
cators of nodule facies and edaphic parameters as developed further. On the photo/
video imagery of the CCZ, echinoderms, in particular holothurians, were studied in 
detail (Tilot 2006b). Comparisons have been made with other sites outside the CCZ 
in particular the nodule ecosystem of the Peru basin (Tilot 1989) where echino-
derms in particular have served as good indicators for impact studies (Thiel et al. 
1993; Bluhm et al. 1995; Bluhm and Gebruk 1999; Glover et al. 2016).

Fixed organisms, generally suspension feeders, and swimming holothurians 
(Elasipods), such as Enypniastes eximia and Peniagone leander, are benthopelagi-
cal indicators of bottom currents. Some swimming holothurians can be seen at sev-
eral hundreds of meters above the seabed (Rogacheva et al. 2012).

The large equatorial polymetallic nodule belt of the CCZ (118–157° W/9–16° 
N), wherein lie the most economically important deposits, covers about 2 million 
km2 of abyssal hills and escarpments in the eastern Pacific (Halbach et al. 1988; 
Kotlinski 1998). Considerable regional-scale variation in the geological environ-
ment (topography, erosion by deep ocean currents, and regional deposition of sedi-
ments) has led to a classification of nodule deposits and the recognition of a series 
of distinct nodule facies (Hoffert 2008; Hoffert and Saget 2004), differentiation of 
which has been based on a combination of photographic study and of collection of 
samples for morphological and geochemical assessment (Table 1).

Fig. 1 (continued) mounds on facies O ©IFREMER, 11 Sponge Hexactinellida Bathydorus sp. on 
rocky facies ©IFREMER, 12 Ascidian Sorberacea Phlebobranchiata sp. on facies C15% 
©IFREMER, 13 Hydrozoan Branchiocerianthus imperator on facies C 40% ©IFREMER, 14 
Holothurian Psychropotes longicauda on facies B 40% ©IFREMER, 15 Holothurian Peniagone 
leander on facies B 40%  ©IFREMER, 16 Actinian Ophiodiscus sp. or Bolocera sp. on facies 
O ©IFREMER, 17 Actinian Liponema sp. on facies C 20% ©IFREMER, and 18 Fish Macrouridae 
Coryphaenoides armatus or C. yaquinae on facies B 50% ©IFREMER. (Source: Tilot (2010b))
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The comprehensive study of the biodiversity and distribution of the epibenthic 
megafauna of the CCZ presented here is based on data collected from five study 
sites (Fig. 2). The research was originally undertaken at IFREMER with funding 
from EU, IFREMER, and NOAA (Tilot 1988, 1989, 1990a, b, 1991, 1992, 1995, 
ESCO CNRS IFREMER 2014) and then updated and expanded with the additional 
BIE site as part of a project supported by the Intergovernmental Oceanographic 
Commission (IOC) of UNESCO (published in 3 vol. see: http://unesdoc.unesco.
org/images/0014/001495/149556e.pdf#223; Tilot 2006a, b, c, 2010a, b) in order to 
establish a UNESCO/IOC baseline. This research led to the development of options 
for the management and conservation of the nodule ecosystem, taking into account 
relevant scientific, legal, and institutional issues (UNESCO/IOC vol 3, Tilot 
2010a). Similar options have been proposed for other deep-sea habitats and dis-
cussed at a panel meeting of experts held at UNESCO (ASOM 2010). This pro-
vided an international platform for consideration of these issues (Tilot 2011) and 
initiated the development of a number of management and conservation tools 
(Tilot 2013, 2014). In particular, the application of marine spatial planning was 
considered (Ardron et  al. 2008; Tilot 2004). In this context, a multilayer Rapid 
Ecological Assessment (REA) (Tilot 2014), sensitivity indexes (Tilot 2003, 2016; 
Tilot et al. 2008a, b), GIS, zoning, and ecohydrodynamics have been applied to a 
pilot site in a French contract area, NIXO 45 (Tilot et al. 2018).

Table 1 Nodules-facies classification based on visual identification from samples and imagery 
(Voisset and Hein1978; Hoffert and Saget 2004)

Criteria
Nodule facies
A BP B C C+

Degree of 
burial (%)

0 0–30 30–60 60–100 30–60

Est. average 
diameter in cm

<2 to 10 2.5 to 4.5 2.5 to 10 2.5 to >15 2.5 to 7.5

Morphology Spherical, 
polylobate

Heterogen 
fragments

Disk, ellipsoid 
polylobate, 
fragments

Spherical, 
ellipsoid

Spherical, 
ellipsoid 
fragments

Surface texture Very 
smooth

Smooth Smooth, some 
granular

Very 
hummocky 
equatorial 
thickening

Hummocky 
granular some 
smooth

Sediment on 
upper surface

No Some Some A lot Yes

Aggregated 
nodules

Very 
frequent

Very 
frequent

Never Never Never

Density on the 
seabed

High 
(30–50%)

High 
(35–50%)

High (40–50%) Low (5–20%) Medium 
(20–40%)
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2  Methods and Study Areas

The study areas used during the UNESCO/IOC baseline study (Tilot 2006a, b, 
2010a, b) were the NORIA site, which include NIXO 45, NIXO 41, the ECHO 1, 
and the Benthic Impact Experiment (BIE) sites.

The NORIA (AFERNOD) area which covers about 450,000  km2 delimited 
between 125°W/135°W and 11°N/16°N was surveyed from 1974 on a grid pattern 
with a station every 2.4 km, in order to determine the structural, bathymetric, and 
sedimentary environment of the nodules. The NIXO 45 site lies within 
130°00′W/130°10′W, 13°56′N/14°08′N, at a mean depth of 4950 m. The NIXO 41 
site lies within 127°W/130°W, 12°10′N/13°35′W at a depth of 4700–5000 m and 
extends eastward to NIXO 45. The ECHO I site is located at 14°40′N-125°25′W at 
a depth of 4500 m (Fig. 1). The BIE site is located at 12°59′N/128°22′W at a depth 
of 4800–5000 m.

Photographic data have been collected by the Deep Tow System during two 
cruises on ECHO I site, during the ECHO I cruise in 1983 (Spiess et al. 1987) and 

Fig. 2 Updated map adapted from https://www.isa.org.jm of the CCZ showing the areas under 
contract and the areas reserved for the International Seabed Authority, as well as the Areas of 
Particular Environmental Interest (APEI) and the UNESCO/IOC Baseline Study areas (NORIA, 
NIXO 45, NIXO 41, Echo 1, BIE)
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during the SIO Quagmire II in 1990 (Tilot 1990a; Wilson 1990). Both cruises were 
in situ environmental impact studies investigating biological impacts for mining 
operations conducted during 1978.

The BIE was sponsored by the National Oceanic and Atmospheric 
Administration’s (NOAA) Ocean Minerals and Energy Division on board the 
YUZHMORGEOLOGIYA in collaboration with Russian, Japanese, German, and 
French scientists during July 1991 (Smith and Trueblood 1991). The BIE objec-
tives were to assess the potential environmental impacts of deep-sea mining on 
the deep- sea benthos by blanketing a large area of the deep-sea floor with sedi-
ment to simulate deep-sea mining and monitor the response of the benthic com-
munity both spatially and temporally. The assessment of megafaunal communities 
has been performed (Tilot 1991) prior to the blanketing phase and represents a 
baseline assessment of megafauna in the area.

The platforms used for video and still photography and physical sampling within 
the UNESCO/IOC baseline study areas were the French towed device “Remorquage 
Abyssal d’Instruments pour l’Exploration” (RAIE), the suprabenthic camera sleigh 
“Troika,” the French camera coupled free sampler “ED1,” the autonomous 
unmanned “Epaulard,” the French manned submersible, “the Nautile” for the French 
sites, the American “Deep Tow Instrumentation System” for ECHO I and for the 
BIE site, and the Russian MIR-1 system which includes a series of boxes mounted 
on the same frame with photo and video cameras GOU453, USNEL-type box cores, 
and multi-cores Barnett-type.

The assessment of megafauna presented here is based on the analysis of more 
than 200,000 photos of the seafloor and more than 55 h of videos. So much imagery 
permitted the compilation of an exhaustive database. Comparisons were made with 
the fauna from the Peruvian basin analyzed during DISCOL cruise (Tilot 1989). 
The description of megafauna was facilitated by establishing a taxonomic atlas 
annotated with observations on the morphology, ethology, and feeding behavior of 
each taxon identified on imagery. Information on the geographic and bathymetric 
distribution of each taxon was compiled from data from abyssal regions, mainly in 
Pacific and Atlantic, outside the CCZ (UNESCO/IOC baseline vol 1, Appendix IV) 
(Tilot 2006a). Hypotheses of identification for each taxa were collated on the advice 
of international specialists and the literature of the region and other deep oceans in 
the world. A photographic atlas was assembled for all morphotypes identified as 
displayed in Appendix I, II of UNESCO/IOC baseline vol 1 (Tilot 2006a), in par-
ticular for echinoderms (UNESCO/IOC baseline vol 2, Tilot 2006b).

3  Results

The main results obtained from survey work in the five different areas of the 
UNESCO/IOC baseline may be summarized as follows:
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3.1  NORIA

 – A total of 159 taxa were recorded representing 13 phyla. These were mainly 
cnidarians (59 taxa), echinoderms (50 taxa including 32 holothurians), chordates 
(23 taxa including 17 fish), and sponges (21 taxa) (Fig. 3a).

Fig. 3 Histograms for (a) the number of taxa in each phylum for the megafauna in CCZ and for 
(b) the taxonomic richness considering trophic and functional groups. (http://unesdoc.unesco.org/
images/0014/001495/149556f.pdf, volume 1 Figs. 35 and 37)
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 – There was a prevalence of 84 taxa sessile, of which 10 taxa were mobile suspen-
sion feeders.

 – Suspension feeders (68 sessile and 10 mobile taxa), which were mainly cnidari-
ans and sponges, displayed a higher taxonomic richness than deposit feeders, 
which were mainly echinoderms (60 taxa, among which 50 taxa are mobile) and 
carnivores/scavengers (45 taxa) (Fig. 3b).

3.2  NIXO 45

 – A total of 134  taxa were identified from the analysis of 70,000  m2 of photo-
graphed surface; cnidarians outnumbered echinoderms (as in NORIA) and 
sponges (Fig. 4a).

 – Nodule coverage and abiotic factors such as slope, topography, and bathymetry 
appeared to largely determine the abundance and composition of the faunal 
assemblage.

 – Overall a higher taxonomic richness was recorded on all nodule facies (Fig. 5a), 
with a maximum of 48 taxa recorded on facies C 2–15%. However, 36 taxa were 
found on facies O with recent sediments, more than on facies B and BP (34 taxa), 
likely because facies O recent is located on the same valleys as facies C and is 
considered as a transition facies between patches of facies C with low to medium 
nodule coverage.

More specifically the habitats, in decreasing order of species richness, were 
facies C 10, facies O with recent sediments, facies C 15%, facies C 20%, facies BP 
35%, facies C 2–5%, facies B 50%, facies BP 50%, facies O old sediments, facies 
C 0%, facies C 30%, and facies B 40%.

 – The overall faunal abundance of 553 ind/ha encompassed mainly, in decreasing 
order, 258 ind/ha of cnidarians (mainly actinians and octocorallians), 180 ind/ha 
of echinoderms (holothurians and crinoids), and 56 ind/ha of sponges (Fig. 5).

 – There were overall more suspension feeders than deposit feeders and carnivores/
scavengers, irrespective of nodule facies (Fig. 5b). More specifically, there were 
more  sessile suspension feeders than mobile deposit feeders, mobile carnivores/ 
scavengers, motile suspension feeders, or sessile deposit feeders (Fig. 5).

 Faunal Communities Identified as Indicators of Nodule Facies

 – Overall, taxa were more abundant on, in decreasing order, facies C 10% on 
slopes >15°, facies O in recent sediments, facies C 15%, facies C 20%, facies BP 
35%, facies C 2–5%, facies B 50%, facies BP 50%, facies O in old sediments, 
facies C 40%, facies C 30%, and facies B 40% (Fig. 5).

 – Preferential habitats for suspension feeders were facies O with recent sediments 
and facies C 10% on slopes. Among motile suspension feeders, a predominance 
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of actinians was recorded, in decreasing order, on facies BP 35%, facies C 30%, 
facies B 50%, facies C 15%, and on facies O (Fig. 5b).

 – The preferential habitat for deposit feeders, mainly echinoids and holothurians, 
was facies C 10%.

 – Some phyla prevailed on specific facies, e.g., cnidarians, echinoderms, and 
sponges, on facies C 10% and facies C 30% on slopes.

Fig. 4 Histograms for (a) abundance for each phylum and of (b) partitioned faunal abundance 
within trophic and functional groups of the megafauna of NIXO 45 site. (http://unesdoc.unesco.
org/images/0014/001495/149556f.pdf, volume 1 Figs. 39 and 42)
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 A Singular and Conspicuous Taxa as Nodule Facies Indicator

 – The echiurian, Jacobia birsteini (Fig. 1 photo 4), a bonnelid worm, is known to 
construct large mounds (more than 2 m long, 80 cm wide and 50 cm high) (Tilot 
1992, 1995, 2005, 2006a) which increase turbulence, induce an exchange with 
the interstitial water in galleries, and influence the depth of nodule cover. These 
bonnelid worms were present, at densities of up to 16 ind/ha, mainly on facies 
B40%, facies B50%, facies BP35%, and facies BP35%. They could be good 
indicators of these facies. By the mounds they build, they generate habitat het-
erogeneity and thus influence the dynamics of epifaunal assemblages; they also 

Fig. 5 Histograms for (a) the partitioned faunal abundance per phylum and for (b) trophic and 
functional groups within each nodule facies on NIXO 45 site. (http://unesdoc.unesco.org/
images/0014/001495/149556f.pdf, volume 1 Figs. 41 and 43)
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have a salient role in sediment irrigation and mixing and so an action on nodule 
diagenesis (Tilot 1995, 2006a, b, 2010b).

Other organisms are good indicators of edaphic conditions (slope, topography, 
heterogeneity of substrate) and currents as seen previously and developed further 
for NIXO 45 with the identification of preferential habitats.

As evidenced by the multi-criteria statistical analysis (Tilot 1992, 2006a) shown 
in Fig. 6, there were 13 preferential habitats which could be ranked according to 
nodule coverage, habitat heterogeneity, and slope >15%, as follows:

• Facies O on ancient sediments was characterized by a majority of suspension 
feeders, notably sponges Pheronema sp., ringed hexactinellids, Cladorhiza sp. 
(most abundant on this facies), octocorallians (Primnoidae and Isididae), fixed 
crinoids Hyocrinidae, and actinians Hormathiidae and Actinoscyphiidae and 
Amphianthidae (Amphianthus bathybium sp. prevailed on this facies). Detritus 
feeders recorded were mainly asterids (Pterasteridae), and  holothurians 
(Synallactes aenigma, Benthodytes lingua). Taxa unique to this facies were 
sponges Cladorhizidae, sedentary polychaetes with characteristic rounded 
mounds, asteroids Hymenaster violaceus, holothurians Benthodytes lingua, gas-
tropods Pterotracheidae and Liparid fish.

• Facies O on recent sediments was characterized mainly by octocorallians 
among suspension feeders, by isopod Munnopsidae and by asteroids 
Porcellenasteridae among detritus feeders, and by Ophidioid and Ipnopid fishes 
among carnivores. A particular form of bioturbation, the “witch ring” (Heezen 
and  Hollister 1971), associated with polychaete worms, was abundant. Unique to 
this facies were the holothurians Psychropotes longicauda, siphonophores 
Physonectes, and sedentary polychaetes of the family Cirratulidae.

• Facies C 5–10% was characterized by a peak in abundance of suspension feed-
ers including octocoralliarids of the families Isididae, Primnoidae, and 
Umbellulidae, corallimorpharids of the family Sideractiidae (Nectatis singularis 
displayed high abundance only on this facies), and hexactinellid sponges of the 
family Hyalonematidae (Hyalonema sp., Poecillastra sp., Phakellia sp., and 
Esperiopsis sp. were most abundant on this facies). Detritus feeders were mainly 
the holothurians Peniagone gracilis, Mesothuria murrayi, Paelopatides sp., 
Pannychia moseleyi, Enypiastes eximia, the echinoids Plesiodiadema globulo-
sum, the isopods of the family Munnopsidae and the sipunculids Nephasoma 
elisae. Carnivores were well represented by the Ophidioid fishes, jellyfishes of 
the family Trachynemidae and the decapods Plesiopenaeus sp. Unique to this 
facies were alveolate hexactinellid sponges, the demosponges Phakellia sp., 
bivalves of the family Vesicomyidae, and the decapods Plesiopenaeus sp.

• Facies C 15–25% including slopes >15% was characterized by a high diversity 
dominated by the suspension feeding actinids Liponema, Actinernus verrill, 
Bolocera sp. Actinoscyphia sp., the sponges Caulophacus sp. (which were most 
abundant on this facies) and Poecillastra sp., ring- or dish-shaped hexactinellids 
of the family Rosselidae, Euretidae, and Cladorhizidae and Cornucopia sp. (on 
slopes), crinoids of the family Antedonidae and polychaetes of the family 
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Fig. 6 Multidimensional scaling (MDS) plot to show (a) the degrees of similarity and difference 
in distribution patterns of the principal taxa and (b) in distribution patterns of the nodule facies 
within NIXO 45. (http://unesdoc.unesco.org/images/0014/001495/149556f.pdf, volume 1 Figs. 46 
and 47)
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Sabellidae. Detritus feeders were mostly echinoids of the family Aeropsidae, 
Holothurians Peniagone vitrea, Meseres macdonaldi, Benthodytes sp., 
Brisingidae with ten arms, and Peracarida Cumaceans. Carnivores were mostly 
decapods Nematocarcinus sp., archaeogastropods, siphonophores of the 
Rhodaliidae and fishes Bithitidae (Typhlonus sp.). Unique to this facies were 
sponges Hyalonema sp., members of the family Caulophacidae, siphonophores 
Physonectes, Chiroteuthid cephalopods, Galatheids hermit crabs with a rounded 
rostrum, neogastropods of the family Turridae, polychaetes of the family 
Polynoidae or Aphroditidae, and fishes Coryphaenoides yaquinae.

• Facies C 30–40% was characterized mainly by the suspension feeding sponges 
Euplectella sp. and the dark ophiuroids Ophiomusium. Common detritus feeders 
were the holothurians Peniagone intermedia and, in particular, the swimming 
holothurians Enypniastes eximia. Carnivore polychaetes of the family Hesionidae 
and Aphroditidae were present. Unique to this facies were the cephalopods 
Benthesicymus sp., jellyfishes of the family Nausithoidae, the holothurians 
Orphnurgus sp., and Amperima naresi and an unknown apparently free-living 
ascidian about 30 cm diameter.

• Facies B 40–50% was characterized by a dominance of suspension feeders over 
detritus feeders. The suspension feeders were mostly the antipatharids 
Bathypates patula, Bathypates lyra and the brisingid Freyella sp. The detritus 
feeders mostly recorded were the holothurians Psychronaetes hanseni, 
Benthodytes typica and the asteroids Hymenaster sp. There were also aggrega-
tions of the actinids Sincyonis tuberculata and the swimming aphroditid poly-
chaetes. Unique to this facies were octocoralliarids of the family Umbellulidae, 
the antipatharids Schizpathes crassa, and the holothurians of the family 
Deimatidae Deima validum.

• Facies BP 35–50%  was characterized by a prevalence of fixed suspension feed-
ers including vase-shaped sponges, Poecillastra sp., which were most abundant 
on this facies as well as the actinids Bolocera sp., Sincyonis tuberculata, 
Actinoscyphia and the ophiuroids Ophiomusium armatum. Detritus feeders were 
mainly the holothurians Synallactes aenigma, Synallactes profundi, Peniagone 
leander and Benthodytes sp. (e.g., B. incerta), and carnivores mostly polynoid 
polychaetes. Unique to this facies were two-horned-shaped Hexactinellid 
sponges.

• Facies A 30%, mainly present in NIXO 41, was characterized by a dominance 
of suspension feeders over detritus feeders, not due to cnidarians as on all other 
facies but to ophiuroids. The echinoderms present included, in decreasing order 
of abundance, ophiuroids, Ophiomusium armatum, holothuriods, echinoids 
Plesiodiadema globulosum, and asteroids. Were recorded the holothurians 
Synallactes profundi, Deima validum, Benthodytes sp., Mesothuria murrayi, 
Peniagone leander, Psychronaetes hanseni and the crinoids Fariometra parvula. 
Cnidarians were mainly represented by actinians Actinernus verrill, Sincyonis 
tuberculata, sponges by Pheronema sp. and other hexactinellids. The bonellid 
worms Jacobia birsteini associated to  specific elongated mounds were 
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 particularly abundant on this facies. Unique to this facies were the holothurians 
Peniagone vitrea and Amperima rosea.

• Facies RCVO (Rocky, with Carbonate bars and Volcanic Outcrops) has much 
smaller numbers of megafauna, mostly suspension feeding octocorallians, and, 
in decreasing order of abundance, sponges (Cornucopia sp.), actinians, and cri-
noids. Very few detritus feeders or carnivores were present.

 Megafaunal Taxa Distribution

Habitat heterogeneity was the main factor structuring the distribution of megafaunal 
assemblages at different scales.

There is a marked patchiness in the distribution of megafauna, at a taxon level, as 
observed in the ratios of Morisita indexes for quadrats within the four main nodule 
facies. Concerning the most abundant taxa:

 – Actinids Sincyonis tuberculata aggregated above 1600 m2 on facies C and 800 m2 
on facies O.

 – Holothurians Mesothuria murrayi aggregated with a peak at 800 m2(and a lesser 
one at 200 m2) on nodule-facies BP, at 200 m2 and above 800 m2 on facies B, at 
less than 400 m2 on facies C. No Mesothuria murrayi have been recorded on 
facies O.

3.3  NIXO 41

 – NIXO 45 and NIXO 41 appeared very similar in terms of taxonomic richness 
and faunal abundance, despite the different methods and different platforms 
employed (different towed cameras and the manned submersible Nautile). The 
two areas showed the same order of dominance and proportionality of suspen-
sion feeders over deposit feeders and carnivores, whatever the facies, but tended 
to be characterized by a prevalence of ophiuroids instead of cnidarians.

 – Overall, the order of abundance of trophic groups may be characterized as sessile 
deposit feeders > mobile deposit feeders > sessile suspension feeders > mobile 
carnivores/scavengers > motile suspension feeders.

 – The relative abundances of megafauna were, in decreasing order of abundance, 
sipunculids, echinoderms (mainly echinoids and holothurians) > echiurians, > 
sponges, and cnidarians (mainly actinians).

 – No taxon was found to be exclusive to NIXO 41, i.e., all the taxa recorded had 
already been identified in NIXO 45.

 – Overall the relative taxonomic richness of facies was, in decreasing order, facies 
A 30% >C 30% >B 35%.
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 – The taxonomic richness, faunal composition, and levels of abundance of indi-
vidual taxa on facies B 35% were very similar to those recorded on the same 
facies in NIXO 45.

 – Facies C+ 30% in NIXO 41 had a greater faunal abundance than the same facies 
in NIXO 45.

 – The preferential habitat of suspension and deposit feeders was facies C+ 30% 
with recent sediments.

 – Facies A 30% resembled facies B 40% in NIXO 45 in its population of cnidari-
ans and resembled sloping facies C 20–40% in NIXO 45 in having a majority of 
echinoderms, and a relatively high density of sessile deposit feeders with the 
bonnelid echiurian worms present.

3.4  ECHO I

 – ECHO1 displayed an overall taxonomic richness of 61 taxa recorded over around 
25,200 m2, sampled over 3 nodule facies and a higher faunal richness (36 taxa) 
on facies C 40% than on facies B 45% (23 taxa).

 – Dredge tracks, produced by pilot-scale mining tests (OMA) in 1978, were still 
undisturbed and partly recolonized although with a minimum taxonomic rich-
ness (8 taxa) on facies O.

 – There were a greater number of taxa on facies C 40% (densely covered with big 
nodules).

 – There was an overall faunal dominance of deposit feeders over suspension feed-
ers and carnivores/scavengers, and more specifically an overall relative 
 dominance of sessile deposit feeders > mobile deposit feeders > sessile suspen-
sion feeders > mobile carnivores/scavengers > motile suspension feeders.

 – Results that differed from NIXO 45 and NIXO 41 were that suspension feeders 
prevailed on facies B 45% and facies C 40% on old sediments, with the most 
actinians (167 ind/ha) occurring on facies C40%.

 – Deposit feeders prevailed on facies O, mostly echinoderms, mainly echinoids 
and holothurians.

 – Overall the order of abundance of the main taxa was sipunculids (50  ind/ha) 
>echinoderms (mainly echinoids and holothurians) >echiurians > sponges and 
cnidarians (mainly actinians).

 – The overall predominance of echinoderms, mainly holothurians and echinoids, 
on photographs from ECHO I, taken with a 50  mm lens, differed from that 
recorded in NIXO 45 but resembled that recorded in NIXO 41 for facies A 30% 
and facies C 30%, although echinoderms were mainly represented by ophiuroids 
instead of holothurians as in NIXO 45.

 – Deposit feeders, sipunculids, echinoids, and holothurians were particularly 
abundant (332 ind/ha) on facies O with old sediments.
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3.5  BIE

 – There was a greater faunal abundance and richness on facies B 45% and facies C 
40% than on facies O.

 – There were overall about the same proportions of deposit feeders to suspension 
feeders to carnivores/scavengers. However suspension feeders prevailed on the 
nodule-bearing facies, while deposit feeders were slightly more abundant on 
facies O as in ECHO I.

 – The predominance of echinoderms (mainly holothurians and ophiuroids) over 
sponges and cnidarians (hydrozoans) was less marked on all substrates com-
pared to that on other sites.

 – As in ECHOI, sponges had a marked preference for nodule facies C 40%, where 
echiurians were also particularly abundant.

 – The highest diversities were recorded on gently undulating plains and horst 
slopes, intermediate diversities on horst tops and trough axles, and low diversi-
ties on trough slopes, with the lowest diversity being recorded on volcanic slopes.

 – Megafauna appeared more abundant on nodules that were diagenetically grown, 
D-type, and D1 subtype (Cu > Ni > 1.2%).

4  Discussion

The associations between different functional assemblages (Steneck 2001) and dif-
ferent nodule facies, as presented here, reflect the critical factors that drive the spe-
cies population dynamics; these will likely include environmental heterogeneity, 
sediment loads, and current variability and strength, as well as biotic factors, on/in 
the benthos, through the whole water column to the surface and above. This depen-
dence of the biological communities on precise physical environment needs to be 
borne in mind when considering the management of such physically driven biotopes 
(Tortell 1992), as does the fact that these environments are one of the world’s few 
that remain relatively pristine (Tilot 2010a; Ramirez-Llodra et  al. 2011). The 
changes to the seabed and overlying water column brought about by the mining 
activity will inevitably impact the different benthic communities present. 
Furthermore one must consider cumulative impacts with both natural impacts (natu-
ral climate variation, benthic storms, El Niño events, etc.) and anthropogenic distur-
bances (pollution, fishing, seabed mining, oil and gas extraction, disposal of wastes, 
etc.) in the same area, generally resulting in degradation and homogenization of 
habitats across broad areas (Glover and Smith 2003; Smith et al. 2008a; Thiel 2003).

Thus the indicators of sensitivity to environmental changes should be identified 
at different levels in the general characteristics and processes involved in the nodule 
ecosystem functioning in the CCZ from the surface (and above) to the seabed in a 
tridimensional perspective. The main findings discussed in the next sections lead to 
the designation of indicators of sensitivity to environmental changes anthropogeni-
cally or naturally induced as outlined further in Table 2.
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Table 2 Summary of the general ecological characteristics of the water column and the water-
sediment interface and processes involved in the nodule ecosystem functioning in the CCZ and 
indicators of sensitivity to environmental changes anthropogenically or naturally induced (adapted 
from Tilot et al. 2018)

General ecological 
characteristics and 
processes involved in the 
nodule ecosystem 
functioning in the CCZ

Indicators of sensitivity to environmental changes anthropogenically 
or naturally induced

Primary productivity, 
POCF, trophic input

The area is more sensitive; the flux of trophic input can be variable in 
space in time, generally very low on the benthos except events and 
horizontal currents. There will be a cumulative impact of natural and 
anthropogenic activities at the surface, above and in the water 
column, a recovery rate to assess for each stage and when cumulated

Biological features of 
abyssal fauna

The area is more sensitive, slower recovery rate if survival. Recent 
research evidences rapid adaptation to variable trophic input, 
opportunistic behavior; one would have to test the response of abyssal 
fauna to deep-sea mining impact and identify thresholds of impact for 
survivors et reorganization of food chains

The structure of faunal 
communities: 
Taxonomic richness, 
abundance and 
distribution at different 
temporal and spatial 
scales

Highly sensitive. Many species are new to science and need to be 
protected from extinction. There is a variability of biotic and abiotic 
parameters that conditions the structure of megafaunal populations at 
a regional scale and intra-site scale. Biodiversity and abundance of 
megafauna are enhanced on nodule areas vs nodule-free areas, in 
particular facies C 5–20% nodules + slopes >15%. Among Cnidarians 
and Echinoderms, prevailing components of megafauna in CCZ, 
some taxonomic populations evidence a non-random distribution. 
Information is lacking on sensitivity to spatial-scale dependence of 
recolonization of benthic communities

Temperature 1–4 °C, 
pressure increasing with 
depth (1 bar/10 m; 
500 bar/5000 m), 
absence of light, climate 
change

Sensitive. Characteristics of an extreme environment may become 
harsher to fauna to survive with alternative state of the environment 
after impact. The response of megafauna to noise and lights during 
DSM should be monitored on a long term. Abyssal fauna is strongly 
affected by climate change. Primary production and carbon export to 
the deep sea will be reduced

Deep ocean circulation, 
water masses, bottom 
currents

Unknown impact but most probably long lasting with multiple effects 
due to complexity. The low oxygen values of the thermohaline and 
intermediate waters would hinder the organic material decomposition, 
thus increase the sinking rates to the ocean floor. From Catala et al. 
(2015b), two water masses are highly sensitive: at 500–1500 m a 
unique layer with great molecular diversity and the oldest water 
masses of the oceans at 1800–3500 m. Bottom currents are variable, 
up to 25 cm/s, but there can be benthic storms and other events 
impinging on the sediment surface and fauna associated

Sedimentation rates and 
mixing

Highly sensitive. There is a lack of information on the sensitivity to 
sediment burial at the scale of the CCZ. DSM would probably have a 
considerable negative biological impact on a long term and at a 
regional scale, over an area of more than 3 million km2 of the 
deep-sea floor, overall the water column and surface of the ocean 
(and layer of air over the ocean)

(continued)
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4.1  The Structure of Faunal Communities in the CCZ

The UNESCO/IOC baseline (Tilot 2006a, 2010a) provided evidence of both intra- 
regional and within-area variability of the structure of epibenthic faunal assem-
blages in the CCZ in relation to variation in biotic and abiotic parameters at different 
scales of space and time. The data revealed a relatively high taxonomic diversity for 
all faunal categories, with many species new to science. These findings have been 
confirmed in other studies (Smith 1999; ISBA 2008; Levin et al., 2001; Glover et al. 
2002, 2016; Janssen et al. 2015; Paterson et al. 2015; Dahlgren et al. 2016; Amon 
et al. 2016b, 2017). Key faunal groups within the CCZ were the cnidarians, echino-
derms and sponges among the megafauna, and polychaete worms, nematode worms, 
and protozoan foraminifera among the macrofauna and meiofauna; these taxa rep-
resented >50% of faunal abundance and species richness in abyssal sediments and 
displayed a broad range of ecological and life history types. The faunal assemblages 
encompassed true abyssal species, notably among them Isopoda, Nematoda and 
Foraminifera, and Echinodermata.

All comparable studies have provided evidence that habitat heterogeneity (“nod-
ule facies,” micro-heterogeneity at nodule level, patches of detritus, biogenic struc-
tures, and bioturbation), in combination with other factors (bottom currents, 

Table 2 (continued)

General ecological 
characteristics and 
processes involved in the 
nodule ecosystem 
functioning in the CCZ

Indicators of sensitivity to environmental changes anthropogenically 
or naturally induced

Deep seafloor, global 
geochemical cycles, 
topography

More sensitive as heterogeneity of the substrate and topography play 
an important role in the structure of faunal assemblages

Polymetallic nodules, 
growth, and processes to 
maintain nodules on the 
seabed

Highly sensitive. The degree of exposure to currents and terrain slope 
are factors that determine the growth of nodules (von Stackelberg and 
Beiersdorf 1991; Wang et al. 2001; Hoffert 2008). The rate of growth 
of nodules can be variable in space and time. It has been estimated by 
radiochronological methods at several millimeters (4–9 mm) per 
million years (Harada and Nishida 1979; Heye 1988) and the time for 
reconstitution of nodules at one million years for 1–2 mm size 
nodules (McMurtry 2001); thus nodule mining cannot be considered 
as a sustainable activity. The role of bioturbation, in particular by 
deposit feeders, and the role of currents, which are sufficient to 
transport fine particles, alter chemical properties and reduce the real 
rate of sedimentation. Both factors have been proposed as important 
in maintaining the position of the nodules at the sediment surface 
(Hartmann 1979; Schneider 1981; Hoffert 2008). Foraminifera are 
systematically associated with nodules (Saguez 1985)

Adapted from Tilot et al. (2018)
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sediment chemistry, varying trophic input, and sedimentation rate), was responsible 
for driving the structure of the epibenthic faunal assemblages. There was clearly a 
markedly greater abundance and taxonomic richness of megafauna and macrofauna 
in nodule-bearing areas, while meiofauna preferred nodule-free areas. This general 
pattern has been observed in the CCZ (Amon et  al. 2016b; Galeron et  al. 2006; 
ISBA 2008; Morgan 1991; Mullineaux 1987; Radziejewska 1997; Radziejewska 
and Stoyanova 2000; Stoyanova 2008; Durden et al. 2015; Vanreusel et al. 2016) 
and also within the eastern Pacific in the Peru basin, where the nodule crevice fauna 
has been found to be distinctly different from that living in the sediment in the prox-
imity of the nodules (Tilot 1989; Thiel et al. 1993).

Polymetallic nodules clearly provided a distinct habitat for both infaunal com-
munities and for the sessile suspensivore fauna, e.g., sponges, actinids, stalked 
 crinoids, octocorallians, sedentary polychaetes, antipatharids, and tunicates that 
settle on the nodules. In addition, it appeared that the nature of sediments differed 
from nodule areas vs nodule-free areas where sediments were softer. The UNESCO/
IOC baseline (Tilot 2006a, 2010a) also provided evidence that megafaunal suspen-
sion feeders prevailed on nodule-covered areas, while sponges and deposit feeders, 
particularly holothurians, dominated in nodule-free areas.

The fact that nodule abundance and abiotic factors, such as slope, topography, 
and bathymetry, largely determined the abundance and composition of faunal 
assemblages has been supported in UNESCO/IOC baseline (Tilot 2006a, 2010a) in 
which different megafaunal assemblages were found associated with 13 distinctive 
habitats. However, at a regional scale, the work also provided evidence that (a) there 
tended to be more suspension feeders at western sites and more deposit feeders at 
eastern sites, mirroring a gradient in oceanic primary productivity from west to east, 
and (b) there was an increase in taxonomic richness of megafaunal and macrofaunal 
assemblages moving from east to west, reflecting a trend of greater substrate hetero-
geneity at both nodule and facies levels in the western area, in particular for facies 
C 2–15% and nodule-facies C 30%.

The community structure of the faunal assemblages varied substantially, with a 
significant turnover in species being evident over a latitudinal range. For foramin-
ifera and polychaetes, the turnover occurred at scales of 1000–3000 km across the 
CCZ (ISBA/Kaplan/Nodinaut). For megafauna, the turnover occurred at a larger 
scale (UNESCO/IOC baseline). Herein, the high values of the standard deviations 
of overall abundances of taxa indicated a high within-site variability, likely the 
result of the nonrandom dispersion of fauna widely reported in the literature 
(Schneider et al. 1987; Kaufman and Smith 1997). This phenomenon was particu-
larly evident at the taxon level with, e.g., the actinid Sincyonis tuberculata aggregat-
ing at densities greater than 1600  m2 on facies C but occurring at random at 
400–800 m2 on facies O, as judged by applying the Levis, David, and Moore indexes 
and Fisher’s coefficient (UNESCO/IOC baseline vol 1, Tilot 2006a).
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4.2  Primary Productivity, Particulate Organic Carbon Fluxes 
(POCF), and Trophic Input

The CCZ is defined as mesotrophic abyss (Primary productivity NECC range from 
210 to 327 mg C m3 d−1, POCF range from 0.5 to 1.6 g C m−2 y−1) (Smith and 
Demopoulos 2003; Hannides and Smith 2003; Pennington et al. 2006) with how-
ever seasonal patterns, upwelling and El Niño events (Dymond and Collier 1988; 
Ruhl and Smith 2004).

There is a variation in flux of deposition of phytodetritus, often in patches, on the 
sediment surface (Karl et al.1996; Smith et al. 1997, 1999, 2008b; Baldwin et al. 
1998; Radziejewska and Stoyanova 2000; Radziejewska 2002; Karl 2002; Smith 
and Rabouille 2002; Lutz et al. 2007; Stoyanova 2008; Amon et al. 2016a, b), and 
the dynamic benthic-pelagic coupling (Rowe 1971; Pfannkuche and Lochte 1993) 
induces significant changes in the structure of the epibenthic megafaunal assem-
blages and measurable effects on the ecosystem function (Smith et  al. 1993; 
Lauerman et al. 1997; Beaulieu and Smith 1998; Drazen et al. 1998; Thurston et al. 
1998; Danovaro 2008; Loreau 2008).

There is a horizontal contribution to nutritive sediment particles in suspension as 
a result of currents originating to the west in zones of high primary production 
(Smith and Demopoulos 2003). Particular edaphic and hydrological conditions 
above the bottom layer, perhaps related to the topography of the ocean floor, can 
favor the collection of nutritive sediment particles (Beaulieu and Smith 1998).

In addition, the carcasses of larger pelagic organisms provide a significant input 
of carbon to benthic food webs (Dayton and Hessler 1972; Haedrich and Rowe 
1977; Smith and Baco 2003; Tyler 2003).

4.3  Biological Features of Abyssal Megafauna, Community 
Dynamics, and Diversity

Deep-sea benthic megafauna are generally small in body size (with some excep-
tions, e.g., bonnelid worms), show low biomass, and are extremely delicate, feeding 
on a thin layer of organic matter at the water-sediment interface or in the water 
column above the benthos (Gage and Tyler 1991).

The deep-sea megafauna is characterized by slow metabolic growth, slow matu-
ration, low reproductive potential, and low rates of colonization, although compen-
sated for to some extent by greater longevity (Gage and Tyler 1991; Gray 1997; 
Smith and Demopoulos 2003), all adaptations to extreme environmental conditions 
(Rex 1983).

Temporal and spatial environmental variability are driving factors within the 
deep-sea ecosystem (Smith et al. 2001). As a result, community dynamics would 
follow a patch mosaic model with a dynamic mosaic of microhabitats on which spe-
cies might specialize (Grassle and Sanders 1973). Thus, contrary to possible expec-
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tation, the deep-sea benthos is surprisingly species-rich (Snelgrove and Smith 
2002).This variability induces fluctuations in biological processes (Tyler 1988; 
Gage and Tyler 1991; Smith and Kaufmann 1999; Gooday 2002) including oppor-
tunistic feeding (Billett et  al. 1988; Jumars et  al. 1990) and rapid community 
responses to variation at the deep-sea floor (Smith et al. 1986, 2001).

4.4  Water Masses and Major Currents

When comparing the three major ocean basins, the Pacific Ocean has the lowest 
salinity. As a result, the northern North Pacific shows no deep water formation and 
only a weakened intermediate water formation (Fiedler and Talley, 2006). As the 
deep global circulation ends in the northern North Pacific, this zone is considered as 
the oldest deep waters of the world (Talley et al.2011).

This is an important factor to be born in mind in relation to deep-sea mining, 
especially given the associated operations (including sediment dispersal, see fur-
ther) anticipated to take place in mid-water.

The mid-latitude North Pacific surface circulation is characterized by a two-gyre 
circulation driven by westerly and trade winds. The CCZ is located in the anticy-
clonic subtropical gyre and is dominated by the North Equatorial Current (NEC), 
which is the broad westward flow of the subtropical gyre between 8 and 20°N 
(Fiedler et al. 2013). This current is associated with equatorial upwelling in the east 
that brings high nutrients and biological productivity. According to Longhurst’s bio-
geographic provinces, this area is covered by the North Pacific Tropical Gyre prov-
ince (NPTG) (Longhurst 2007).

Below the upper layer (>200 m), based on the analysis of samples collected by 
the 2010 Spanish Malaspina Expedition within the area 7–20°N and 99–167°W, 
seven separate water masses can be identified at depths between 200 m and 4000 m 
(Catalá et al. 2015a, b) (Fig. 7; for more information about the water masses, see 
Table S1 of Catalá et al. 2015b).

In the central domain (200–500 m), the central waters make up the thermocline/
pycnocline in the subtropics (Talley et al. 2011). In the CCZ, the dominant central 
water is the 13 degrees Equatorial Water (13EqPac) (Tsuchiya 1981), which 
 represents 18.1% of the total water volume of the defined area. It is advected east-
ward across the Pacific from the low-latitude western boundary currents and is asso-
ciated with the subsurface countercurrents (Talley et al. 2011). At a lesser degree, 
the North Pacific Central Mode Water (CMWNP) and the North Pacific Subtropical 
Mode Water (STMWNP) are also present with 14.1% and 1%, respectively. These 
water masses are found in the North Pacific subtropical gyre (Suga et al. 1997).

The intermediate domain (500–1500 m) is mostly covered by the North Pacific 
Intermediate Water (NPIW) with a proportion of 22.3%. This water mass is formed 
by the mixing of different waters in the NW Pacific, in the Okhotsk Sea, and at the 
Oyashio Front (Johnson 2008; Bostock et al. 2010) and is characterized by a salinity 
minimum with low oxygen and low density (Talley et al. 2011). For the case of the 
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Malaspina Expedition, the NPIW showed a water mass weighted-average salinity of 
34.53 ± 0.02 and an apparent oxygen utilization of 255 ± 6 μmol kg−1 (see Table 1 
from Catalá et al. 2015a). The coldest branch of the Antarctic Intermediate Water 
(AAIW3.1) (McCartney 1982; Talley 1996) was slightly present at the CCFZ with 
0.9%.

The thermohaline and intermediate waters (500–1500  m) in the CCZ present 
unique features as they undergo excessive aging (Catala et al. 2015b). This anomaly 
is associated with (1) the high biological productivity of the area, which exports 
organic material from the surface to the deep ocean (Feely et al. 2004), and (2) the 
sluggish circulation of the North Pacific that facilitates organic matter sinking. The 
high productivity of this area together with the weak sub-thermocline currents 
results in a pronounced oxygen minimum layer (OML) (Kessler 2006). We hypoth-
esize that the low oxygen values hinder the organic material decomposition, thus 
increasing the sinking rates to the ocean floor (Catala, pers. comm.).

The abyssal flow of the CCFZ consists of an anticyclonic circulation (Talley 
et al. 2011). The abyssal domain (>1500 m) is covered mostly by the Circumpolar 
Deep Water (CDW), also named “common water,” formed by mixing in the Antarctic 
Circumpolar current of mid-depth Indian, Pacific, and Atlantic deep water with 
Antarctic Bottom Water (AABW) and the North Atlantic Deep Water (NADW) 
(Montgomery 1958; Georgi 1981; Broecker et al. 1985). The AABW, at its purity 
state, is also detected in the area at lower proportions (i.e., 4.4%). This water mass 
is formed in the Weddle and Ross Sea (Onken 1995; Arhan et al. 1999) and is rec-
ognized by lower temperatures and higher salinity than the overlying CDW (Talley 
et al. 2011).

A potentially significant management issue is the desirability of preserving the 
oldest water masses located in the North East Pacific between 1800 and 3500 m 

Fig. 7 Water masses in the CCFZ region. The results are based on the water mass analysis per-
formed in the Malaspina 2010 Circumnavigation (Catalá et al. 2015a, b). Only the most abundant 
water mass for each site was plotted. The dashed red line represents the upper limit of the water 
mass analysis (200 m). The lower limit of the Malaspina water mass analysis was at 4000 m. 
Below this depth, the information has been extracted from Talley et al. (2011). AABW, Antarctic 
Bottom Water; CDW, Circumpolar Deep Water; NPIW, North Pacific Intermediate Water; 
CMWNP, North Pacific Central Mode Water; 13EpPac, Equatorial Pacific Central Water (13 °C)
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according to Talley et al. (2011), because of their unique properties, which stem 
from their perpetual reworking in the deep ocean. They are characterized by a dis-
tinct biogeochemistry and greater molecular diversity, heterogeneity, and complex-
ity of dissolved organic matter (Dittmar 2014). Given the water masses age, the 
microbial communities are expected to be adapted to these hypoxic and inhospitable 
conditions, resulting in a different deep-sea microbial biodiversity. This singular 
biogeochemistry and microbial flora are presumed to have an impact on the nodule 
ecosystem via the water column food chain and pelagic-benthic transfer to the 
 sediments; it may also influence nodule genesis. These oldest water masses are thus 
very vulnerable, but the impact of deep-sea mining on them remains difficult to 
quantify.

4.5  Eddy Kinetic Energy and Bottom Currents

The maximum sea-height variability denoting excess eddy kinetic energy at the 
surface is transmitted to the seafloor in water depths exceeding 3000 m (Hollister 
and Nowell 1991; Kontar and Sokov 1994). Many regions of the world ocean show 
evidence of benthic storm activity in which cold currents in the deep ocean acceler-
ate into powerful sediment-transporting events (e.g., Gardner and Sullivan 1981; 
Hollister and McCave 1984; Klein 1987; Nowell et al. 1982; Quirchmayr 2015). 
Bottom currents in the northeastern tropical Pacific are predominantly weak (Shor 
1959), between 2 and 25 cm/s (Amos et al. 1977), but the flow is characterized by 
alternation of periods of stronger, quasi-unidirectional currents, and periods of 
slower water movement (Kontar and Sokov 1994, 1997). Nevertheless, several 
hydrographic disturbances, such as changes in deep ocean current or periodic “ben-
thic storms,” have been recorded during long-term in situ monitoring (Aller 1997; 
Kontar and Sokov 1994); such changes will in turn impinge on the sediment surface 
itself (Tkatchenko and Radziejewska, 1998).

4.6  Climate Variation and Global Warming

Deep-sea communities are strongly affected by climate variation in the Pacific 
Ocean basin (Barange et al. 2010; Smith et al. 2009), as are those of the upper ocean 
(Barnett et al. 2005; Levitus et al. 2000). Global warming is anticipated to increase 
stratification while reducing vertical mixing and nutrient exchange from deeper 
depths (Behrenfeld et al. 2006, Sarmiento et al. 2004); this in turn is expected to 
reduce primary production and carbon export to the deep-sea (Huisman et al. 2006), 
thus impacting the deep ocean ecosystem (Glover et al. 2010), including in particu-
lar that of the northeast Pacific (McGowan et al. 1998).
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4.7  Sedimentation Rates and Mixing: The Sedimentary 
Environment of Nodules

In the Eastern Equatorial Pacific Ocean, sediment coverage is about 20% thicker 
within morphological depressions than on the ridges, and, under the influence of 
sedimentary processes, the contours tend to soften (Shor 1959). The sediment cover 
in the CCZ is mainly biogenic but has been subjected to diagenetic processes to 
varying extent (Hannides and Smith 2003; Hoffert 2008). The surface layer is highly 
hydrated and can be several hundred meters thick, depending on the age of the crust 
and prevailing sedimentation rates (Kotlinski 1999; Menzies et al. 1975).

Sedimentation rates in the CCZ are assessed to be 0.1–10 cm per thousand years 
(Gage and Tyler 1991; Smith and Demopoulos 2003). Although the currents are 
weak (2–25 cm/s), they are sufficient to transport fine particles (in some places for 
a thickness of about 400 m) and thus, in places, to reduce the rates of sedimentation. 
Yet they are too slow to cause the erosion of even lightly consolidated sediments 
(Hoffert 2008). This explains why in ECHOI dredge tracks produced in 1978 are 
still visible over 30 years later (ISBA 2008; Tilot 1991, 2006a).

According to Hoffert et al. (1992), the presence of nodule deposits on the seabed 
is due entirely to the existence of present-day erosion (less than 210,000  years) 
which once interrupted, causes rapid nodule burial. Lonsdale and Southard (1974) 
also showed that in identical conditions, nodule-bearing sediments are more sensi-
tive to erosion created by lower current speeds than are sediments without 
nodules.

The mechanical resistance of the ocean floor at the NIXO 45 site has been esti-
mated from cores of recent clayey silt and analysis by a field vane tester (NIXONAUT- 
GEMONOD cruise, 1988). The cohesion is weak for recent silt; it rises from 1 to 
2 kPa in the interface layer to 3–5 kPa at several tens of centimeters depth. In con-
trast, it is clearly stronger (upto 20–80 kPa) for older sediments.

The ecological characteristics of the nodule ecosystem within the CCZ are sum-
marized in Table 2. As outlined, a series of issues are relevant to the management 
and conservation of biodiversity in this environment.

5  Options for Management of the Impacts of Deep-Sea 
Mining

Unfortunately, unlike fisheries, for example, polymetallic nodule mining cannot be 
managed as a sustainable activity, since the reconstitution of nodules following 
removal, and the restoration of the nodule ecosystem, if ever possible, will take 
several million years, based on measured rates of nodule formation and growth 
(Ghosh and Mukhopadhyay 2000; McMurtry 2001). Further, commercial nodule 
mining is envisioned to be the largest-scale human activity ever to affect the deep 
sea, most probably taking place at a regional scale over an area of more than 
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3 million km2 of the deep-sea floor. The processes will impact not only the benthos 
but also the water column and the surface of the ocean (and even the layer of air over 
the ocean), at a global regional scale. Thus, faunal communities particular to the 
nodule ecosystem may even be threatened with extinction.

The temporal and spatial scales of disturbances will naturally determine whether 
these habitats are able to sustain themselves or change to the extent that the original 
pristine state can never be recovered (Berkes et al. 2003; Glover and Smith 2003; 
Gundersen and Pritchard 2002; Ramirez-Llodra et al. 2011; Barbier et al. 2014). 
The extent of impacts will have crucial consequences for management, since it is 
easier to repair a damaged ecosystem than restore it once destroyed. During impact 
and post-impact phases, changes in species composition of the benthos almost 
invariably occur, often favoring short-lived species that can quickly colonize after 
the disturbances (Hughes et al. 2003, 2005; Khripounoff et al. 2006). Subsequently 
alternate ecosystem states may be maintained through density-dependent mortality 
effects (e.g., owing to altered predator-prey ratios) or as a result of populations fail-
ing to achieve density thresholds required for reproductive success (Cury and 
Shannon 2004).

The environmental impact studies that have been conducted on nodule ecosys-
tems in the CCZ, the Indian Ocean, and the Peru basin (e.g., Amos et  al. 1977; 
Bluhm 2001; Chung et  al. 2001; Foell et  al. 1990; Fukushima 1995; Fukushimi 
et al. 2000; Oebius et al. 2001; Ozturgut et al. 1980; Radziejewska 1997; Schriever 
et al. 1997; Sharma et al. 2001; Shirayama 1999; Thiel et al. 1992, 2001; Tilot 1989; 
Tkatchenko et al. 1996; Trueblood et al.1997; Thiel 2001, 2003) mostly focused on 
alterations to the sediment-nodule interface and impact to epibenthic faunal com-
munities over very localized areas, compared to the size and the number of areas to 
be mined. Several reviews (e.g., GESAMP 2016; Jones et al. 2017; Sharma 2015; 
Smith 1999) concluded that there is a lack of information on the potential impact of 
sediment burial at the scale of the CCZ and that there would be considerable long- 
term negative effects on the ecosystem.

These arise because, according to Sharma (2015), for every ton of manganese 
nodule mined, 2.5–0.5 tonnes of sediment will be resuspended. Adjacent areas will 
obviously experience the highest sedimentation rates, but sediment plumes will 
remain in suspension over long periods and also travel laterally (Jankowski and 
Zielke 2001). It is considered that significant sediment loads will clog the filter 
feeding apparatus of most benthic fauna. Hannides and Smith (2003) estimate that 
the mining proposed would severely affect benthic communities over 20,000–
45,000 km2 of seabed, with resettlement of up to 95% of the sediment particles 
released within a period of 3–14 years, depending on the depth of release (Rolinski 
et al. 2001). That this is so can be appreciated if one considers that even with a cur-
rent as low as 1  cm per second, waterborne sediment would travel more than 
3000 km within a period of 10 years. Even while still suspended in the water col-
umn, the sediment plume is anticipated to have various effects depending on the 
particular water masses involved.

In conformity with the principle of ecosystem-based management and the com-
mitments enshrined in the Convention on Biological Diversity, marine spatial plan-
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ning in the high seas/deep sea needs to pursue an integrated approach that both 
considers all stakeholders and sectors of activity and fully appreciates the tridimen-
sional status of the oceans. The necessary marine spatial planning will require 
cumulative impact studies that monitor the extent of impact at all scales (Ardron 
et al. 2008; Gianni et al. 2016; Foley et al. 2010).

In the pelagic domain, numerous species are using the CCZ as feeding grounds 
near the surface (0–200 m for Bluefin tuna according to Block et al. (2003, 2011), 
see map). Some species extend their range to depth of 1000 m such as for yellowfin 
tuna, bigeye tuna, and swordfishes to 1500 m for bottlenose whale or approximately 
3000  m for sperm whale (FAO Fisheries and Aquaculture 2000; Karleskint 
et al. 2013; Schor et al. 2014, see maps), and recently at 4258 m, evidence of contact 
on the nodule seabed of Cuvier’s beaked whales has been hypothesized (Marsh 
et al. 2018).

5.1  Monitoring and Rapid Ecological Assessment (REA)

A wide variety of long-term monitoring methodologies are used to collect time 
series data in shallow-water ecosystems for research and management purposes 
(Davies et al. 2001; Price 2004), many incorporating the use of still or video imag-
ery (see, e.g., Tilot 2003; Tilot et al. 2008a, b). However, as with baseline assess-
ments, a major issue is the limited time and resources that can be allocated to 
sampling at any one site, to which may be added the extremely large areas over 
which competent monitoring is often desired. Such issues are especially acute when 
the need to monitor the benthic environment of the CCZ is considered.

Monitoring of deep-sea benthos using the methods described is comparable in 
that only reasonably conspicuous megafauna can be recorded and that key environ-
mental factors such as sediment type, nodule density, and seabed slope must be 
assessed visually on a predefined scale.

Adoption of REA principles does not however exclude the necessity for monitor-
ing of key water column parameters, such as turbidity, current speed, dissolved 
oxygen concentration, production (chlorophyll), alkalinity, etc. It is essential to 
establish a permanent or semipermanent tridimensional monitoring system record-
ing key environmental variables related to the different mining activities that will 
take place not only on the seabed but also in the water column and at the surface. 
Most of these variables can be measured with sensors, for example, current velocity 
using Lowered Acoustic Doppler Current Profilers (LADCP).

Judging by the recent results of Catalá et al. (2015a, b) and research on hydrody-
namics close to the seabed (Henry et al. 2013; Moreno Navas et al. 2014) and on 
nepheloid layers (Gardner and Sullivan 1981; Gardner et al. 1984) in particular for 
nodule fields (Hoffert 2008), attention will need to be paid to the selected environ-
mental parameters within five particular depth zones: (i) from the surface to 200 m, 
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(ii) on the central domain (200–500 m), (iii) within the intermediate domain (500–
1500 m), with a pronounced high productivity and pronounced oxygen minimum 
layer, (iv) in the abyssal domain (>1500–up to 200 m above the seabed) where are 
located the oldest water masses of the oceans (between 1800 and 3500 m), and (v) 
close to the seabed (200 m above to the seabed including the bottom nepheloid layer 
which may extend >200 m above the seabed into the abyssal domain), a most inter-
esting layer with direct implications for the functioning of the nodule ecosystem 
and its genesis. The data should enable the management body to set up guidelines 
that can be adapted over time and space to reflect expected impacts (Tilot 2004, 
2010a, 2014) and consider pelagic protected areas (Game et al. 2009), such as in 
Tilot (2004) and Ardron et al. (2008).

5.2  Management Tools Applied to a Pilot Study: NIXO 45

A multilayer Rapid Ecological Assessment (REA), sensitivity indices and the study 
of bottom currents have been applied to a pilot site, NIXO 45 (Tilot et al. 2018).

 Description of the Site from Imagery

The geomorphological landscape of the nodule area of NIXO 45 is a central depres-
sion of maximum depth 5150 m, bordered by two hills to the west and east, which 
rise to a depth of about 4750  m. On basis of photographic data and multibeam 
sounder, it has been interpreted as composed of basins, valleys, hills, and plateaux 
all generally cut into more or less regular successive steps with subvertical walls. In 
addition, there are slopes and cones of scree as well as outcrops of the basaltic plat-
form. The slopes rarely exceed 7° though can reach 15° locally, particular on the 
sides of the hills (du Castel 1985). The whole morphological structure has a princi-
pal north-south orientation, parallel to the ancient axis of accretion. Two types of 
sediments are present “red clays” and “contemporary siliceous silts.” The latter 
forms most of the substratum, several meters thick, on which the nodules grow. On 
steep slopes and gravitational landslides (slope 15–20%), nodules are generally 
smaller (nodule-facies BP) or absent.

The main results of the REA, illustrated in Fig. 8, show that:

 – There is an overall dominance of suspension feeders > detritus feeders > carni-
vores and scavengers.

 – Megafauna is more abundant on big nodules C+10% and C+30% on slopes 
(>15°).

 – The values and sensitivity indexes outline that overall facies C may be consid-
ered the most vulnerable, in particular facies C 15–20% on a slope of >15°. Thus 
special focus will have to be given to manage impacts on facies C as it is the most 
interesting commercially with facies B and Bp (Fig. 8).
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 Fixed Organisms as Indicators of Bottom Currents

As evidenced in Heezen and Hollister (1971) and Kennett (1982), fixed organisms 
are good indicators of bottom currents. Seabed morphology in NIXO 45 comprises 
horsts and grabens (linear ripples and furrows) that tend to generate stronger cur-
rents on slopes that are favored by sessile suspension feeders (UNESCO/IOC base-
line vol 1, Tilot 2006a). The varying near-bed velocity field plays a role in the supply 
of edible particles to benthic suspension feeders since the horizontal flux of organic 
seston is a function of the interaction of particles of varying densities with the near- 
bed velocity field (Muschenheim 1987).

Fig. 8 Pilot Site NIXO 45 where REA and management indices have been applied. GIS 
Bathymetry, currents and the 4 main facies represented. The areas with slope bigger than 15% are 
highlighted in green. Bottom current directions derived from the analysis of imagery of the seabed, 
in particular of the direction of suspension feeders
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The analysis of the imagery from NIXO 45 found that most suspension feeding 
assemblages occurred on facies B and C in the eastern and western hills, in particu-
lar on facies C 5–10%, C 15–20% with slope >15° (Tilot 2006a). Their distribution 
indicated the general direction of N40-N50 bottom currents (Tilot et  al. 2018) 
(Fig. 9).

 Value and Sensitivity Indices for NIXO 45

Based on data gathered during the UNESCO/IOC baseline survey of NIXO 45, we 
have developed a provisional sensitivity index, based on the values of a series of 
ecological and environmental indicators. We have also assessed the typical (modal) 
values of each indicator and hence the value of the index, for each facies, arriving at 
the values shown in Tables 3a and 3b. These values support the view that overall 
facies C, followed by facies C 25–40% and facies BP 35–50% may be considered 
the most vulnerable, with facies C 5–10% and facies C 15–20% on a slope of >15% 
obtaining very similar scores. These facies are hosting the most diverse and abun-
dant megafauna according to the multivariate analysis. Facies O with recent sedi-
ments, adjacent to facies C (see results for NIXO  45), have the second highest 
richness and abundance values. To note that miners are most interested on facies C 
and facies BP with this range of nodule coverage (Tilot 2006a).

Fig. 9 Diagram representing the possible local bottom current pattern and the setting up of struc-
tures in “furrows” as observed in NIXO 45. (Adapted from Flood 1983)
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Table 3a “Value Indexes” for NIXO 45 based on results of UNESCO/COI baseline survey  
(Tilot 2006a)

Value index O O A B C C C BP RCVO

Facies/criteria  
(top number highest 
value)

Old 
Sed

Recent 
Sed

30–
50%

40–
50% 5–10%

15–20%

25–
40%

35–
50%

Rock- 
outcrop

With 
slope 
>15°

% nod cover (1–6) – – 3 6 1 2 4 5 –
Interest for miners 
(1–3)

– – 1 3 2 3 3 3 –

Slope/escarpments 
(0–3)

0 0 1 2 0 3 0 1 3

Hills (1–3) 1 3 2 3 1 2 2 1 1
Plateaux, valleys 
(0–3)

0 2 1 3 3 3 3 2 1

Deeper basins (0–1) 1 0 0 0 0 0 0 0 0
Taxon abundance 
(1–9)

3 7 5 2 9 8 4 6 1

Taxon diversity 
(1–9)

5 8 4 2 9 7 3 6 1

Susp feeders (1–9) 2 7 3 5 9 8 4 6 1
Detr feeders (1–9) 5 6 4 3 9 8 7 2 1
Carnivores (1–9) 7 5 1 9 6 3 4 8 2
Echinoderms (1–9) 3 6 4 2 9 8 7 5 1
Cnidarians (1–9) 2 6 2 3 9 8 7 4 1
Sponges (1–9) 5 3 2 4 7 9 8 6 1
Echiurian (1–3) 2 3 3 3 2 2 3 3 –
Bioturbation (1–3) 
superficial to deep

3 3 2 3 (1), 3 (1), 3 1 2 –

Total value index 39 59 38 53 79 77 60 60 14
Value index/10 4 6 4 5 8 8 6 6 2

aBioturbation (1–3) was scored as: 1, surface tracks (between nodules, circular furrows); 2, inter-
mediary bioturbation (furrows, lines, imprints); 3, deep bioturbation (several cm to ms): tumuli, 
burrows, and rosette. The simplified Value Index Score was obtained by summing all values and 
dividing by 10 to give values on a 10-point scale (Tilot et al. 2018)
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Table 3b “Sensitivity Index” values for NIXO 45 based on results of UNESCO/COI baseline 
survey (Tilot 2006a)

Facies/criteria O O A B C C C BP RCVO

(Top number highest 
value)

Old 
Sed

Recent 
Sed

30–
50%

40–
50% 5–10%

15–
20%

25–
40%

35–
50%

Rock- 
outcrop

With 
slope 
>15°

% nod cover (1–6) 
weight 1

– – 3 6 1 2 4 5 –

Interest for miners 
(1–3) weight 0

– – 0 0 0 0 0 0 –

Slope/escarpments 
(0–3) weight 2

0 0 2 4 0 6 0 2 6

Hills (1–3) weight 2 2 6 4 6 2 2 4 2 2
Plateaux, valleys (0–3) 
weight 1

0 2 1 3 3 3 3 2 1

Deeper basins (0–1) 
weight 0

0 0 0 0 0 0 0 0 0

Taxon abundance 
(1–9) weight 1

3 7 5 2 9 8 4 6 1

Taxon diversity(1–9) 
weight 2

10 16 8 4 18 14 6 12 2

Susp feeders (1–9) 
weight 2

4 14 6 10 18 16 8 12 2

Detr feeders (1–9) 
weight 0

0 0 0 0 0 0 0 0 0

Carnivores (1–9) 
weight 1

7 5 1 9 6 3 4 8 2

Echinoderms (1–9) 
weight 1

3 6 4 2 9 8 7 5 1

Cnidarians (1–9) 
weight 2

4 12 4 6 18 16 14 8 2

Sponges(1–9)  
weight 2

10 6 4 8 14 18 16 12 2

Echiurian(1–3)  
weight 2

4 6 6 6 4 4 6 6 0

Bioturbation (1–3) 
superficial to deep 
weight 2

6 6 4 6 4 4 2 4 0

Total 53 86 52 72 106 104 78 84 21
Vulnerability 
index/12

5 9 5 7 11 10 8 8 2

The values in the table were obtained by weighting the values from Table 3a (by a factor 0–2) 
according to their likely sensitivity to environmental impacts such as nodule mining, as judged 
from knowledge of the ecosystem and information contained in the literature. The Simplified 
Sensitivity Index Score was obtained by summing all values and dividing by 10 to give values on 
a 12-point scale (Tilot et al. 2018)
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Long-Term Monitoring of Environmental 
Conditions of Benthic Impact Experiment

Tomohiko Fukushima and Akira Tsune

Abstract The Japan Deep-Sea Impact Experiment (JET) is an in situ experiment 
aimed at evaluating the environmental impacts and recovery process arising from 
associated manganese nodule mining. The experiment was initiated in 1994 and 
ended in 1996. However, owing to the short monitoring period, it was not possible 
to gain adequate understanding of the recovery process. Subsequently, the Deep 
Ocean Resources Development Co., Ltd., revisited the site 17–18 years later and 
surveyed the environmental conditions (long-term monitoring survey). This survey 
found that the environmental impacts that were recognizable immediately after and 
1 year after benthic disturbance were not visible after 17–18 years. This chapter 
presents the results of the long-term monitoring survey and discusses future plans of 
environmental impact evaluations.

Keywords Deep-sea mineral resources · Manganese nodules · Impact experiment 
· Environmental impact assessment (EIA) · Meiobenthos · Clarion-Clipperton 
Fracture Zone (CCZ)

1  Benthic Impact Experiment

1.1  Historical Background

In view of the shortage of metal resources in the near future, the development of 
seabed mineral resources has received increased attention. At the same time, it has 
become necessary for environmental impact assessments (EIAs) to be more rigor-
ous than ever before (Fukushima and Nishijima 2017). However, since there is no 
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active mining being carried out at present, it is not easy to correctly assess the envi-
ronmental impact. In 1972, the Lamont Doherty Geological Survey undertook a 
desk study on the environmental impact of deep-sea mining (Ozturgut et al. 1997). 
Subsequently, the National Oceanic and Atmospheric Administration (NOAA) con-
ducted a large-scale baseline study DOMES (Deep Ocean Mining Environmental 
Study: 1976–1980) (Ozturgut et al. 1978; Ozturgut 1981). The results of that survey 
were used to list the factors that were thought to potentially adversely impact an 
environment in Programmatic Environmental Impact Statement (PEIS) (NOAA 
1981). The following year, NOAA narrowed the list down to two activities that were 
thought to be particularly serious (NOAA 1982). The first possibility was that min-
ing devices or collectors could impact benthic organisms directly (physically), and 
the second was that the resuspension and resettlement of marine sediment accompa-
nying the operation of those machines could indirectly impact benthic organisms in 
surrounding areas. Since then, the NOAA has been conducting verification experi-
ments, such as the Acute Mortality Experiment (1987) (Smith et  al. 1988) and 
QUAGMIRE Expedition II (1990) (Wilson 1990), which were specific to sediments 
resuspension and resettlement (hereinafter called benthic disturbance). In 1992, a 
new device (hereinafter, called the disturber) was developed to create benthic distur-
bance, which was successfully operated in the Clarion-Clipperton Fracture Zone 
(CCZ) (Trueblood 1993). This experiment was known as the Benthic Impact 
Experiment (BIE) (1992). Subsequently, the same device was used to carry out the 
Japan Deep-Sea Impact Experiment (JET) (1994) and IOM’BIE (1995) in the CCZ, 
as well as the Indian Deep-Sea Environment Experiment (INDEX) (1997) in the 
Indian Ocean (hereinafter, referred to as the BIE-type experiment) (Fukushima 
1995; Kotlinski 1995; Sharma et al. 2000).

Prior to these, researchers from Hamburg University, Germany, conducted a 
Disturbance and Recolonization (DISCOL) experiment using a plow harrow in Peru 
Basin (Thiel 1991). Although there are differences in methods between the German 
experiment and the BIEs, both were field experiments for deep-sea mineral resource 
development. The four BIE-type experiments revealed that benthic disturbance 
reduced benthic organisms, at least temporarily immediately after the experiments. 
However, as the monitoring was discontinued after 1 year, 2 years, 5 years, and 
3 years (44 months) for BIE, JET, IOM’BIE, and INDEX, respectively, the duration 
required for complete restoration was not ascertained. Similarly, DISCOL monitor-
ing was discontinued within 7 years, so the recovery process has remained unknown.

In this context, Deep Ocean Resources Development Co., Ltd. (DORD), revis-
ited the JET site in 2011 and 2012 and attempted to survey the present status.1 
Similarly, JPI-Oceans, which is a project launched by the EU, revisited the IOM’BIE 
site in 2015 and conducted environmental monitoring activity 20 years later (JPI 
Oceans 2016). Moreover, the same research vessel revisited the DISCOL site and 
carried out a survey equivalent to monitoring 26 years later and reported the long- 
term effects on megafauna (Vanreusel et al. 2016).

1 JET (1994–1996) was conducted by the Metal Mining Agency of Japan (MMAJ; now called 
Japan Oil, Gas and Metals National Corporation (JOGMEC).
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1.2  Short-Term Impact of Benthic Disturbance

Briefly, the BIE-type experiment involved understanding the natural environmental 
conditions, followed by an artificial impact, and comparing environmental condi-
tions before and after the impact. In this process, understanding the natural environ-
mental conditions is referred to as the baseline study, conducting artificial impact is 
referred to as the disturbance, and evaluating the changes in the seabed conditions 
is referred to as monitoring. Before discussing the long-term monitoring results, the 
results of short-term monitoring revealed by JET are introduced.

JET was carried out in the western part of the CCZ, which is located in the explo-
ration area of DORD (hereinafter, the JET site; Fig. 1). The water depth at the exper-
imental site is 5200 m and it exhibits a valley type of topography with relatively 
small amounts of manganese nodules. A baseline survey (JET1) was carried out in 
August 1994, and the seabed was disturbed by towing a disturber in September 

Fig. 1 Location and topography of JET site. (After Fukushima 2004)
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1994 (Fig. 2). A monitoring survey was carried out immediately after benthic dis-
turbance (JET2), 1 year later (JET3), and 2 years later (JET4). In this paper, the area 
inside the track where the disturber was towed is called the “disturbance” area, and 
the area within 300 m of the track is called the “disturbed area” (Fig. 3). Also, in 
order to differentiate from the survey conducted in 2011–2012 (i.e., JET5), the 
JET1, JET2, JET3, and JET4 surveys are collectively referred to as the previous JET 
surveys. In JET1, it was confirmed through analysis of variance (ANOVA) (all 
p < 0.01) that the concentration of total organic carbon (TOC), total nitrogen (TN), 
and calcium carbonate (CaCO3) in the sediment decreased significantly with depth 
(Fukushima et al. 2001). Moreover, it was confirmed that the vertical distribution of 
meiobenthos is concentrated within 1 cm of the surface (Fukushima 2004). In other 
words, under natural conditions, there is a vertical gradient distribution of sediment 
and meiobenthic components.

In order to create the disturbance, the benthic disturber was towed for 20 h and 
27 min. Using data and analysis of sediment traps, seabed video observations, and 
numerical models, the amount of sediment discharge was calculated to be about 
352 tonnes (converted to dry weight) (Fukushima 1995), and the sediment was esti-
mated to have spread along a distance of at least 500 m (Barnett and Yamauchi 
1995). In addition, from sediment trap samples, it was found that the released sedi-
ment consisted mainly of inorganic material (Fukushima et al. 2002).

JET2 results did not show vertical reduction in TOC, TN, and CaCO3concentrations 
in the disturbance adjacent area, as was seen in JET1 (Fukushima 2004). Furthermore, 
an integrated indicator was calculated from the first principal component (PZ1) of 
principal component analysis (PCA) using these three components. The relation-
ship between the value and the distance from the disturbance area was then com-
pared, and statistically significant slopes were found in the 0–0.25  cm and 
0.25–0.5  cm layers (both p  <  0.05) (Fukushima et  al. 2001). In other words, 

Fig. 2 Schematic arrangement for the disturber towing. (After Fukushima 2004)
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 redeposition is considered to have changed the chemical composition of the surface 
layer of the sediment. This means that the food environment of benthic organisms 
(especially infauna that depend on sediments for nutrients, deposit feeders, etc.) 
deteriorated. Subsequently, as compared to the results from JET1, the abundance of 
meiobenthos was statistically found to be significantly smaller (t-test; each p < 0.01). 
From these results, it can be estimated that benthic disturbance changes the chemi-
cal composition of the surface sediments and the distribution and abundance of 
meiobenthos (Fukushima 2004).

A comparison of the results of JET3 and JET4 with those of JET1 reveals no 
remarkable difference in the chemical compositions of sediment and the abundance 
of meiobenthos, as was the case with JET2. In JET3, the correlation between the 
distance and PZ1 was significant in the 0–0.25 cm layer (p < 0.05), but not signifi-
cant in the 0.5 cm layer. Furthermore, no significant relationship was found in any 
layer in JET4. As for the abundance of meiobenthos, no statistical significance was 
found between JET1 and JET3 and JET4. Thus, while the chemical composition of 
sediment and biomass of benthic organisms seemed to return to their original state, 
there were changes in species diversity. Comparing the species diversity of JET1 
and JET4, although it was limited to nematodes, it was seen that JET4 had a higher 
species number and diversity index than JET1(expected species number (Es (n)) 
(Fukushima 2004). Besides, in the case of macrobenthoss, it was found that the 
influence on infaunal species is more serious than that on epifaunal species 
(Fukushima and Imajima 1997). Further, in the case of megabenthos, it was inferred 
that the influence on the deposit feeders was larger than that on the suspension feed-
ers (Fukushima et al. 2000).

Fig. 3 Disturber tow tracks and sediment sampling positions. (After Fukushima and Tsune 2018)
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To summarize the above, the chemical composition of the sediment temporarily 
changed as a result of benthic disturbance, but the change was limited vertically to 
the surface layer up to 0.5 cm, and decreased with the passage of time. Even in the 
case of meiobenthos, as with changes in chemical components in sediments, there 
was a change in the vertical distribution and abundance immediately after benthic 
disturbance, but it approached its original level with time. Although limited results, 
species diversity of nematode were different between JET1 and JET4. The above is 
the information of previous JET survey, and these observations were compared dur-
ing long-term monitoring carried out in JET5.

2  Methods and Materials

JET5 was carried out for long-term monitoring at the JET site in 2011 and 2012, i.e., 
17–18 years after benthic disturbance during which data was collected on current 
direction and velocity, water quality, sediment properties, and benthic organisms 
(meio-, macro-, and megabenthos). This study describes the results of analyses for 
sediment properties, such as total organic carbon (TOC), total nitrogen (TN), and 
calcium carbonate (CaCO3), as well as the habitat condition, distribution, abun-
dance, and diversity of meiobenthos. A total of eight samples (seven from 2017 and 
one from 2018) were obtained from the disturbance area and the disturbance adja-
cent area (Fig. 4). The distances from the disturbance area for each sampling point 
are shown in Table 1.

A multiple corer (MC) was used for sampling, and tubes 28 mm in diameter were 
used for subsampling from the MC corer. Slices were made at 0–0.25, 0.25–0.5, 
0.5–0.75, 0.75–1.0, 1.0–2.0, and 2.0–3.0 cm intervals and were split into groups for 
analysis of meiobenthos and chemical composition (Fig. 4). Based on ISA guide-
lines, the meiobenthos was set to be between 32 and 250 μm, which were grouped 
into nematodes, crustaceans, and others. Furthermore, foraminifera are generally 
included as a main component of meiobenthos, but this site is below the carbonate 
compensation depth (CCD); therefore, species that were difficult to count have been 
excluded from the quantitative data (Fig. 5) (Goineau and Goody 2017). Therefore, 
the meiobenthos within the scope of this survey is metazoan meiobenthos.2 As per 
the previous JET survey, the TOC and TN of the sediments were analyzed using the 
CHN analyzer, and CaCO3 was analyzed using a coulometer.

Statistical analysis was basically the same as that used in the previous JET sur-
vey. The vertical profile of the sediment components was tested using analysis of 
variance (ANOVA), and the horizontal environmental gradient was evaluated using 
regression analysis of the distance from the disturbance area and the first principal 
component (PZ1) obtained in the principal component analysis (PCA). The abun-
dance of meiobenthos was compared using a t-test. As previously mentioned, based 

2 In this paper, meiobenthos excluding protozoa, such as foraminifera, are called metazoan 
meiobenthos.
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Fig. 4 Meiobenthos sample processing flow
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Table 1 Sampling positions of multiple corer (MC) and spade corer (SC)

Sample 
name

Distance from the 
disturbance track area (km) Remark Latitude Longitude

MC01 1.352 9° 14.9191′N 146° 16.4118′W
MC02 0 On the track area 9° 14.9194′N 146° 15.3514′W
MC03 0.295 9° 14.9227′N 146° 15.6020′W
MC04 0.094 9° 14.9186′N 146° 15.4533′W
MC05 1.208 9° 14.9212′N 146° 16.2997′W
MC06 0.179 9° 14.9190′N 146° 15.5172′W
MC07 0 On the track area 9° 14.9211′N 146° 15.1021′W
MC08 0.033 9° 14.6804′N 146° 15.4804′W
MC09 0.203 9° 14.6758′N 146° 15.1450′W
MC13 0 On the track area 9° 15.008′N 146° 15.257′W
MC18 1.259 9° 15.481′N 146° 15.779′W
SC01 1.342 9° 14.9108′N 146° 16.4121′W
SC02 0 On the track area 9° 14.9187′N 146° 15.3404′W
SC03 0.275 9° 14.9090′N 146° 15.6008′W
SC05 0.189 9° 14.9264′N 146° 15.5178′W
SC06 0.025 9° 14.6829′N 146° 15.4847′W
SC09 0.116 9° 14.802′N 146° 15.106′W

Fig. 5 Examples of uncountable (difficult to count) foraminifera. (Photographs are referred from 
Goineau and Gooday 2017)
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on the information that the effects of benthic disturbance were limited both verti-
cally and horizontally, the vertical distribution of the sediment components of 
0–1 cm and the correlation between PZ1 and the distance of up to 300 m were taken 
as the basis for the statistical analysis.

3  Results

3.1  Sediment Properties

In the image of the one-shot camera installed in the sediment sampler, the tow track 
of the benthic disturber 17 years ago and the redeposition conditions on the seabed 
can be confirmed. The vertical profiles of the concentrations of TOC, CaCO3, and 
TN are shown in Fig. 6. All profiles exhibit an exponential reduction from the sur-
face layer to the deeper layer; however, a statistically significant change could only 

Fig. 6 Vertical profiles of total organic carbon (TOC), calcium carbonate (CaCO3), and total nitro-
gen (TN) in the sediment. (After Fukushima and Tsune 2018)

Long-Term Monitoring of Environmental Conditions of Benthic Impact Experiment



200

be seen for TOC and CaCO3 (ANOVA, p < 0.01, respectively). Although all are not 
significant, as with JET1, if compared with the results from the previous JET sur-
veys, JET5 result is closer to the state of JET1 than those of JET2, JET3, and JET4 
(Table 2). With the relationship between PZ1 and the distance from the disturbance 
area, no significantly linearly regressing relationship was seen such as that for JET2 
or JET3, even in the layer that was closest to the surface (Fig. 7).

J2: 0–0.25 cm layer Y = 0.024X − 1.218**
J2: 0.25–0.5 cm layer Y = 0.0073X − 0.801*
J3: 0–0.25 cm layer Y = 0.002X − 0.9925*

No significant trend can be found in JET4 and JET5
**P < 0.01, *p < 0.05

3.2  Meiobenthos

The total abundance of meiobenthos was 92 ± 40inds /10 cm3 (mean±SD), while 
those of the nematodes and crustaceans were 82 ± 38inds /10 cm3 (mean±SD) and 
8 ± 5inds /10 cm3 (mean±SD), respectively. This is slightly less than that of JET1 
and is equivalent to twice that of JET2; however, there were no significant differ-
ences in either case (Fig. 8). The meiobenthos, nematodes, and crustaceans were 
primarily distributed in the 0–0.25 cm layer and their abundance reduced with depth 

Table 2 Probabilities of vertical reductions in chemical component parameters were tested by 
analysis of variance (ANOVA)

df F value P value Results

JET1
(1994)

TOC 11 10.47 2.55E-05 **
CaCO3 11 7.66 3.16E-04 **
TN 11 4.17 0.01 *

JET2
(1994)

TOC 9 0.26 0.85 ns

CaCO3 9 0.46 0.71 ns

TN 9 0.05 0.98 ns

JET3
(1995)

TOC 9 1.18 0.33 ns

CaCO3 9 12.25 1.12E-05 **
TN 9 1.23 0.31 ns

JET4
(1996)

TOC 7 1.08 0.38 ns

CaCO3 7 7.61 7.15E-04 **
TN 7 2.64 0.07 ns

JET5
(2011–2012)

TOC 8 3.31 0.03 *
CaCO3 8 17.76 0.00 **
TN 8 0.46 0.71 ns
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from the surface layer (Fig. 9). This is the same as the tendency seen in previous 
JET surveys. Nematodes were the most prevalent of the meiobenthos and made up 
91% of the total population, while crustaceans accounted for 8% and other organ-
isms constituted 1% (Fig. 10). This composition ratio was virtually the same as the 
results from previous JET surveys. Other than nematode and crustaceans, organisms 
such as Gastrotricha, Tardigrada, and Loricifera were present. On the other hand, 
as for species diversity of nematodes, the index value was closer to that of JET4 than 
that of JET1. As already mentioned, it is known that the species diversity of JET4 
became higher than that of JET1. This suggested that the higher species diversity 
has continued from the time of the impact (Fig. 11).

4  Discussion

JET was an experiment conducted to estimate the effects of resuspension and 
resettlement of seabed sediment, and the disturber used was a device developed 
to generate resuspension and resettlement. The working hypotheses relating to the 

Fig. 7 The relationship between the first principal component (PZ1) and the distance from the 
disturbance zone. (After Fukushima and Tsune 2018)
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Fig. 8 Abundance of total number of metazoan meiofauna, nematodes, and crustaceans during the 
previous JET survey and JET5. (After Fukushima and Tsune 2018)
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Fig. 9 Vertical distributions of metazoan meiobenthos during the previous JET survey and JET 5. 
(After Fukushima and Tsune 2018)
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resettlement effects are: (1) primarily due to the resuspension and resettlement of 
inorganic sediment, the concentration of organic material in the sediment surface 
area is diluted, deteriorating the food environment for deposit feeders who depend 
on it; and, (2) with a faster than usual resettlement, suspension feeders could expe-
rience clogging of the oral apparatus, which would negatively impact their ability 
to gather food. As these mechanisms are hypothesized, it is essential to compare 
the numbers of organisms as well as to study the resettlement of sediment, which 
changes the availability of food material in the environment.3

Under natural conditions, there were significant changes in the vertical profiles 
of TOC, TN, and CaCO3. However, immediately after benthic disturbance, the 
structure changed drastically and the significant vertical declines disappeared. Two 
years later, only the vertical structure of CaCO3 returned to normal, and, 17–18 years 
later, the vertical profiles became even closer to the original state, with significant 
declines also visible in the TOC profile. Moreover, the horizontal distribution of 

3 Since the size of meiobenthos was small, the influence of clogging was excluded in this paper.

Fig. 10 Faunal 
compositions of metazoan 
meiobenthos during 
previous JET survey and 
JET5. (After Fukushima 
and Tsune 2018)
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PZ1 immediately after benthic disturbance changed significantly with distance from 
the disturbance area. Subsequently, 1 year after the disturbance, an environmental 
gradient was seen limited to 0.25 cm, and 2 years after the disturbance, there was no 
longer a significant correlation. There was no correlation between the distance and 
PZ1 17–18 years later. If these vertical and horizontal changes are both taken into 
consideration, the benthic disturbance implemented in JET2 is thought to have tem-
porarily created a disturbed seabed environment. However, this recovered gradually 
over 2 years, and there was no longer a specific environment after 17 years.

Similarly, although the abundance of meiobenthos reduced significantly immedi-
ately after benthic disturbance, there was no significant difference a year later. In a 
similar experiment conducted by NOAA, the abundance of nematodes increased 
immediately afterward and was reported to have reduced a year later (Trueblood 
et  al. 1997). Similarly, with IOM’BIE, the meiobenthos, nematodes, and crusta-
ceans increased 2 years later (Radziejewska 2014). Furthermore, with INDEX, the 
total number of meiobenthos continues to be below the original state even after 
2 years (Sharma et al. 2000). This indicates that although the same equipment for 
disturbance was used, there is variability among experiments.

(

Fig. 11 Species diversity of nematodes by expected species number (ES(n)). Esn (J1), Esn (J4), 
Esn (J5): expected species number of nematodes from a population before the disturbance, 2 years 
after the disturbance, and 17–18 years after the disturbance, respectively
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In JET5, the abundance of meiobenthos 17  years later was greater than that 
immediately after the disturbance and a year later. However, this was still lower than 
the original level and the level 2 years later. In other words, even if it is lower than 
the original level, the fact that it is neither the minimum nor the maximum value 
since the disturbance experiment suggests that the meiobenthos abundance 17 years 
later is at a level within the variability range subsequent to the benthic disturbance.

Previous JET surveys had suggested that artificial resuspension and resettlement 
of sediment impacted the abundance of meiobenthos4 (Fukushima and Tsune 2018). 
In contrast, when the similar sampling approach was taken 17–18 years later, no 
results were obtained that enabled the same suggestions to be made. This is in 
agreement with the results from the aforementioned sediment property analysis, 
which also suggests that the effect of the disturbance does not continue. However, 
the diversity of nematodes was lower before the disturbance and higher 2 years after 
the disturbance. It remained high even after 17–18 years. Although, because the 
phenomenon seen here is based on limited survey data and different interpretations 
of the results are possible, the authors propose the following scenario from this 
study.

Due to the rapid redeposition of particles, which are mainly composed of inorganic matter, 
the organic matter on the surface of the sediment that forms the food bait of benthic organ-
isms is diluted, the carrying capacity decreases, and the biomass of benthic communities 
decreases in the short term. However, after 17 years, both the amount of organic matter and 
the biomass regained their original levels, and there was no evidence of a sustained effect 
on biomass. Moreover, under the natural (undisturbed) conditions a niche is fixed by com-
petitive exclusion on the deep sea floor where the environment is stable, and, in general, the 
species diversity of biological communities is low. However, once an event like artificial 
disturbance occurs, if the niche is disturbed, the species diversity will temporarily increase 
due to the invasion of new organisms, such as opportunistic species. Niche fixation as seen 
before the disturbance takes more time than biomass recovery, which may require a rela-
tively short time of 17 years.

5  Future Tasks for Deep-Sea Impact Experiments

BIE type of experiment is only one of the tools for obtaining information necessary 
for environmental impact assessment as it mainly evaluates the effects of redeposi-
tion and does not cover the impact of other influencing factors related to deep-sea 
mining. Furthermore, there are limitations of the target environmental parameters 
and the accuracy of the data. Therefore, it is necessary for researchers to share these 
constraints and discuss the benefits of deep-sea mineral resource development and 

4 The redeposition area is divided into heavy, medium, light, and no deposition areas; the duration 
is classified into before, soon after, 1 year after, and 2 years after. Furthermore, separate compari-
sons are done for a group of organisms depending on organic matter in sediments and others. As a 
result of comparing it separately, it was possible to make a reasonable estimation.
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the magnitude of environmental impacts while reporting the results. Unless the 
stakeholders share such conditions, it is impossible for the reader to understand the 
purpose and scale of the experiment so as to avoid any misunderstanding, regardless 
of the amount of survey data accumulated. Further, the authors would like to make 
the following observations for BIE type of experiments.

5.1  Sample Number and Representation

Although the data demonstrated that the impact of benthic disturbance had not con-
tinued for 17 years, in order to conclude that there was no continued effect of ben-
thic disturbance, further discussion may be needed regarding the number of samples 
required to arrive at that conclusion. In 2001, ISA held a workshop on sampling 
strategies, where among others Etter (2001) proposed 216 samplings of 12 years, 
without considering implementation constraints, whereas the number of samples in 
our experiment is insufficient compared to his sampling design. In the deep seabed, 
there is limited knowledge regarding spatial variability in the environment. In addi-
tion, in the case of meiobenthos surveys, since the survey area is represented by a 
sample of about 10  cm2, surveys are always accompanied by discussions on the 
validity of the sample size. On the other hand, given the fact that the EIA is part of 
an economic activity, interpretation should not be abandoned because the survey 
effort is not sufficient. That is, it is necessary to make efforts to obtain some 
recommendations.

This study presumed that the place where the seafloor was disturbed was no lon-
ger a special place as a result of the passage of 17 years, then analyzed the abun-
dance of meiobenthos, and concluded that no continuation of impact was recognized. 
As mentioned above, although the problem about appropriate sample number 
remains, it should be carefully examined in the future from the results of the 
IOM’BIE survey and DISCOL surveys.

5.2  Baseline and Natural Variation

The word “environmental baseline” is commonly used, but there is no rigorous defi-
nition. Rather, due to its ambiguity, the word may be used frequently.

Even natural conditions in the ocean environment are known to exhibit fluctua-
tion at seasonal, annual, decadal scales, and so on. It is understood that the environ-
mental baseline refers to a condition that becomes a “base,” which is invariable even 
when such a change is excluded. However actually, it is necessary to understand 
changes at seasonal, annual, or decadal levels. Furthermore, the environment we are 
researching can be thought of as one section of the process converging in a certain 
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direction. An “Intermediate Disturbance Hypothesis,”5 which explains species 
diversity of deep-sea organisms, also assumes that the community will change. This 
means that it will not return to its original condition, whether there is an artificial 
impact or not. It takes a long time to understand the environmental baseline. Thus, 
whether the environmental baseline is a concept suitable for EIA for an economic 
objective is a matter of debate. It is necessary to keep in mind that the submarine 
disturbance experiment is one that presupposes a comparison between baseline and 
disturbance without resolving these questions.

5.3  Impact and Evaluation

Deep-sea impact experiments have been designed to provide quantitative compari-
sons between conditions before and after an artificial impact resembling mining 
activities. However, to understand the impact, there are various indicators for com-
parison. For example, among biological communities, there are size categories such 
as megabenthos, macrobenthos, meiobenthos, and nanobenthos, each of which has 
different comparison parameters such as biomass, diversity, distribution, or genetic 
diversity, as well as functions including ecosystem services. However, there is no 
agreement about what parameters to compare for impact assessment as well as 
monitoring the recovery of the ecosystem. Even when the four BIE-type distur-
bance experiments are taken as an example, the number of occurrences of meioben-
thos is common, but there are cases where either macrobenthos or megabenthos 
sampling is not carried out. Similarly, there is a need to bring about uniformity in 
ISA’s environmental guidelines as well as other templates for environmental impact 
assessment (e.g., Clark et al. 2017).

Although it is ideal to target as many parameters as possible, actual investigation 
is carried out under various restrictions. Under these circumstances, it should be 
recognized that benthic impact experiments exist to accumulate many environmen-
tal facts until definite standards are presented by the regulating agencies.

5.4  Accuracy of Data

Advancement of analytical techniques has made it possible to acquire more detailed 
data. Therefore, it has become easy to detect the difference in data between two 
samples whether it is sediment or benthic fauna. This also applies to data compari-
sons before and after impact in benthic impact experiments. In other words, with 
technical advancement, even if it was concluded that there was no difference in the 
past, differences may be recognized as time goes by. Not limited to advances in 

5 The theory that the biodiversity of deep sea benthic organisms is not too strong, is not too large, 
and is maintained by the impact repeated with moderate frequency (Connell 1978).
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science and technology, in general, there is a time gap between technical discovery, 
scientific cognition, and stakeholder acceptance. Considering this, it is better not to 
confuse scientifically detectable changes with changes required by consensus for-
mation of EIA.

5.5  Scientific Approach and Environmental Management

Needless to say, scientific knowledge is important, both in environmental impact 
assessment and in environmental preservation measures. On the other hand, if the 
“scientific” aspect is given too much weightage, environmental policies cannot be 
advanced, because the purpose of science is to know the truth about nature, not to 
control environmental policies. A scientific approach is to assemble the facts and to 
find the laws of nature that explain these facts. The basis of science is the induction 
approach, which is to create a “theory” from the known “information” and to infer 
new conclusion based on this theory. However, the induction method can provide 
new information, but it is not always right. Even if we guess based on 99 observed 
facts, the 100th cannot be said to be absolutely right. That is, the results provided by 
scientists are always subject to modification. Therefore, scientists may hinder the 
progress of development, policy planning, and legislation. On the contrary, because 
science makes unexpected new discoveries and corrects the past, we realize our 
ignorance and are humbled by nature. In any case, in decision-making, science is 
important but not universal—an appropriate balance is necessary.

6  Conclusion

The BIE-type experiment was one of the few in situ experiments conducted to eval-
uate the environmental impacts and recovery process associated with manganese 
nodule development. Therefore the knowledge from the short-term monitoring sur-
vey, which has been done after the artificial disturbance, was important and valuable 
to evaluate the environmental impacts. Moreover, the long-term monitoring survey 
conducted in this study is also important to bring consensus between the stakehold-
ers of ocean mining. However, there are operational restrictions in the experiment. 
In addition, considering natural environmental fluctuations, examples of the moni-
toring survey should be repeated, and then knowledge should be improved accu-
rately. For the future environmental impact evaluation associated with deep-sea 
mineral resource development, in consideration of the above matters, careful and 
comprehensive efforts are necessary.
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Metal Mobility from Hydrothermal 
Sulfides into Seawater During Deep 
Seafloor Mining Operations
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Abstract Seafloor hydrothermal sulfides, which are expected to be a future 
resource for metals, could be a potential source for metal contamination in the 
seawater around mining sites. In this chapter, we illustrate the potential for metal 
leaching of both non-oxidized (non-exposed to atmosphere; before and during 
exploitation) and oxidized (exposed to atmosphere; after lifting and recovery) 
hydrothermal sulfides to seawater under different temperatures and redox condi-
tions. One of the crucial findings was that metal dissolution behaviors differed 
significantly according to the specific areas and/or the initial oxidation states of 
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the sulfide surfaces. Once the non-oxidized sulfide chips were ground to particu-
lates and mixed with seawater, Zn and Pb were preferentially released even 
though these metals were included as minor components of the sulfides. For Zn, 
the dissolution rate increased under the oxic and higher temperature (20 °C) con-
ditions when compared to the anoxic and lower temperature (5 °C) conditions, 
but the absolute rate was relatively moderate. These findings suggest that instan-
taneous metal release from sulfides into seawater will not occur before or during 
the crushing and lifting processes of seafloor mining. In contrast to the non-oxi-
dized sulfides, the oxidized sulfides rapidly released large amounts of various 
metals and metalloids (e.g., Mn, Fe, Zn, Cu, As, Sb, and Pb) into seawater. The 
different metal dissolution behaviors between the non-oxidized and oxidized 
hydrothermal sulfides suggest the importance of the implementation of appropri-
ate environmental measures to prevent leakage of the lifted sulfides to the marine 
surface.

Keywords Deep-sea mining · Metal mobility · Hydrothermal sulfides

1  Introduction

Toxic metal release from hydrothermal sulfides is a potential problem that could be 
caused by seafloor metal-mining operations. Metal sulfides, which are present in 
abundance in submarine hydrothermal deposits, have become a major source of 
metal contamination via release of metal cations by oxidation of the sulfides (Tsang 
and Parry 2004; Cook et al. 2009; Hageman et al. 2015). These released metal cat-
ions are easily introduced into aquatic ecosystems, where they gradually accumu-
late in the bodies of living organisms (Eggleton and Thomas 2004; Simpson and 
Spadaro 2016).Thus, the anthropogenic releases of sulfide minerals and metal- 
contaminated seawater into marine environments by mining operations are likely to 
have negative effects on marine ecosystems.

Different metal dissolution potentials of sulfides are predicted in each mining 
process because the reaction rates can vary depending on oxidation states of the 
sulfide surface (non-oxidized or oxidized) and marine environmental conditions 
such as benthic and surface environments (Bilenker et al. 2016). Natural hydrother-
mal sulfides beneath the seafloor are often covered by insoluble oxides and/or sul-
fates and unconsolidated sediments known as gossan (Feely et al. 1987; Fallon et al. 
2017). Under such states, the oxidative dissolution of hydrothermal sulfides is sup-
pressed by the insoluble layer. However, metal release is likely to occur when sul-
fides are crushed and their fresh interfaces are exposed to seawater by seafloor 
mining operations (Fig. 1a). After the crushed sulfides are lifted with seawater from 
the seafloor to a mining support vessel (Fig. 1b), the sulfide surface will be gradu-
ally oxidized by atmospheric oxygen and rainwater during onboard storage (Fig. 1c). 
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If the oxidized sulfides are discharged as tailings either operationally or accidentally 
from the vessel to the surface seawater, the fine particulates of hydrothermal sulfide 
in the surface plume are likely to release toxic metals (Fig. 1d). To enable adequate 
and realistic evaluation of the impact of such mining activities on marine 
 environments, it is important to clarify the potential for metal leaching and dissolu-
tion processes of both non-oxidized and oxidized hydrothermal sulfides into seawa-
ter under different environmental conditions. In this chapter, we show the results of 
seawater leaching experiments using various hydrothermal sulfide samples and dis-
cuss the possibility of metal release in each mining process.

Fig. 1 Seafloor mining model and possible impact on marine environments
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2  Metal Leaching Potential and Possible Mechanism 
of Dissolution from Non-oxidized Hydrothermal Sulfides 
into Seawater

Few studies have investigated dissolution of metals from single sulfide minerals 
(e.g., pyrite, sphalerite, and galena) into seawater, even though this topic has been 
thoroughly investigated in low ionic strength water within the context of terrestrial 
mining (e.g., Steger and Desjardins 1980; Goldhaber 1983; Michael et al. 1986). 
Bilenker et al. (2016) recently determined the oxidation rate of pyrrhotite and chal-
copyrite in seawater under different PO2 and temperature conditions and concluded 
that the metal dissolution and acid generation caused by seafloor mining will be 
limited because the oxidation rates are significantly low. However, natural hydro-
thermal sulfides comprise mixtures of various sulfide minerals; therefore, the metal 
dissolution rate from these sulfides into seawater is likely to be significantly differ-
ent from the single mineral oxidation rate (Tsang and Parry 2004). Accordingly, to 
enable realistic evaluation of the impact of seafloor mining operations, it is neces-
sary to investigate the potential for metal leaching from hydrothermal sulfides into 
seawater rather than that from individual sulfide minerals.

We recently reported the metal dissolution rate from non-oxidized (i.e., non- 
exposed to atmosphere) hydrothermal sulfides into seawater (Fuchida et al. 2018). 
In that study, a metal dissolution experiment was conducted onboard using sulfide 
samples collected by seafloor drilling from an active hydrothermal mound at the 
Izena Hole, middle Okinawa Trough by D/V Chikyu. The sulfide samples were 
powdered under inert gas to avoid oxidation by atmospheric air and then immedi-
ately subjected to experiments under different temperature (5 °C and 20 °C) and 
redox (oxic and anoxic) conditions. For that study, oxic and anoxic conditions were 
considered high (air-saturated, initial at room temperature: 5–6  mg/L) and low 
(degassed and nitrogen-purged, initial at room temperature: 1 mg/L) dissolved oxy-
gen concentrations, respectively. Metal concentrations in the reacted solution were 
quantified by inductively coupled plasma-mass spectrometry (ICP-MS). The details 
of experimental methods are described in Fuchida et al. (2018).

Chemical compositions and mineral assemblages of the four sulfide samples 
(CKL-1, CKL-2, CKL-3, and CKL-4) used for the experiments are shown in 
Table 1. These sulfide samples contained various metals (i.e., Mn, Fe, Cu, Zn, Cd, 

Table 1 Chemical compositions and mineral assemblages of hydrothermal sulfides

Sample
Concentration in sulfide samples (mmol/kg)

Major mineralsMn Fe Cu Zn Cd Pb

CKL-1 3.5 2500 96 4600 11 970 Sphalerite, galena
CKL-2 5.8 5800 56 1700 3.2 370 Pyrite, sphalerite
CKL-3 1.9 7600 100 370 0.43 12 Pyrite
CKL-4 7.9 5700 56 3200 8.6 170 Sphalerite, marcasite, pyrite

Modified after Fuchida et al. (2018)
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and Pb), whereas Zn and Pb were preferentially released from the sulfide samples 
into seawater under all experimental conditions. Large monotonic increases in Zn 
concentrations were observed for two samples (CKL-3 and CKL-4), and their dis-
solution rates per unit surface area (mol m−2 s−1) were clearly higher under the oxic 
and 20 °C condition than the anoxic and 5 °C condition (Fig. 2). The final concen-
trations of Zn in seawater differed according to the sulfide sample; however, they 
did not correlate with those in the sulfide samples under all experimental conditions 
(see Fig. 6  in Fuchida et al. 2018). This lack of correlation indicates that simple 
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oxidation reaction of sphalerite (i.e., ZnS + 2O2→ Zn2+ + SO4
2−) made a minor con-

tribution to Zn dissolution from hydrothermal sulfides into seawater.
Several studies have reported that galvanic effects generated between different 

sulfide minerals can greatly accelerate their oxidative dissolution (Kwong et  al. 
2003; Tsang and Parry 2004; Fallon et al. 2017). Sulfide minerals generally have 
semiconducting properties, and direct contact between sulfide minerals with differ-
ent resting potentials produces galvanic effects (Cruz et al. 2005; Liu et al. 2008; 
Fallon et al. 2017). The minerals with the highest and lowest rest potentials act as a 
cathode and anode, respectively. Cathodic minerals can be galvanically protected, 
whereas anodic minerals are easily dissolved through electronic interactions 
(Chopard et al. 2017). The resting potentials for some sulfide minerals measured in 
1.0 M H2SO4 solution at room temperature are listed in Table 2 (Kwong et al. 2003 
and references therein). Sphalerite and galena have relatively low resting potentials 
when compared to disulfide minerals (i.e., pyrite and chalcopyrite) and can be anod-
ically dissolved when they come into contact with anodic disulfide minerals.

Scanning electron microscopy (SEM) backscattered images of the particulate 
fragments of hydrothermal sulfides before the experimentation showed the presence 
of different mineral couplings (i.e., adjacent placement of iron disulfide and other 
sulfide minerals) in the high metal release samples (i.e., CKL-3 and CKL-4). In 
contrast, such couplings were less abundant or coated with silicates in other samples 
with less Zn and Pb releases (i.e., CKL-1 and CKL-2, see Fig. 5 in Fuchida et al. 
2018). These microscopic observations implied that the galvanic couplings of sphal-
erite and galena with iron disulfides greatly affected the Zn and Pb dissolution from 
the hydrothermal sulfides into seawater.

The different solubility of each metallic compound in seawater also influences 
the metal composition of the leachates. The solubility of ferric ion is estimated to be 
only 0.2–0.3 nM in seawater. This is because ferrous ions (Fe2+) released from sul-
fide minerals are instantaneously oxidized to ferric ions (Fe3+) and precipitated as 
FeO(OH) in seawater (Liu and Millero 1999). The finding that the Fe concentration 
was less than the detection limit in our leachates was likely because of the low solu-
bility of FeO(OH). Lead also has low solubility in seawater (3 μM) and can be 
removed by formation of PbSO4 and PbCO3 (Angel et al. 2016). In our experiment, 

Table 2 Resting potentials (V vs. standard hydrogen electrode, SHE) of 
individual sulfide minerals measured in 0.1  M H2SO4 solution at room 
temperature (Kwong et al. 2003 and references therein)

Sulfide minerals Resting potential (V) vs. SHE

Pyrite FeS2 0.63
Chalcopyrite CuFeS2 0.52
Chalcocite Cu2S 0.44
Covellite CuS 0.42
Galena PbS 0.28
Sphalerite ZnS −0.24
Pyrrhotite Fe1-xS −0.28

S. Fuchida et al.
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the Pb concentrations in the seawater reacted with CKL-2 and CKL-4 increased 
initially but then greatly decreased from 1 to 10  h (Fuchida et  al. 2018). This 
decrease can be explained by the formation of insoluble precipitates. Conversely, 
the Zn concentration is predicted to be high, even in seawater, because most of the 
secondary Zn minerals are highly soluble (Kwong et al. 2003). Thus, the removal of 
Fe and Pb by precipitate formation (i.e., secondary mineral formation) could play a 
large role in the preferential increase of Zn in seawater after the reaction with hydro-
thermal sulfides.

The metal concentrations in seawater were higher under the oxic and 20 °C con-
ditions than the anoxic and 5  °C conditions in our experiment. This was likely 
because both the galvanic dissolution of sulfide minerals was promoted and the 
metal solubility increased at higher temperature and PO2 condition. Based on these 
results, metal dissolution from hydrothermal sulfides can be greatly accelerated 
when the minerals are transported to areas with warm oxic conditions, such as sur-
face environments, although little metal dissolution from crushed sulfides is expected 
to occur under cold anoxic conditions, such as deep seafloor environments.

3  Evaluation of Leachable Metals and Metalloids 
from Hydrothermal Sulfides After Exposed to Atmosphere 
into Seawater

Metal leaching potential from “oxidized” hydrothermal sulfides into seawater has 
been reported in several studies, even though our study is the only one known to 
have investigated metal release from non-oxidized hydrothermal sulfides to date 
(Fuchida et al. 2018). The “oxidized” was taken to indicate that the samples were 
exposed to air and/or oxic water for a long time; the original assemblage of constitu-
ent minerals could be partly changed to be secondary/altered phase. The results of a 
leaching experiment using the oxidized sulfide samples showed different metal 
release patterns from those of non-oxidized sulfide samples and indicated that vari-
ous metals and metalloids can be rapidly released in large quantities from oxidized 
sulfide samples into seawater. Here, we show the results of leaching experiments 
conducted using various oxidized sulfides and the characteristics of metal composi-
tions in the leachates.

Two studies (i.e., Simpson et al. 2007; Parry 2008) have investigated the metal 
leaching potentials of seafloor hydrothermal sulfides collected from active/inactive 
chimney structures in the East Manus Basin hydrothermal field (Papua New Guinea) 
as part of the Solwara 1 project. In these studies, blocks (large chips of 25 mm diam-
eter) of sulfide samples containing large amounts of metals (Mn, Fe, Cu, Zn, and 
Pb) and As (Table 3a) were reacted with natural seawater at a liquid-to-solid ratio of 
10:1 for a maximum of 24 h. Representative results of the leaching experiments are 
shown in Table 3b. Large amounts of Zn and Mn followed by Cu, Pb, and As were 
released from those oxidized samples; however, the metal and metalloid composi-
tions in the leachates were significantly different from those in the sulfide samples.
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Our recent study reported the metal leachability of four different hydrothermal 
sulfides collected from the Okinawa Trough hydrothermal fields (Japan) (sample 
no. 1–4 in Table 4) (Fuchida et al. 2017). We used fine particulate matters (<1/16 mm) 
of those samples, which would contribute to plume formation, although previous 
studies used large block sample chips (<25 mm). Approximately 3 g powdered sam-
ple was stirred into 30 mL artificial seawater (Daigo’s SP, Nihon Pharmaceutical 
Co. Ltd., Tokyo, Japan; pH = 8.2; dissolved oxygen = 5.7 mg/L) in an acid-cleaned 
polypropylene centrifuge tube (50 mL) for a liquid-to-solid ratio of 20:1, and then 
the tube was reciprocally shaken at 200 rpm per min at 25 °C for 5 min, 6 h, or 18 h. 
After shaking, the solid phase was separated by centrifugation and collected by fil-
tration through a polyvinylidene difluoride membrane filter (0.45 μm). The leachate 
was preserved in a polypropylene tube with HNO3. Metals and metalloids present at 
detectable levels in the leachates (i.e., Mn, Fe, Cu, Zn, As, Cd, Sb, and Pb) were 
selected after screening by ICP-atomic emission spectroscopy and quantified by 
ICP-MS (modified after Fuchida et al. 2017).

The chemical compositions and mineral assemblages of the sulfide samples are 
shown in Table 4. As the results of reaction, significant amounts of metals and metal-
loids were released into the seawater (Fig. 3); the metals and metalloid concentra-
tions in the leachates increased significantly within 5 min of shaking and showed 
little change between 5 min and 6 or 18 h of shaking. A similar rapid initial release of 
metals from oxidized sulfide samples within 5 min was also reported by Parry (2008) 
(Table 3b). The chemical compositions of the leachates differed depending on the 
mineral assemblages and chemical compositions of the sulfide samples. Specifically, 
Fe−Zn−Pb-rich, Ba-rich, and Fe-rich mineral samples released abundant amounts of 
Zn + Pb, As + Sb, and Zn + Cu into seawater, respectively. There were no correlations 

Table 3 (a) Chemical compositions of hydrothermal sulfides and (b) results of leaching 
experiments in the Solwara 1 project

(a) Concentrations of metals and As in sulfide samples (mmol/kg)
Sample Mn Fe Cu Zn As Pb

Sediment rock* (Simpson et al. 2007) 7.0 1933.9 420.2 428.3 31.6 7.1
Active chimney (Simpson et al. 2007) 2.3 324.1 1636.6 1173.1 112.4 46.2
Inactive chimney (Simpson et al., 2007) 11.9 891.8 21.4 647.0 52.5 24.0
Fe-rich sample (Parry, 2008) 1.7 5658.5 807.3 56.1 26.2 2.4

(b) Concentrations of released metals and As in leachate (μmol/L)

Sample Mn Fe Cu Zn As Pb
(Experimental 
conditions)

Sediment 
rock*

(Simpson 
et al. 2007)

2.7–
10.7

<0.1–
5.6

1.3–
6.6

<0.1–
6.2

<0.1–
0.7

<0.1–
0.4

(20 °C, 0.2–24 h)

Active 
chimney

(Simpson 
et al. 2007)

4.9 n.d.* <0.1 78.0 10.6 0.6 (22 °C, 0.2 h)

Inactive 
chimney

(Simpson 
et al. 2007)

168.0 n.d. 0.9 428.3 0.6 1.6 (22 °C, 0.2 h)

Fe-rich 
sample

(Parry 2008) 2.9 0.0 7.6 145.6 0.1 1.2 (24 °C, 3 h)

Sediment rock*, referred to as “weathered chimney” in Simpson et al. (2007)
n.d.*, no data

S. Fuchida et al.
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between the chemical compositions of leachates and those of sulfide samples, similar 
to the results reported by Simpson et al. (2007) and Parry (2008).

For further discussion of leachable metal and metalloid compositions in differ-
ent hydrothermal sulfides, we conducted leaching experiments using ten sulfide 
(chimney) samples with the same method of our previous study (liquid-to-solid 
ratio of 20:1 and reacted for 6 h) (Fuchida et al. 2017). These mineral samples were 
collected from different hydrothermal sites of the Okinawa Trough (sample nos. 
5–10 and 12–14) and Izu-Ogasawara Arc (sample no. 11). The chemical composi-
tions of leachates and sulfide samples and mineral assemblages are summarized in 
Table 4, and the metals and metalloids are indicated in four colors (red, blue, yel-
low, and white) in Fig. 4 based on their concentrations in both the leachate and 
sulfide samples.

Among all released metals and metalloids, Zn was the most easily leached 
from oxidized hydrothermal sulfides, regardless of chemical compositions and 
mineral assemblages of sulfide samples (represented by red in Fig.  4). These 
results agree with those of our (Fuchida et al. 2017) and other previous studies 
(Simpson et al. 2007; Parry 2008). Several samples released high amounts of Mn 
and Cd, despite their being present in low levels in the sulfide samples (repre-
sented by yellow in Fig. 4). For example, Mn and Cd could be co-released with Zn 
into seawater because they are generally contained in Zn-bearing sulfide minerals 
(i.e., sphalerite) as impurities (Cook et al. 2009). Moreover, Pb was released in 
high levels into seawater when high amounts of Pb-bearing minerals such as 
galena and anglesite were present in the sulfide samples, e.g., Fe–Zn–Pb-rich and 
Zn–Pb-rich samples. For several samples from which high levels of Zn and Pb 

Fig. 3 Metal and metalloid concentrations in both leachate (n  =  3± SD) and sulfide samples 
(n = 2) (Fuchida et al. 2017)
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were released, the pH of their leachates decreased to four to six after the reaction 
(Table 4). Zn- and Pb-sulfide minerals are known to be acid soluble (Heidel et al. 
2013), indicating that dissolution of these sulfide minerals would be promoted as 
pH decreases (i.e., acid generation).

Arsenic was released from Ba-rich samples (Ba-rich and Zn–Ba-rich) because 
Ba-rich sample is often associated with As-bearing sulfide minerals such as realgar 
(As4S4) and orpiment (As2S3). Antimony was also released with As from Ba-rich 
samples, whereas Zn–Ba-rich samples did not release Sb.

In contrast to Zn and Pb, Fe and Cu were released at lower levels, even though 
they were present in high abundance in the sulfide samples (represented by blue in 
Fig. 4). Fe and Cu in the solid samples were mainly present as disulfide minerals, 
i.e., pyrite and chalcopyrite, based on XRD analysis. In addition, Fe was often 
c ontained in the sphalerite as an impurity, and as a result it can be released with Zn 
and other impurities (i.e., Mn and Cd) into seawater. However, Fe was absent in 
most of the leachates, while Zn, Mn, and Cd were present, indicating that Fe can be 
rapidly removed from seawater by the formation of insoluble oxyhydroxides.

Fig. 4 Classification of leachable metals and metalloids from oxidized hydrothermal sulfide 
(chimney) samples
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The results of our experiments and previous studies revealed that oxidized hydro-
thermal sulfides have high metal leaching potentials and that the compositions of 
leachable metals and metalloids differ significantly from those of solid samples. 
The chemical compositions and mineral assemblages of hydrothermal sulfides are 
highly dependent on the geological settings and fluid chemistry (e.g., Von Damm 
1995); thus, the chemical compositions of leachates are expected to differ among 
different types of the hydrothermal sulfide samples. However, our results using 14 
sulfide samples indicate that Zn, Pb and As are generally relatively more leachable 
than Fe and Cu, even if they are present at high levels in the sulfide samples. 
Therefore, this information would be useful for estimation of reference values for 
the maximum amounts of leachable metals and metalloids that might be leached 
from hydrothermal sulfides.

4  Metal Release from Hydrothermal Sulfides During Mining 
Operations

Our and other leaching experimental results demonstrated that metal dissolution 
from both non-oxidized and oxidized hydrothermal sulfides into seawater can occur. 
One of the crucial findings of these studies is that the metal dissolution behavior in 
seawater differed significantly during the initial oxidation of sulfide surfaces (i.e., 
oxidized or non-oxidized). For example, metal dissolution from non-oxidized sam-
ples was relatively gradual (Fig. 2), while that from oxidized samples was rapid, 
occurring within a few minutes (Fig. 3). Furthermore, the main components of met-
als released from non-oxidized samples were only Zn and Pb, whereas the oxidized 
samples released various metals and metalloids. Physicochemical parameters of 
seawater such as redox conditions and temperature also control the metal dissolu-
tion rate; thus, different metal contents of sulfide-contact seawater are predicted in 
between the surface and seafloor environment and between mining processes.

Based on the leaching experimental results of non-oxidized sulfide, severe metal 
releases from the minerals would not likely occur near the seafloor due to its low 
temperature, at least in the short term, even if a benthic plume with a large quantity 
of fine sulfide particulates was formed by a seafloor mining operation (Fig.  1a). 
Once the crushed sulfides are lifted to the vessel through the riser pipe, it is predicted 
that the metal release would be accelerated because of changes in the environmental 
condition to oxic and higher temperature (Fig. 1b). However, the reaction rate would 
be rather slow relative to that of fully oxidized sulfides. In cases in which sulfides 
lifting from the seafloor to the vessel occur within several tens of minutes, the metal 
concentration in the seawater with the crushed sulfides would not increase greatly.

However, once the sulfides are exposed to air and rainwater after lifting, their 
surface will be gradually oxidized and transformed into more soluble compounds. 
If these well-oxidized sulfides are discharged and/or accidentally spilled from the 
vessel into the oxic and warm surface environment, a rapid dissolution reaction of 
the minerals would occur. Moreover, if the discharged minerals were composed of 
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very fine particulates for lifting up from seafloor, their suspension and metal disso-
lution reaction would persist in the plume for a long time.

When the collected hydrothermal sulfides are carried to shore by shuttle barge 
and temporarily stored on port for processing (Collins et al. 2013), the exposure of 
the sulfide to air-oxygen is continued for a long period of time. If the well-oxidized 
sulfides are accidentally discharged to soil and groundwater on port and other 
places, the metal contamination will extend to shore and land areas. Therefore, it 
should pay particular attention to the treatment of the oxidized sulfides during the 
mining activity.

5  Summary

We described the results of leaching experiments using both non-oxidized and oxi-
dized hydrothermal sulfides. Metal dissolution behaviors differed depending on ini-
tial oxidation states of the sulfide surface, mineral configurations (galvanic 
couplings), specific surface areas, and other physical parameters (e.g., temperature 
and redox potential), indicating that metal leachability and their major released ele-
ments will differ depending on marine environmental conditions, which can vary 
drastically according to the sequential progression of the mining process. The prop-
erties of metal dissolution from hydrothermal sulfides into seawater are summarized 
as follows:

 1. Zn and Pb were the main components in the seawater that reacted with non- 
oxidized sulfides that were underwater, whereas large amounts of various metals 
and metalloids were released from oxidized sulfides exposed to atmosphere.

 2. Metals dissolution from non-oxidized sulfides was greatly accelerated at high 
temperature and oxic conditions close to the surface relative to the low tempera-
ture and anoxic conditions close to the seafloor.

 3. The dissolution of metals from non-oxidized sulfides was gradual, while that 
from oxidized sulfides was rapid, occurring within several minutes.

 4. The presence of iron disulfide minerals (e.g., pyrite and marcasite) would induce 
galvanic metal dissolution from hydrothermal sulfides into seawater.

On the basis of these findings, it is estimated that little metal-rich seawater is 
produced when crushing and lifting hydrothermal sulfides during mining because 
the sulfides have not been oxidized and there is little opportunity or the minerals to 
be exposed to air-oxygen for a long period of time. However, once the minerals have 
been oxidized through contact between the lifted hydrothermal sulfides on the ves-
sel and air, oxic seawater, and rainwater, various metals and metalloids can be 
released rapidly if the oxidized sulfides are spilled into the ocean. Thus, surface 
plumes of spilled material could cause more serious problems than benthic plumes 
produced by the crushing process of the seafloor mine. As reported in previous stud-
ies (Satoh et al. 2005; Caroppo et al. 2006; Fuchida et al. 2017), metals and metal-
loids released from hydrothermal sulfides could be toxic to marine organisms living 
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in the surface environment, such as marine phytoplankton species, which are a sig-
nificant primary producer in the ocean. Therefore, we suggest that disposal of 
 tailings and mining wastes below the oxygen minimum zone may be better to mini-
mize the impacts of metal leaching from hydrothermal sulfides on the marine sur-
face environments. Also, adequate monitoring of water quality, drainage treatment, 
and impact assessment of accidental leakage of the tailings, mining wastes, and 
drainages to the surface environment are essential.
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Abstract Accelerated demand for exploration of minerals and development of 
mining technologies over the past decade could lead to commercial mining of the 
deep seafloor in the near future. The campaign for conservation of biological diver-
sity claims that there will be impacts of seabed mining to the deep-sea community 
and suggests a precautionary approach. In this chapter, we summarize the basic 
characteristics of communities in hydrothermal vent fields and describe the poten-
tial impact of resource mining as well as some previous observations on the effect 
of natural disturbances. We then introduce a model-based approach to determine the 
resilience of vent communities, thereby predicting if the communities will be vul-
nerable or robust to disturbances. Resilience of ecological systems is assessed by 
measuring the time required to recover to the original state prior to being disturbed. 
A mathematical model capable of predicting resilience would represent an impor-
tant contribution to the management of these unique ecosystems. However, com-
pared to most terrestrial and shallow water ecosystems, information regarding 
hydrothermal vent ecosystems, which are typically found at depths of over 1000 m, 
is limited. We thus focused on connectivity of vent communities through larval 
dispersal as a key factor for resilience. We will show how our framework can be 
used as a practical tool to characterize, understand, or predict resilience. The frame-
work presented here can help assess ecological impacts and develop mitigation 
strategies associated with deep-sea resource mining. We also discuss what will need 
to be developed further to better achieve these objectives.
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1  Introduction

1.1  Importance of Protecting Deep-Sea Chemosynthetic 
Communities

Accelerated exploration of minerals and development of mining technologies over 
the past decade could realize commercial mining of the deep seabed in the near 
future (Urabe et al. 2015; Coffey Natural Systems 2008a). One of the targets for 
commercial mining is the seafloor massive sulfide (SMS) deposits formed around 
hydrothermal vents, which is a highly attractive source of copper, zinc, lead, gold, 
and silver ores (Hoagland et al. 2010; Herzig 1999; Binns and Scott 1993; Halbach 
et al. 1989). Hydrothermal vents host chemosynthetic communities as well as the 
metal-rich ores. The chemosynthetic communities consist of endemic invertebrate 
species specifically adapted to the vent environment via microbial chemoautotro-
phic primary production (van Dover 2010). These species have provided new scien-
tific insights into the mechanisms by which organisms adapt to the extreme 
environment (Jannasch and Wirsen 1979). Furthermore, as reviewed by Le et al. 
(2016), ecological function and services of these communities range from providing 
habitat and refuge for other species including non-endemic species (Levin et  al. 
2016; Govenar 2010), playing a key role in global carbon, sulfur, and heavy metal 
cycling (Jeanthon 2000; D’Arcy et al. 2013) and offering new biomolecules that 
could contribute to industrial development (Terpe 2013; Mahon et al. 2015). Hence, 
both quantitative evaluations of potential impacts on ecological systems and consid-
eration of effective mitigation strategies are necessary to avoid or minimize the 
disruptive effect of anthropologic activities in the deep-sea environment (van Dover 
2010; Collins et al. 2013; van Dover et al. 2014; Boschen et al. 2016).

1.2  Potential Impact of Mining Activities on Deep-Sea 
Chemosynthetic Communities

Mining of seafloor massive sulfide deposits potentially changes the physicochemi-
cal environment of a vent community through the loss of sulfide habitat, degrada-
tion of sulfide habitat quality, modification of fluid flux regimes, and exposure of 
surrounding seafloor habitats (including non-sulfide habitats) to sedimentation and 
heavy metal deposition (International Seabed Authority 2007; Van Dover 2014). 
This will directly affect the ecological community by removing and reclaiming 
organisms, reducing the amount of habitable substrate, and changing resource sup-
ply. Physicochemical models and organism distribution data have been integrated to 
estimate the potential area of sedimentation (Coffey Natural Systems 2008b). 
However, after the instantaneous effects of a disturbance, the ecological community 
will reach a new equilibrium state within the disturbed environment (Ives and 
Carpenter 2007). Hence, potential impacts of artificial disturbances, including how 
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they may cause extinction and modify community structure at different spatial 
scales (local, regional, and global) and decrease diversity at different biological 
levels (genetic, specific, and phylogenetic), will be understood by considering both 
direct impacts of mining activities and subsequent ecological responses. 
Environmental impact assessments (EIAs) that lack this point of view might severely 
underestimate the potential risks of anthropological activities.

1.3  Difficulty in Assessing the Effect of Disturbances

One of the challenges in conducting EIAs for seafloor mining activities is the lack 
of historical data (Boschen et al. 2013). It is difficult to estimate for a specific vent 
community how a natural or anthropologic disturbance will change its equilibrium. 
As in other ecological systems, incorporating ecological modeling is expected to 
address this challenge (Collins et al. 2013; Wathern 2013). An ecological model is 
an abstract mathematical representation of an ecological system that is designed 
based on literature and observational data. Model systems are then applied to ana-
lyze the dynamics and response of real ecological systems. For example, a unified 
modeling framework, Ecopath with Ecosim (Christensen and Walters 2004), has 
been used to assess past and future impacts of fishing and environmental distur-
bances on exploited aquatic ecosystems (Christensen and Walters 2005; Villasante 
et al. 2016). However, most of these existing modeling frameworks require detailed 
information on the target community (e.g., basal growth rate and predation rate). 
Developing an ecological model for a vent community and specifically modeling 
the response to disturbances are challenges because of inaccessibility and lack of 
historical data (Boschen et al. 2013).

1.4  Resilience of Vent Ecosystems

Instead of developing a full model that can reproduce detailed population dynamics 
of organisms with in an ecological system, a simpler mathematical model could be 
used to obtain predictions on key characteristics of the system, such as stability of 
the system to disturbances. Recoverability, or resilience, refers to persistence of 
ecosystems in the face of natural or anthropogenic disturbances (Holling 1973). 
Resilience of vent communities indicates whether they are vulnerable or robust to 
natural disturbances, such as volcanic activity, and anthropogenic disturbances, 
such as mineral resource mining. It can be quantified as the recovery time to the 
original state before disturbance (Holling 1996). For chemosynthetic communities 
in hydrothermal vent fields (HVFs), observations on recovery from disruption 
caused by volcanic activities suggest that most of the diversity and biomass recov-
ered within 5 years after the disturbance (Tunnicliffe et al. 1997: Shank et al. 1998; 
Marcus et  al. 2009; Gollner et  al. 2015, 2017). For example, total mega- and 
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macrofaunal species richness at the vents in Juan de Fuca Ridge reached 75% of the 
pre-disturbance values 3 years after the 1998 eruption (Marcus et al. 2009) and 90% 
2 years after the 1993 eruption (Tunnicliffe et al. 1997), representing about 30–60% 
of the species from the larger regional species pool. At the East Pacific Rise (EPR), 
total mega- and macrofaunal species richness reached 69% of pre-disturbance val-
ues 4.6 years after the 1991 eruption (Shank et al. 1998). After the EPR 2006 erup-
tion, recovery reached 55% for macrofaunal and 48% for meiofaunal species after 
4 years (Gollner et al. 2015), with 39% of the macro and 42% of meiofaunal species 
recovered. These observations provide an expectation that both biomass and diver-
sity of communities in HVFs can almost recover within 5 years. However, recover-
ability would be different depending on the regional connectivity between HVFs 
(Gollner et al. 2017).

1.5  Dispersal: A Key Factor for Resilience of Communities 
in HVFs

Vent ecosystems are typically dominated by benthic invertebrate taxa (e.g., 
Bathymodiolus mussels, Shinkaia squat lobsters, and Alviniconcha gastropods in 
Okinawa Trough; Watanabe et al. 2010; Desbruyères et al. 2006; Podowski et al. 
2010) that host symbiotic, chemoautotrophic microorganisms. Deep-sea vents are 
ephemeral habitat islands from the moment of their discovery (Macdonald et al. 
1980; Van Dover 2014). The frequency of disruptive natural disturbances to vent 
communities can range from several decades to several hundred years. Faunal adap-
tations for colonizing new vent fields are thus important aspects of the sustainability 
of these communities, especially since neighboring vent fields are often separated 
by 10 s or 100 s of kilometers. Vent-restricted taxa are characterized by rapid growth 
rates, early maturation, large reproductive output, and well-developed dispersal 
capabilities (Grassle 1986). These characteristics are shared by opportunistic 
marine invertebrate species that persist despite frequent local extinctions and are 
divergent from those of deep-sea species in low-disturbance regimes (Grassle and 
Sanders 1973; Van Dover 2014). Local vent communities form regional meta-com-
munities nested within several biogeographic provinces linked by pelagic larval 
dispersal.

Recent studies have assessed vent field connectivity by looking at genetic dif-
ferentiation among vent populations (Hurtado et  al. 2004; Johnson et  al. 2008, 
2014; Thaler et al. 2014; Yahagi et al. 2015; Mitarai et al. 2016). Genetic data imply 
that back-arc basin populations are forming well-mixed genetic pools (Watanabe 
et  al. 2005; Nakamura et  al. 2014). In contrast, populations in distant regions 
(∼3000 km apart) are genetically distinct, although occasional migrations may have 
occurred over the course of several hundred thousand generations (Thaler et  al. 
2011). For example, population genetics of Neoverruca barnacles show no signifi-
cant genetic differentiation among populations within the Okinawa Trough 
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(Watanabe et al. 2005). Furthermore, haplotype analyses of the barnacles imply that 
Neoverruca populations inhabiting the Izu-Bonin region originated in the Okinawa 
Trough, although these two populations are genetically distinct (Watanabe et  al. 
2005).

To understand the pattern of larval dispersal and gene flow of vent species by 
ocean circulation, Mitarai et al. (2016) quantified potential larval dispersal among 
131 HVFs in the western Pacific basin. The estimates were based on a physical 
model of deep-ocean circulation that was validated through a deep-ocean profiling 
float experiment and considered temperature dependency of larval development that 
can control duration of pelagic larval stages. They demonstrated that vent fields 
within back-arc basins could be well connected when there was a lack of direction-
ality, whereas basin-to-basin dispersal is expected to occur infrequently, once in 
tens to hundreds of thousands of years, when clear dispersal barriers and direction-
ality associated with ocean currents are present.

2  A Model-Based Data Analysis

A mathematical model capable of predicting resilience would be an important 
contribution to the management of these unique ecosystems. One of the ways to 
assess resilience of ecological systems is through development of a detailed model 
that can describe population dynamics of the focal system. This model can be 
applied to measure the time required to recover to the original state just prior to 
disturbance. However, as we discussed above, compared to most terrestrial and 
shallow water ecosystems, data regarding hydrothermal vent ecosystems are lim-
ited because these ecosystems are typically found at depths of over 1000 m. Thus, 
resilience is estimated by connectivity of vent communities through larval disper-
sal, a key factor in determining the ability of a vent community to recover after 
disturbance. Recently, Suzuki et al. (2018) introduced a model-based approach to 
determine the resilience of vent communities by integrating a meta-population 
model and the estimated larval dispersal between HVFs (Mitarai et al. 2016). By 
simulating disturbances to vent fields, Suzuki et al. (2018) mapped recoverability 
(recovery time) of communities in 131 hydrothermal vent fields in the western 
Pacific Ocean. We introduce the approach and present some extended framework 
used for the model-based data analysis. HVFs may include both active and inac-
tive vent systems. In this study, we focused on the recoverability of communities 
in active vent systems. Our results can be applied to chemosynthetic communities 
in inactive vent systems, if they are included in or located close to the HVFs 
included in the analysis. However, because of the limited resource supply, recover-
ability of inactive vent systems could be lower than active vent systems (Gollner 
et al. 2017).
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2.1  Potential Larval Dispersal Between Hydrothermal Vent 
Fields

The results of Mitarai et al. (2016) were based on a unified model that accounts for 
the temperature dependence of larval development in marine animals (O’Connor 
et al. 2007) as well as a physical model describing deep-ocean circulation. Dispersal 
distance will depend both on the speed of ocean currents and expected duration of 
larvae at a given depth. For example, larvae that use shallower depths can disperse 
further because of fast ocean currents, although duration of the pelagic larval stage 
would be shortened when water temperature is higher (O’Connor et al. 2007). In the 
following analysis, we assumed a dispersal depth of 1000 mas in Suzuki et  al. 
(2018). It is supported by published data on the hydrographic structure of water 
columns obtained from observation and simulation models (England 1992; Gupta 
and England 2007; Nakamura et al. 2013). The biogeographic studies of larval dis-
persal at hydrothermal vents have a consensus on the transport mechanism by deep- 
sea advection and effluent layers (Marsh et al. 2001; Tyler and Young 2003), where 
physicochemical parameters, physiographic features of a region, and seafloor 
topography are recognized as possible barriers to dispersal (Won et al. 2003). The 
water mass below 1000 m depth generally has stable physicochemical parameters, 
such as temperature and salinity, and may offer suitable conditions for larval sur-
vival in advection above the vent area and lateral transport in the effluent layer of 
the deep sea. For example, there is a discontinuity in water temperature and salinity 
at 500–700 m in the Okinawa Trough and at 1000 m in the western and southern 
Pacific Ocean (Talley 2007). Moreover, two chemosynthetic communities found at 
a difference of more than 1000 m depth had significant differences in their commu-
nity structure (Watanabe et al. 2010), suggesting the effect of environmental barriers 
(but see Arellano et al. (2014) and Yahagi et al. (2017) for recent findings).

2.2  Differential Equation Model

We have used a differential equation for our analysis, which is described as:

 

d

d
.

x

t
f xi
i i= ( )

 
(1)

Generally, a differential equation describes the time evolution of the variable xi 
(here, it represents population size of organisms in HVF i) based on some processes 
implemented as a mathematical representation in function fi. Specifically, we used 
the following function:
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 +( )≠1 Σ ji .

 

(2)

Here, Ki is the carrying capacity (equilibrium population size of vent field i), r is the 
reproduction rate defined as the number of larvae that one individual produces per 
year, and Aij is the dispersal rate that a larva produced at vent field j will migrate into 
i per year, where Aii corresponds to self-recruitment. The dispersal networks were 
implemented as a dispersal matrix A whose elements are Aii and Aij. In Eqs. (1) and 
(2),

 r xii iA ,  

represents the recruitment of larvae from the HVFi and,

 
r A Kj i ji jΣ ≠ ,

 

represents the recruitment of individuals from other vent fields within the same 
region, assuming that other vent fields are in equilibrium (xj = Kj). A negative depen-
dency of recruitment on population size xi is introduced as:

 

1−










x

K
i

i

,

 

following the standard formulation of ecological systems limited by a carrying 
capacity. Here, we assumed that Ki is determined by the total amount of resource 
supply in vent field i. Our model does not include the duration of pelagic larval 
phase as a parameter because it is included in the calculation of A (O’Connor et al. 
2007; Mitarai et al. 2016). We assumed that xi is the population size of a species or 
group of species that share the same niche in vent field i. The species or group of 
species is assumed to distribute across all vent fields in the same region (connected 
by dispersal) with sufficient abundance. This assumption is realistic because vent 
communities frequently have a dominant taxon that constitutes most of the biomass 
at a regional scale, although the dominance-diversity relationships may depend on 
the environmental conditions such as fluid flux intensity and sediment types (Portail 
et al. 2015). Among different regions however, it would be reasonable to interpret xi 
as the abundance of different species or group of species that accounts for a similar 
proportion of biomass and having the same growth and dispersal characteristics. We 
do not directly consider the effect of disturbances on biological diversity because 
our model accounts for only one species. However, we expect that recoverability of 
these representative species would be a proxy for the recoverability of other infre-
quent community members; thus we regarded it as the recoverability of the com-
munity as a whole. For example, this is supported by observations of recovery after 
eruptions (Tunnicliffe et al. 1997; Shank et al. 1998; Marcus et al. 2009; Gollner 
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et al. 2015, 2017) which showed a concurrence of recovery in total organism density 
and species richness.

Using Eqs. (1) and (2), we conducted a numerical experiment to calculate the 
recovery time of HVFs (Fig. 1). We defined τi as the mean recovery time of a vent 
field i for the ensemble of various spatial distributions of Ki, where recovery time is 
the time required for xi to recover 75% of its original abundance (equal to Ki by defi-
nition) after it was temporarily reduced to zero. To calculate τi, we assumed that Ki 
is assigned from a log-normal distribution with μ = 6.9 (eμ = 1000) and σ = 1 and all 
vent fields except for i are in equilibrium. However, the following results are inde-
pendent of Ki if Ki values are identical across vent fields (Suzuki et  al. 2018). 
Furthermore, they can be referred to as the mean recovery time in the ensemble of 
potential spatial heterogeneity in Ki as long as Ki of all vent fields follows the same 
probability distribution (Suzuki et al. 2018). We assumed that Ki values are constant 
throughout time. Our results may underestimate recovery time if population size is 
highly constrained by the amount of suitable habitat that increases slowly along 
with the reestablishment of vent fields after disturbances. For example, the loss and 
recovery of mussel beds may restrict the abundance of associated small invertebrate 
species (Turnipseed et al. 2003). However, we focused on the resilience of HVFs 
depending only on the larval supply as this has the strongest influence on 
recoverability.

2.3  Resilience of HVFs Around Japan

 Recovery Time of HVFs

A dispersal matrix of HVFs around Japan is shown in Table 1. The dispersal matrix 
includes seven HVFs in Okinawa region (Iheya Ridge, Irabu Knoll, Izena Cauldron, 
Natsushima 84-1 Knoll, North Knoll Iheya Ridge, Dai-Yon Yonaguni Knoll, and 
Hatoma Knoll) and four HVFs in Izu-Bonin region (Mokuyo Seamount, Myojin 
Knoll, Suiyo Seamount, and Sumisu Rift). There are no dispersals connecting 

Fig. 1 Schematic 
distribution of a numerical 
experiment to estimate 
recovery time
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Okinawa and Izu-Bonin region when a dispersal depth of 1000 m is assumed. Thus, 
the two regions were separated in the analysis. It is clear from the matrix that not all 
the HVFs are mutually connected within the region. For example, in Okinawa, dis-
persal from Irabu Knoll to North Knoll Iheya Ridge and all dispersals from Irabu 
Knoll, Dai-Yon Yonaguni Knoll, and Hatoma Knoll to Iheya Ridge, Izena Cauldron, 
and Natsushima 84-1 Knoll are unidirectional. In Izu-Bonin region, dispersal from 
Mokuyo Seamount to Myojin Knoll and Sumisu Rift and Myojin Knoll to Suiyo 
Seamount is unidirectional. These directionalities in larval transport are associated 
with directionality in ocean currents in these regions.

By using this matrix as the dispersal matrix in Eqs. (1) and (2), we estimated the 
recovery time (τi) of HVFs in Okinawa and Izu-Bonin region as in Fig. 2, Tables 2 
and 3, respectively. τi in Okinawa was between 3.6 (Natsushima 84-1 Knoll) to 
6.1  years (Dai-Yon Yonaguni Knoll) and 67.15 (Suiyo Seamount) to 91.9  years 
(Myojin Knoll) in Izu-Bonin. Thus, τi in Izu-Bonin is larger than Okinawa by more 
than one order of magnitude. Both self-recruitment and recruitment between HVFs 
are lower in Izu-Bonin than Okinawa. However, larval supply to HVFs in Izu-Bonin 

Fig. 2 Hydrothermal vent fields around Japan (The map was generated from digital information 
available at Google Earth Pro v7.3.0.3832 (https://www.google.com/intl/en/earth/; Map data: 
Google Earth, Image Landsat/Copernicus, Data SIO, NOAA, U.S. Navy, NGA, GEBCO))
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region may be overestimated because we did not consider larval flow from seeps to 
hydrothermal vents. The frequency of species shared between vents and seeps is 
high around Japan where vents and seeps occur in close proximity (Watanabe et al. 
2010; Kiel 2016).

 Simultaneous Disturbance to HVFs

Ongoing development of deep-sea resource mining technologies raises the possibil-
ity that natural and anthropogenic factors will simultaneously disturb multiple 
HVFs in a region. We evaluated recovery time for disturbance on multiple HVFs as 
τC, where C = {X, Y, …} is a possible combination of disturbed HVFs in a region. 
We tested all possible combinations. The procedure to calculate recovery time is the 
same as previous analyses except population abundance in HVFs included in C 
were simultaneously reduced to zero. τC is the largest recovery time of HVFs 
included in C, i.e., τc =  max ({τi}X ∈ C). For simplicity, we did not consider variation 
of K in this analysis and assumed K = 1000 for all HVFs.

In Fig. 3, τCs is shown as a function of the number of simultaneously disturbed 
HVFs. The mean recovery time steadily increases with the number of disturbed 
HVFs. We found that some combinations substantially delay the recovery as com-
pared to the others. For example, when more than three HVFs were disturbed in 
Okinawa, τC was larger than 20 years if Hatoma Knoll, Dai-Yon Yonaguni Knoll, 
and Irabu Knoll were included in the disturbance, whereas recovery times of other 
combinations were less than 10 years. In Fig. 3a, this observation is illustrated by 
the appearance of the first point showing a recovery time greater than 20 years when 

Table 2 Recovery time of HVFs in Okinawa shown with other basic properties. Following Suzuki 
et  al. (2018), we set r  =  17.4 to calculate recovery time. Here, “In-degree” is the number of 
incoming links, “Self-recruitment” is Aii, and “Recruitment from other HVFs” is the sum of 
Aij(j ≠ i)

HVFs
τi 
(years)

95% CI 
of τi In-degree

Self-recruitment 
(larva/adults/year)

Recruitment from other 
HVFs (larva/adults/year)

Iheya Ridge 4 0.5
28.9

6 0.002281 0.013033

Irabu Knoll 3.9 0.4
18.9

2 0.006708 0.014852

Izena Cauldron 4.1 0.7
18.7

6 0.008017 0.010736

Natsushima 
84-1 Knoll

3.5 0.4
19.1

6 0.003973 0.015163

North Knoll 
Iheya Ridge

4.3 0.5
32.4

6 0.001805 0.013233

Dai-Yon 
Yonaguni Knoll

6.2 0.8
30.1

3 0.004978 0.00826

Hatoma Knoll 4.25 0.5
18.6

3 0.0086 0.013045
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three HVFs are simultaneously disturbed (Fig. 3a). The dispersal matrix for this 
region (Table 1) shows that if all three HVFs are disturbed, recovery will depend on 
dispersal from Iheya Ridge to Hatoma Knoll and Dai-Yon Yonaguni Knoll, and 
dispersal via these links is more than ten times smaller than the mean dispersal 
between vents in this region (Table 1).

The combination of HVFs having longer recovery time is systematically found 
using the disconnectivity graph (Fig. 4). The disconnectivity graph is obtained by 
removing links between HVFs based on a threshold level of dispersal rate. After 
removing these links, dispersal network is divided into the subsets of HVFs that we 
regard as the maximal subsets of connected components. A subset of HVFs is a maxi-
mal subset of connected components if there are mutual paths between any pairs of 
HVFs in the subset and inclusion of additional HVFs results in a violation to this 
criterion. Any dispersal network will be expressed as the union of such subsets. For 
example, if A→B, B→C, and C→A, then the network is expressed as {{A,B,C}}, 
and if C→A is removed, then it becomes {{A},{B},{C}}. By changing the threshold 

Table 3 Recovery time of HVFs in Izu-Bonin shown with other basic properties. Following 
Suzuki et al. (2018), we set r = 17.4 to calculate recovery time. Here, “In-degree” is the number of 
incoming links, “Self-recruitment” is Aii, and “Recruitment from other HVFs” is the sum of 
Aij(j ≠ i)

HVFs
τi 
(years)

95% CI 
of τi In-degree

Self-recruitment 
(larva/adults/year)

Recruitment from other 
HVFs (larva/adults/year)

Mokuyo 
Seamount

81.1 6.2
278.4

1 0.000794 0.00066

Myojin Knoll 91.45 11.5
353.8

3 0.000443 0.000517

Suiyo 
Seamount

71 6.4
317.1

2 0.000671 0.000823

Sumisu Rift 66.7 6.7
468.

3 0.000172 0.000795

Fig. 3 Result of simultaneous disturbances to multiple vent fields for Okinawa (a) and Izu-Bonin 
(b). To calculate τC, we set r = 17.4. Points in figure show τC of a combination of HVFs, and lines 
indicate the mean
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level from zero to the maximal rate included in the dispersal matrix, maximal subsets 
of connected components are calculated at each step. The disconnectivity graph 
shows hierarchical relationships of the connected components between the two 
extremes above. In Okinawa, the HVFs are separated into two subgraphs: (1) Hatoma 
Knoll, Dai-Yon Yonaguni Knoll, and Irabu Knoll and (2) the others. At a small 
threshold level (0.00021 larva/adults/year), simultaneous disturbance to the former 
three HVFs resulted in a long recovery time. This indicates that larval supply from 
other HVFs to this subset of HVFs is limited. Similarly, in Izu- Bonin region, the 
disconnectivity graph shows that there is limited larval supply from Myojin Knoll 
and Sumisu Rift to Mokuyo Seamount and Suiyo Seamount. This approach would 
be especially helpful when many HVFs are included in the analysis.

 Contribution of a HVF to the Resilience of Other HVFs

As we mentioned above, HVFs that are less resilient to disturbance will be an 
important target for protection. However, HVFs should also be protected if they 
have significant contribution to the resilience of other HVFs. Here, we show how 
the contribution of HVF i on the resilience of other HVFs (Ii) is quantified by a 
numerical experiment, before calculating recovery time of HVFs as we explained 
above, wherein we selected one of the HVFs and removed all the links from the 
HVF to other HVFs. We then calculated Ii as the mean increase of recovery time in 
HVFs in the region except for i. For simplicity, we did not consider variation of K 
in this analysis and assumed K = 1000 for all HVFs.

Figure 5 indicates the importance of HVFs in terms of their resilience (τi; x-axis) 
and contribution of HVFi to the resilience of other HVFs (Ii; y-axis). Although the 
results should be cautiously interpreted, HVFs having longer recovery time and 

Fig. 4 Disconnectivity graph for Okinawa (a) and Izu-Bonin (b). Size of points indicates normal-
ized recovery time of simultaneous disturbance to the corresponding combination of HVFs. Here, 
IR, Iheya Ridge; IK, Irabu Knoll; IC, Izena Cauldron; NK, North Knoll Iheya Ridge; NK, 
Natsushima 84-1 Knoll; YK, Dai-Yon Yonaguni Knoll; HK, Hatoma Knoll; MS, Mokuyo 
Seamount; MK, Myojin Knoll; SS, Suiyo Seamount; and SR, Sumisu Rift

K. Suzuki and K. Yoshida



245

higher Ii may be important targets for protection. One of the criteria is considering 
the sum of τi and Ii which is indicated by the vertical distance to a line  

y x x
n

In i i( ) = − + +( )1
2Σ τ / (black lines in Fig.  5). We found that in Okinawa  

region, Dai-Yon Yonaguni Knoll would be the most important target for protection 
followed by Izena Cauldron. In Izu-Bonin region, Suiyo Seamount and Mokuyo 
Seamount were indicated to be important than Sumisu Rift and Myojin Knoll.

 Optimal Scheduling

There were combinations of HVFs that significantly delay recovery, for example, 
Irabu Knoll, Dai-Yon Yonaguni Knoll, and Hatoma Knoll (here we call Irabu, 
Yonaguni, and Hatoma for simplicity) in Okinawa region. In the previous result, we 
assumed that these HVFs are simultaneously disturbed. However, if the causes of 
disturbances are anthropogenic factors, such as resource mining, it should be pos-
sible to schedule the sequence of mining and interval of disturbances. The recovery 
time would be minimized if the sequence and interval of disturbances is optimally 
scheduled. Here, using the disturbance to Irabu, Yonaguni, and Hatoma as an exam-
ple, we show a procedure for optimal scheduling.

Let us define a schedule T as

 
T T T T= { }Irabu Yonaguni Hatoma, , ,

 

where Tx(X ∈ {Irabu, Yonaguni, Hatoma}) specifies the timing at which X is dis-
turbed. We assumed that at least one of the Tx is 0 which is the starting point of the 
disturbances. If Tx > 0, X is disturbed after Tx year from the first disturbance. We 
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defined that the recovery time is the time interval between the first disturbance and 
75% recovery of the HVF that is disturbed last.

We used simulated annealing (Box 1; Kirkpatrick et al. 1983) to find the optimal 
schedule. Simulated annealing is a probabilistic technique for approximating the 
global optimum of a given function. Specifically, it is a metaheuristic approach to 
approximate global optimization in a large search space. In the algorithm, p(t) is the 
time-dependent acceptance rate of a new schedule when it does not improve the fit-
ting result. This acceptance of worse parameters helps the algorithm find global 
minima by searching globally at the early stage while locally at the later stage. A 
3000 step SA (tmax = 3000) was sufficient to find the best T.

Box 1 Simulated Annealing
 1. Set iteration step t = 0, set the initial T by assigning 0 for one randomly 

selected element among the three elements. The list of elements is assigned 
a uniform distribution (0,20).

 2. Calculate the recovery time τC with T.
 3. Increment t by 1.
 4. Replace one of the elements in T, Tx, by λTx where λ is a random value 

drawn from a uniform distribution (0.8,1.2), and set the alternative sched-
ule as T*.

 5. Calculate the recovery time τC* with T*.
 6. If τ τC C

∗ < , or τ τC C
∗ ≥  and rand< p(t), set T = T* and τC = τC*. Here, rand 

is a random value drawn from a uniform distribution (0,1). p(t) is the 
acceptance rate of a new parameter vector when it does not improve the 
fitting result and is p t c c

t( ) = − −( )( )∗exp /τ τ ωα . Here, we set α = 0.998 
and ω = 1000.

 7. Back to 4 if t<tmax, else terminate the algorithm.
When the schedule is given as {1.4, 0, 4.5}, the recovery time (τC, C={Irabu, 

Hatoma, Yonaguni}) was reduced to 11.3 years, which is about one half the 
recovery rate when these vents are simultaneously disturbed (21.6 years, 
Fig. 6). Thus, if the set of targets for resource mining is given (e.g., based 
on the amount of mineral resources required), the scheduling algorithm 
could find an optimal schedule to minimize the recovery time.
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 Individual-Based Model

While differential Eqs. (1 and 2) include basic mechanisms that can explain 
recovery, it overlooks the fact that the processes are actually based on the disper-
sal of individuals. When describing dispersal processes using a differential equa-
tion, propagules are expressed as a small real number (e.g., 10−2 individuals) that 
can disperse to connected HVFs with an arbitrary short time interval. This may 
not be appropriate to describe dispersal if recovery is limited by a small dispersal 
rate. For example, arrival of 10−2 individuals/year to a HVF in a differential equa-
tion is interpreted as arrival of 1 individual per 100 years in an individual-based 
model. Estimated recoverability of a HVF may be different if using a differential 
equation relative to an individual-based model. To test the effect of individuality, 
we transformed the differential Eqs. (1 and 2) to an equivalent stochastic formu-
lation using the Gillespie algorithm (Gillespie 1977). In this approach, the equa-
tion is decomposed into three processes weighted by w1, w2, and w3 as follows: 
first, reproduction of organisms (self-recruitment) weighted by w1 = rAiixi which 
adds one individual to the population; second, recruitment of individuals from 
other HVFs weighted by w2 = (1 − xi/Ki)(+rΣj ≠ iAjiKj) which also adds one indi-
vidual to the population; and finally, mortality weighted by w rA x Kii i i3

2= /  which 
removes one individual from the population. At each time step, one of these pro-
cesses is selected based on their weights, and time t is incremented by 
∆t =  log (ϵ−1)/Σiwi, where ϵ is a random value drawn from a uniform distribution 
(0,1).

Comparison of the distribution of recovery time calculated by the differential 
equation and the individual-based model (Fig. 7) shows that there are no significant 

Fig. 7 Smooth kernel distribution of recovery time calculated for the ensemble of 1000 K values. 
Recovery time calculated from a stochastic model (solid) and a deterministic model (dashed) had 
no significant difference

Mining in Hydrothermal Vent Fields: Predicting and Minimizing Impacts…



248

differences between their distribution. This suggests that at least in Okinawa and 
Izu-Bonin region, the differential Eqs. (1 and 2) well approximate the individual- 
based population dynamics. Because most of the HVFs are mutually connected 
(Table 1), self-recruitment would be the determinant of the recovery time in these 
regions. The effect of individuality would be more significant if the connection 
between HVFs is sparse and the supply of individuals rather than self-recruitment is 
a determinant of recovery.

3  Future Directions

In future studies, researchers should attempt to reveal dispersal networks in a 
broader region of the world ocean, with a wider range of taxonomic and habitat 
types, which will extend the coverage of this analysis. This will allow us to map the 
resilience of different species and enable comparative studies on the relationship 
between resilience and species traits, and, when the model is modified to multispe-
cies system, it will further help us to understand community dynamics, such as suc-
cession. However, presented results were obtained by omitting various biological 
details. Information about biological traits (e.g., larval development, ontogenetic 
vertical migration, and settling behaviors) is essential to accurately predict larval 
dispersal distance. Species-specific resilience should be predicted by implementing 
quantitative biological information. Furthermore, we did not consider the activity 
and configuration of individual vents in each HVF. It is important to integrate infor-
mation regarding the detailed spatial structure and the predictions obtained by fine- 
scale physical modeling, such as the amount of sedimentation caused by resource 
mining, to accurately predict the relationship between disturbances and recovery 
time at more detailed spatial scales. It also should be mentioned that there is still a 
relative lack of empirical data from disturbance-recovery studies that can support 
our results. All previous studies have been carried out on either the Juan De Fuca 
Ridge (Tunnicliffe et al. 1997; Marcus et al. 2009) or the East Pacific Rise (Shank 
et al. 1998; Gollner et al. 2015). Because both are in a fast-spreading ridge where 
biological communities are frequently disturbed (e.g., ~15  years; Tolstoy et  al. 
2006), it would be controversial whether these results represent recovery of HVFs 
in slow-spreading ridges or arc-back-arc basins where disturbance to communities 
is relatively infrequent (Gollner et al. 2017). However, our results still suggest sub-
stantial differences in recovery time among HVFs, which can span two orders of 
magnitude, highlighting the importance of understanding connectivity among HVFs 
to assess their recoverability.
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4  Conclusion

Limited accessibility to HVFs and rare opportunities to observe natural disturbances 
hinders the ability of researchers to assess the recoverability of chemosynthetic 
communities in the environment. With some numerical analyses, we here showed 
how our approach provides quantitative evaluations of potential impacts of distur-
bances on ecological systems by indicating regions or groups of HVFs as well as 
individual HVFs that are less resilient to disturbances. We also presented a method-
ology to optimize a schedule for resource development that can minimize recovery 
time of ecological communities. These results suggest potential applications of our 
approach to avoid or minimize the disruptive effect of anthropogenic activities in 
the deep-sea environment. However, more extensive efforts would be needed to use 
it for applied purposes. We hope that the benefit of integrating observational data 
and mathematical models is widely acknowledged and stimulates further develop-
ment of methodology, observational technologies, and application of these studies.
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Abstract A new bioassay method using delayed fluorescence (DF) intensity in 
marine cyanobacterium has been developed. This method offers several advantages 
for marine environmental risk assessment in deep-sea mining areas: DF-based bio-
assay uses smaller amounts of a test substance or wastewater and takes less time and 
space than the standard bioassay method. We selected the marine cyanobacterium 
Cyanobium sp. (NIES-981) as our test algal species and demonstrated that use of 
this species was valid in standard growth inhibition testing based on OECD guide-
line criteria. Standard inhibition tests and shorter testing using DF were performed 
on NIES-981 by using five chemicals (3,5-DCP, simazine, diflufenican, K2Cr2O7, 
and CuSO4), and their EC50 and low-toxic-effect values (EC10, EC5, and NOEC) 
were determined from dose-response curves. On the basis of comparisons of the two 
dose-response curves and the EC50 values, we concluded that DF intensity was use-
ful as an endpoint for rapid estimation of EC50 in NIES-981. In addition, a delayed 
fluorescence-based bioassay using Cyanobium sp. NIES-981 was used to evaluate 
the toxicity of core samples obtained from drill holes at the Izena Hole, Middle 
Okinawa Trough, East China Sea. The results revealed that unexpected leakage of 
recovered minerals and mining wastewater from the mining plant could result in 
heavy metal contamination of the surface water. Moreover, on the basis of the results 
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of microplate-based assay using various marine algae, we suggest using eukaryotic 
marine algae such as Emiliania huxleyi NIES-1310, Micromonas pusilla NIES-
1411, and Bathycoccus prasinos NIES-2670 in addition to Cyanobium sp. NIES-
981 for management of seawater quality at deep-sea mining sites because sensitivity 
to lead in eukaryotic marine algae are more sensitive than cyanobacteria.

Keywords Bioassay · Marine algae · Deep-sea mining

1  Introduction

Commercial use of metals such as copper, nickel, and cobalt has increased mark-
edly in recent years, and this has resulted in increased interest in deep-sea mining of 
mineral resources. Recent deep-sea surveys have identified rich and massive sea-
floor sulfide deposits associated with hydrothermal vents; these deposits may be 
economically viable, given sufficient development of the deep-sea mining industry 
(Fujita 2001). Several studies have examined the impacts of human activities on the 
deep-sea environment (Ahnert and Borowski 2000; Thiel 2003; Smith et al. 2008); 
however, little is known about the direct or long-term effects of human activities on 
the upper ocean zones, although heavy metals such as copper, lead, and zinc can 
easily leach from sulfide minerals around hydrothermal fields and may pollute the 
upper ocean layers (Simpson et al. 2007). Fuchida et al. (2017) have also suggested 
that there was a risk of unexpected leakage of recovered minerals and mining waste-
water from mining plants, potentially resulting in heavy metal contamination of 
surface waters. In addition, the International Seabed Authority states that environ-
mental impact assessments should address not only areas directly affected by min-
ing but also the wider region affected by discharged plumes and materials released 
during mineral transport to the surface (ISA/LTC 2013). Considering the above, 
methods for assessing the effects of metals released by deep-sea mining operations 
on the ocean environment are urgently required.

Bioassays are commonly used to monitor water quality and assess the ecological 
risks posed by chemicals. Chemical analyses are also important for identifying the 
chemicals present in a particular environment, but they do not provide data directly 
related to the bioavailability of these chemicals. Ecotoxicological testing protocols 
using a variety of aquatic organisms have been published by organizations such as 
the International Organization for Standardization (ISO), the Organisation for 
Economic Co-operation and Development (OECD), and the US Environmental 
Protection Agency (US EPA); but time and space onboard vessels are limited in 
deep-sea mining operations, making these bioassays often unsuitable when animals 
such as fish are used.

In contrast, algal bioassay requires only simple handling and needs less time and 
space than bioassays using animals. A general method for testing the toxicity of 
chemicals to algae is described in OECD test guideline No. 201 (TG201; Freshwater 
Algal Growth Inhibition Test) (OECD 2011), in which growth inhibition 72 h after 
exposure is used to estimate the effective concentration (i.e., EC50) of a chemical. 

T. Yamagishi et al.



257

However, this method requires the counting of cells every 24 h for 72 h of exposure 
or longer, using an electronic particle counter or under a microscope. It is thus still 
too intricate and time-consuming for onboard work.

2  Test Algal Species

Currently, large phylogenetic groups, including some classes of algae, are used for 
bioassays of toxicity. For example, two species of green algae (Pseudokirchneriella 
subcapitata and Desmodesmus subspicatus), one species of diatom (Navicula pel-
liculosa), and two species of cyanobacteria (Anabaena flos-aquae and Synechococcus 
leopoliensis) are test species recommended in TG201 (OECD 2011). However, there 
are no tests using marine algal species in this guideline. The marine diatoms 
Phaeodactylum tricornutum and Skeletonema costatum have been recommended as 
test species in ISO 10253 (ISO 2006) and USEPA 850.5400 (USEPA 1996) and by 
the American Society for Testing and Materials (ASTM E1218-97a; ASTM 1997). 
These are the most common marine species used in bioassays of toxicity. Although 
bioassays using other marine microalgal species have also been reported, as yet there 
are no standard protocols for marine algae other than P. tricornutum and S. costatum. 
Because different taxa respond differently to chemical toxicants, it is important to 
develop standard protocols for a wide range of marine algal species, aside from dia-
toms, for marine environmental risk assessment. In addition, we need to develop 
methods for using new marine algal species to monitor deep-sea mining, because it 
is difficult to handle the culture of P. tricornutum and S. costatum onboard ships. The 
use of cryopreserved species may simplify the handling of algal cultures.

Recently, we developed bioassay method using a marine alga, the cyanobacte-
rium Cyanobium sp. (NIES-981), obtained from microbial collection at the National 
Institute for Environmental Studies (Fig. 1) with the aim of management of seawa-
ter quality at deep-sea mining sites, where time and space are extremely limited 

Fig. 1 Light microscopic 
image of Cyanobium sp. 
(NIES-981)
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(Yamagishi et al. 2016). NIES-981 is very useful as a test algal species and is appro-
priate for use in deep-sea mining areas for the following reasons: (I) NIES-981 
exhibits rapid and stable growth; (II) cryopreservation is available; (III) NIES-981 
is closely related to Synechococcus and Prochlorococcus species, which are among 
the major primary producers both offshore and close to the coast; and (VI) the com-
plete genome of NIES-981, which can provide a basis for developing an ecotoxico-
logical bioassay using this strain, has been sequenced (Yamaguchi et  al. 2016). 
Annotation revealed that the genome codes 3268 proteins with 46 tRNA genes and 
3 sets of rRNA genes.

Rapid and stable growth is one of the most important requirements of a test algal 
species. NIES-981 grows exponentially by a factor of approximately 40 within 
4 days under test conditions, namely, at 23 ± 1 °C under continuous illumination 
with white fluorescent light (60–80 μE·m−2s−1) with orbital agitation (100 rpm) in 
ASW-SN (Table 1), a medium exclusively for NIES-981 (Fig. 2); this corresponds 
to a natural logarithmic growth rate of 1.16 day−1 (Fig. 2). The mean coefficient of 
variation (CV) for section-by-section growth rates (0–24, 24–48, and 48–72 h, for 
72-h tests) in culture was 14.6% (Yamagishi et al. 2016). The CV of the average 
specific growth rates during the whole test period in replicate cultures was 1.6%. 
These values fulfill the validity requirements for test algal species as defined by the 
OECD’s TG201, indicating that NIES-981 exhibits fast and stable growth.

The sensitivity of NIES-981 to typical toxicants (3,5-DCP, Cu2+/CuSO4·5H2O, 
Cr(VI)/K2Cr2O7) and two herbicides, namely, CAT (simazine) and DFF (diflufeni-
can), with the standard growth inhibition test (72 h) is sufficiently high for it to be 
used as a test algal species. Its sensitivities to the toxicants 3,5-DCP and CAT are as 
high as those of P. subcapitata (Table 2).On the other hand, its sensitivities to Cu2+ 
and Cr(VI) are markedly lower than those of P. subcapitata (Table 1), but marine 
algae are generally more tolerant to heavy metals than are freshwater algae: the 
EC50ofCu2+isapproximately 700–4000 times greater in marine algae (Vignati et al. 
2010; Ebenezer and Ki 2013). Nevertheless, although there are limited data on the 
toxicity of heavy metals to marine algae, the EC50 values of Cu2+in NIES-981 are 
markedly lower than the values previously reported for Cu2+ in marine algae, with 
an EC50 approximately 25 times lower than that of Prorocentrum minimum, 73 
times lower than that of Tetraselmis suecica, and 13 times lower than that of 
Heterocapsa triquetra (Millán de Kuhn et al. 2006; Ebenezer and Ki 2013). These 
results indicate that NIES-981 is a useful species for algal ecotoxicity in marine 
environment.

3  Rapid Bioassay Method Using Delayed Fluorescence

A much faster alternative for testing algal growth is the noninvasive measurement of 
in vivo fluorescence, which facilitates the monitoring of activity changes by affect-
ing photosystem II (PS II) (Thompson 1997). For example, pulse amplitude modu-
lation of prompt fluorescence (PF) is a well-established method for detecting the 
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Table 2 Comparisons of EC50 and low-toxic-effect values (EC10, EC5, and NOEC) between 
Cyanobium sp. and Pseudokirchneriella subcapitata

Cyanobium sp. P. subcapitata
72-h EC50 72-h EC10 72-h EC5

NOEC 72-h EC50

72-h 
EC10 NOEC

(95% 
confidence 
limit)

(95% 
confidence 
limit)

(95% 
confidence 
limit)

3,5-DCP 
(mg/L)

1.71 0.940 0.793 0.625 1.8–2.3a, b 0.91b 0.75a

(1.60–1.82) (0.934–0.947) (0.534–0.896)
CAT 
(μg/L)

105 26.8 18.2 12.5 100–297c, 

d, e

– 10e

(94.7–118) (24.2–28.4) (15.3–20.3)
DFF 
(μg/L)

4.10 1.26 0.902 0.750 0.27–
1.23f, g

– –
(3.70–4.62) (1.23–1.28) (0.733–1.25)

Cu2+ 
(mg/L)

0.550 0.139 0.0947 0.113 0.0075–
0.047h, i

0.012i 0.0018–
0.01h, i(0.475–0.632) (0.0793–

0.203)
(0.045–0.135)

Cr(VI) 
(mg/L)

4.61 2.19 1.77 1.76 0.30–
0.488a, b

0.092b 0.064a

(4.24–4.96) (2.06–2.23) (1.27–2.13)

EC effective concentration, NOEC no observed effect concentration, 3,5-DCP 3,5-dichlorophenol, 
CAT simazine, DFF diflufenican
aComber et al. (1995)
bMayer et al. (1998)
cOkamura et al. (2000)
dPérez et al. (2011)
eSbrilli et al. (2005)
fKatsumata et al. (2009)
gWeyman et al. (2012)
hFranklin et al. (2002)
iRadix et al. (2000)

Fig. 2 Growth rates of Cyanobium sp. (NIES-981) for 96 h after culture under control conditions 
(left) and section-by-section-specific growth rates (0–24, 24–48, and 48–72 h) (right). Data are 
means of three independent experiments. Error bars show standard deviation
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effects of chemicals on algae (Conrad et al. 1993; Schreiber et al. 2002; Escher et al. 
2008; Vallotton et al. 2008). However, although PF is very sensitive to the inhibition 
of primary photosynthetic reactions, experiments on duckweed indicate that it has 
limitations when used to estimate growth inhibition due to the effects of copper, 
cadmium, and zinc (Drinovec et al. 2004). Delayed fluorescence (DF) is the very 
weak fluorescence signal from photosynthetically active cells that are transferred 
from light to dark; it occurs with a time delay from milliseconds to minutes and is 
also known as delayed luminescence or delayed light emission (Strehler and Arnold 
1951; Arnold and Davidson 1954). This long emission time is explained by repopu-
lation of the excited states of chlorophyll from stored energy after charge separa-
tion  – that is, the back-reaction of accumulated charges across the thylakoid 
membrane in the electron transport chain (Joliot et al. 1971). On the basis of the 
mechanism of DF emission, it has been suggested that DF is an indicator of the state 
of electron transfer within the photosynthetic apparatus and is a sensitive intrinsic 
probe of photosynthetic activity (Jursinic 1986; Schmidt and Senger 1987a, b). Its 
use has thus been proposed to achieve rapid bioassay for screening for chemical 
toxicity in algae and plants (Gerhardt and Kretsch 1989; Katsumata et  al. 2006, 
2017; Berden-Zrimec et al. 2010).

However, it should be noted that there is an important difference between 72-h 
algal growth inhibition tests and tests with a shorter time period using PF or DF. 
Although 72-h growth inhibition tests involve multiple cell generations, tests that 
use shorter periods of time determine only the effects of the chemicals on one gen-
eration. Nevertheless, Katsumata et  al. (2006, 2009) have demonstrated that the 
relationship between a test with a shorter time period using DF and a 72-h growth 
inhibition test was sufficient for rough toxicity testing of at least six test chemicals. 
They concluded that the DF intensity 24 h after exposure was a possible endpoint 
for rapid estimation of the EC50 values obtained with the conventional 72-h growth 
inhibition test (Katsumata et al. 2009).

We adapted a DF-based bioassay method for use in the marine cyanobacterium 
Cyanobium sp. NIES-981 (Yamagishi et al. 2016). The results for five typical test 
chemicals using this method approximated those from the standard growth inhibi-
tion test, despite some variations between the standard inhibition test and the 
DF-based bioassay in the case of DFF and CAT (Figs. 3 and 4) (Yamagishi et al. 
2016). These results suggest that the DF-based method is a viable alternative to the 
standard growth inhibition test (Yamagishi et al. 2016). In addition, because this 
method uses smaller amounts of test substances or wastewater and takes less time 
than the standard bioassay method (Fig. 5), it may be useful for testing on onboard 
deep-sea mining support vessels, where time and space are limited, for assessing 
environmental risk. Recently, we performed a DF-based onboard bioassay using a 
cryopreserved culture of the Cyanobium sp. NIES-981 to evaluate the toxicity of 
three sulfide core samples obtained from three drill holes at the Izena Hole, Middle 
Okinawa Trough, East China Sea, during a drilling program conducted by the D/V 
Chikyu (CK16-05 cruise or Exp. 909: 11 December 2016 to 17 November 2016) 
(Kumagai et  al. 2017). Leachates from two of the cores (C9027B 1X-CC and 
C9028A 7S-CC) contained high concentrations of zinc and lead, and they markedly 
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inhibited DF in NIES-981 (Fig. 5 and Table 3). This result suggests the importance 
of examining the leaching of metals from sulfide-rich rock collected during deep- 
sea mining and establishing methods to determine the effects of this leaching on the 
upper ocean zones. During deep-sea mining operations, it is likely that metals will 
leach from sulfide minerals into the surrounding marine environment. It is also pos-
sible that unforeseen events will result in the spillage of sulfide-rich rock into the 
ocean, where long-term metal leaching could increase the impacts on the 
environment.

Our findings demonstrate that the DF-based bioassay using NIES-981 is suffi-
ciently simple and easy for onboard bioassays. On the other hand, although the use 
of cryopreserved culture simplifies the handling of algal cultures, the results show 

Fig. 3 Delayed fluorescence (DF) intensity curves in Cyanobium sp. after 24 h exposure to CAT, 
3,5-DCP, DFF, Cu2+, or Cr(VI)
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Fig. 4 Dose–response curves of exposed samples relative to control samples in the standard 
growth inhibition test (72-h growth inhibition test) (dotted line) and the test using a shorter time 
period and delayed fluorescence (DF) intensity at 24 h (solid line) [In the case of DFF, the DF 
intensity at 48 h was used for the endpoint because saturation for the calculation of EC50 value 
could not be reached within 24 h. The inset table compares EC50 values from the standard inhibi-
tion test (72-h EC50) and the test with a 24-h time period using DF (24-h DF50)]
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that the non-cryopreserved cyanobacteria were more sensitive than the cryopre-
served cyanobacteria to the toxicity of the core leaches for the reason of freezing 
damage during cryopreservation (Fig.  6) (Table 3). Although this issue could be 
addressed by increasing the time allotted for the culture to recover after thawing, 
further examination of the cryopreservation conditions to minimize freezing dam-
age is warranted.

Table 3 Effective concentration (ECχ) values of the core leaches in cryopreserved and non- 
cryopreserved Cyanobium sp. NIES-981

Leaches
Cryopreserved Non-cryopreserved
EC50 EC10 EC50 EC10

C9027B 1X-CC 3.52 1.10 0.587 0.0891
(3.48–3.56) (1.08–1.13) (0.585–0.589) (0.0885–0.0898)

C9028A 7S-CC 2.73 0.649 0.143 0.00180
(2.70–2.76) (0.632–0.665) (0.141–0.145) (0.00175–0.0019)

The numbers in parentheses indicate 95% confidence limits

Fig. 5 Schematic of the procedure used in the onboard delayed fluorescence (DF)-based bioassay. 
1. Thaw vials of the cryopreserved cyanobacteria with the thawing device (Allutox Starter: 
Hamamatsu Photonics, K.K., Shizuoka, Japan) at 40 °C until the cell suspension thaws completely. 
2. Transfer thawed sample to cuvette (φ 25 × 85 mm) (Hamamatsu Photonics) containing 9.0 mL 
of fresh culture medium. 3. Shake continuously by an orbital and wheel shaker (Hamamatsu 
Photonics) for 3 days at 23 ± 1 °C under white fluorescent light (10–20 μE m−2S−1) to promote 
recovery from freezing damage. 4. Transfer recovered algal sample to cuvette (φ 25 × 85 mm) 
(Hamamatsu Photonics) containing 9.0 mL of control or test medium. 5. Shake continuously with 
an orbital and wheel shaker (Hamamatsu Photonics) for 24 h at 23 ± 2 °C under white fluorescent 
light (60–80 μE m−2S−1). 6. Measure delayed fluorescence light of test samples with ultra-weak 
luminescence detector system (Type 7100 or 7600, Hamamatsu Photonics)

T. Yamagishi et al.
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4  Impact of Heavy Metals on Marine Algal Species

It is expected that heavy metal species diffusing in the developmental area vary 
depending on the type of hydrothermal ore and internal ultrastructure and that the 
composition of leachates does not reflect the chemical composition of hydrothermal 
ores (Fuchida et al. 2017). Hence, it is necessary to evaluate the sensitivities to vari-
ous metal species on NIES-981 for marine environment assessment at deep-sea 
mining area. The results of DF-based bioassay using various metal species indicate 
that the sensitivity of NIES-981 to zinc (EC50: 71.1 ppb) is equivalent to that of P. 
subcapitata whereas greatly tolerant to lead (EC50: 9.34 ppm) comparing to that of 
P. subcapitata. The high sensitivity of NIES-981 to zinc was also demonstrated by 
microplate-based bioassay using various marine algal species, 3 strains of marine 
cyanobacteria and 11 strains of eukaryotic algae (Table 4, Fig. 7). The growth of 3 
strains of marine cyanobacteria (two Synechococcus and NIES-981) was suppressed 
with relative cell density of 0.2-fold or less by exposure to 0.4 ppm of zinc (Fig. 7). 
Although zinc more than 0.2 ppm strongly suppressed growth of three strains of 
marine cyanobacteria, NIES-981 was most sensitive strain to zinc among three 
strains of marine cyanobacteria (Fig. 7). On the contrary, growth in ten strains of 
eukaryotic marine algae was not affected by exposure to zinc more less 0.4 ppm 
(Fig.  7).Only Micromonas pusilla NIES-2672 was suppressed with relative cell 
density of 0.5 by exposure to 0.4  ppm of zinc (Fig.  7), suggesting that marine 
eukaryotic algae tend to be tolerant to zinc.

The DF assay using representative marine algal strains showed that eukaryotic 
marine algae generally more sensitive to lead than marine cyanobacteria including 
NIES-981 (Fig. 8). Three strains (NIES-1411, NIES-1310, and NIES-2670) and six 

Fig. 6 Dose–response curves of cryopreserved or non-cryopreserved Cyanobium sp. exposed to 
core leaches [Cryopreserved or non-cryopreserved cyanobacteria were exposed to leach from 
C9027B 1X-CC and C9028A 7S-CC, and delayed fluorescence was measured at 24.Solid (closed 
circles) and dotted lines (closed squares) indicate curves for the assays using non-cryopreserved 
cyanobacteria and cryopreserved cyanobacteria, respectively.]
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strains (NIES-613, NIES-1000, NIES-1001, NIES-1310, NIES-1411, and NIES- 
2670) of eukaryotic marine algae showed relative DFI approximately of 0.2 and 0.5 
by exposure to 1 ppm of lead, respectively (Fig. 8). On the contrary, three strains of 
cyanobacteria (Fig. 8) were more tolerant to lead than eukaryotic algae with relative 
DFI approximately 1.1 in NIES-981 and 0.5 in NIES-971 and NIES-969 by expo-
sure to 1 ppm of lead (Fig. 8). Although the mechanism of lead tolerance in cyano-
bacteria remains unclear, recent study showed that the minimum inhibitory 

Fig. 7 Growth inhibition assay using various marine algae [mean + s.e.m. relative cell density (vs. 
non-exposure plot) for 3 marine cyanobacteria and 11 marine eukaryotic algae exposed to 0–4 ppm 
zinc (n = 3 independent biological replicates)]

Table 4 List of strains tested in this study

NIES no. Species Class

323 Skeletonemamarinoi-dohrnii Bacillariophyceae
613 Amphidinium klebsii Dinophyceae
969 Synechococcus sp. Cyanophyceae
971 Synechococcus leopoliensis Cyanophyceae
981 Cyanobium sp. Cyanophyceae
1000 Gephyrocapsa oceanica Prymnesiophyceae
1001 Imantonia rotunda Prymnesiophyceae
1310 Emiliania huxleyi Prymnesiophyceae
1411 Micromonas pusilla Prasinophyceae
2304 Florenciella sp. Dictyochophyceae
2587 Microchloropsis gaditana Eustigmatophyceae
2590 Isochrysis galbana Prymnesiophyceae
2670 Bathycoccus prasinos Prasinophyceae
2672 Micromonas pusilla Prasinophyceae

T. Yamagishi et al.
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concentration of zinc is lower than that of lead among different bacterial species 
(Perelomov et al. 2018), and this is consistent with our results. Taken together, the 
present study revealed that marine cyanobacteria tended to be more sensitive to zinc 
than to lead, while eukaryotic algae were more sensitive to lead than to zinc. 
Simultaneously, these results suggest that lead and zinc may widely impact prokary-
otic and eukaryotic microbial communities in deep-sea mining area considering that 
lead and zinc easily leach from hydrothermal ores (Fuchida et al. 2017).As a corol-
lary to our study, it is necessary to use a wide range of algal species (e.g., NIES- 
1310, NIES-1411, NIES-2670, as well as NIES-981) for marine environment 
assessment at deep-sea mining area.

5  Conclusion

In this study, we developed a new DF-based bioassay method using marine cyano-
bacterium, Cyanbium sp. (NIES-981). This method would be very useful for marine 
environment assessment at deep sea mining area, where time and space are limited, 
because it takes less time and it is easy to handle. The usefulness of this method was 
also evaluated with the onboard test performed during the D/V Chikyu (CK16-05 
cruise). On the other hand, we found that cyanobacteria including NIES-981 are 
very sensitive to zinc but tolerant to lead. This result indicates that it is necessary to 
use some other species of alga in addition to NIES-981 for marine environment 
assessment. Screening test for selecting other useful algal species using microplate 
showed that some of eukaryotic algal species are more sensitive to lead than 

Fig. 8 DF-based assay using selected strains [mean + s.e.m. relative DFI (vs. non-exposure plot) 
for three marine cyanobacteria and seven marine eukaryotic algae exposed to 0.25–1 ppm lead. 
Blue and red bars indicate thresholds of DFI ≦0.5 and DFI ≦0.2, respectively (n = 3 independent 
biological replicates)]
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cyanobacteria. Therefore, we suggest using not only NIES-981 but also eukaryotic 
alga (such as Emiliania huxleyi NIES-1310, Micromonas pusilla NIES-1411, and 
Bathycoccus prasinos NIES-2670) for marine environment assessment at deep sea 
mining area.
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Abstract The exploitation of deep-sea mineral resources has not yet begun. In 
order to realize it in the future, various issues need to be addressed. One such issue 
is establishing an appropriate environmental impact assessment (EIA) technique 
and a supporting environmental research method. At present, knowledge on the 
deep-sea environment is quite poor, and existing environmental research methods 
rely on various methods used in ocean science. However, the goals of oceanography 
do not always align with those for EIA. Furthermore, the purposes of EIA and sci-
entific research are different. Considering economic performance and technical con-
venience, scientific research methods are not necessarily suitable for EIA. In this 
context, this paper introduces three new technologies of turbulence measurement, 
niche modeling, and genetic connectivity survey method and suggests approaches 
for their standardization for the purpose of EIA.

Keywords Environmental impact assessment (EIA) · Turbulence · Habitat 
mapping · Larval dispersal techniques

1  Introduction

The development of deep-sea mineral resources is a topic of potential interest in the 
future. Regarding areas beyond national jurisdiction (ABNJ), state parties or enti-
ties applying for exploration areas to the International Seabed Authority (ISA) are 
increasing (Fukushima and Nishijima 2017), whereas testing of various technolo-
gies for ocean mining is being conducted within areas of national jurisdiction. For 
example, Japan Oil, Gas and Metals National Corporation (JOGMEC) has success-
fully conducted a continuous rising test of seafloor massive sulfide (SMS) at a 
depth  of 1600  m in a site within the Japanese exclusive economic zone (EEZ) 
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(JOGMEC 2017). In Papua New Guinea (PNG), Nautilus Minerals Inc. has started 
to take action toward SMS development at Solwara 1 site (Nautilus 2008). In addi-
tion, approaches are being taken for phosphate development in Namibia (190–250 m 
water depth) and Chatham Rise (350–450 m water depth) (Namphos 2012; CRP 
2014; Miyata and Fukushima 2018). As described above, developments of various 
minerals have started in different areas, under varying topographic settings and 
water depths.

Along with international movements, social demands for environmental impact 
assessment (EIA) concerning the development of ocean mineral resources are 
becoming more strict. The importance of EIA for ocean mineral resources develop-
ment was declared in the G7 summit at Elmau (Germany) in 2015. In addition, 
nongovernment organizations (NGOs) associated with environmental issues, such 
as the International Union for Conservation of Nature and Natural Resources 
(IUCN), are voicing their concern (IUCN 2018). These indicate the increasing soci-
etal pressure on EIA.  In other words, with increased diversity of the target ore, 
development area, and water depth, more strict and detailed regulations are being 
formulated. Therefore, the ISA reconsidered the contents of “Recommendations for 
the Guidance of Contractors for the Assessment of the Possible Environmental 
Impacts Arising from Exploration for Marine Minerals in the Area” (hereafter the 
Environmental Guidelines) (ISA 2013) and “Environmental Management Needs for 
Exploration and Exploitation of Deep Sea Minerals” (EMP) (ISA 2011). Moreover, 
the ISA is currently developing regulations for the exploitation phase, and in the 
process, several steps are being taken particularly addressing environmental issues.

To improve EIA, we must focus on technology development as well as changes in 
regulations and guidelines. Previous EIA technologies relied on the information 
derived through ocean science studies and methodologies formulated according to 
marine technologies. However, the purpose of EIA differs from that of regular ocean-
ographic research, and so scientific research methods may not be suitable for EIA. It 
is clear that requirements of seabed mineral resource development, which is expected 
to begin in the near future, cannot be met by simply waiting for scientific progress.

EIA is a process for consensus building and is supported by correct information, 
efficient methodology, and unbiased evaluation. Therefore, these conditions are 
required in EIA technologies. Correct information can be obtained by appropriately 
interpreting data derived from research, observation, and analysis with high preci-
sion, wide range, and long time scale. For example, considering natural fluctuations 
of the environment, more accurate data can be expected through more frequent and 
continuous observations. Considering the development of seabed mineral resources 
as an economic activity, it is also important to develop an efficient methodology. 
This implies that EIA cannot expect for more effort that exceeds the benefits derived 
from development. Finally, objective information is required to achieve unbiased 
evaluation. Therefore, in order to guarantee reproducibility, a data cross-check sys-
tem should be secured. According to the background mentioned above, Japan is 
working on the development of EIA methods with a view of future mineral resource 
development through a national project called “Zipangu in the Ocean” (JAMSTEC 
2017a).
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Within this project, some technologies have reached phases of practical use. For 
example, Edokko Mark 1 is a deep-sea observatory system, and it has already been 
applied to environmental studies in areas of cobalt-rich ferromanganese crust and 
seafloor massive sulfide (Fig. 1) (Fukuba et al. 2018). By installing this system on 
the seabed with a free falling method, conditions of the seabed can be observed for 
half a year or 1 year. Therefore, using this system, the activity characteristics of 
benthic organisms or demersal fish on daily, monthly, or seasonal cycles can be 
studied according to the preset photographing interval (Fig.2). In addition, short- 

Fig. 1 External view of Edokko Mark 1. The left side is a lightweight model. The right side is a 
long-term observation model. From the top, it consists of offshore communication balls used for 
collection (1), transponder balls used for detachment (2), illumination balls used for LED lighting 
(3), and photographing balls by time-lapse camera (4). CTD measurement is installed (5). Shooting 
will observe the bottom of the sea from the altitude of 1 m (6)
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Fig. 2 Changes in species and number of organisms observed by Edokko Mark 1 at Omuro Hole, 
off Izu (depth 260 m). The time-lapse shot was taken every 30 min for 1 min. Each column repre-
sents the number of organisms integrated in 6 h

Fig. 3 Screenshots observed at the seabed. From the upper left to the lower right, a photo of each 
of the 1 h has been placed

term biological observation has already been performed using this system with 
baited trap, which can lure demersal scavengers (Sugishima et al. 2018). Moreover, 
because the scale is set at the position visible from the viewfinder, it is effective as 
a quantitative observation tool (Fig. 3) (Matsui et al. 2018).

In developing this equipment, the design was created on the premise that resource 
development is an economic activity, considering cost performance and conve-
nience, and to satisfy the requirements of ISA’s environmental guidelines (Fig. 4) 
(Fukushima 2017). In addition, this system is registered in the repository of IOC- 
UNESCO’s technical database for international standardization (JAMSTEC 2017b).
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The development of the abovementioned technologies is almost complete. In the 
next section, we introduce potential technologies that currently face some hurdles 
for practical application but can be expected to contribute significantly to future 
EIA.

2  Technique for Turbulence Measurements

2.1  Necessity of Deep-Sea Turbulence Measurements

Flows of fluids, such as seawater and air, that fluctuate irregularly over both time 
and space are called turbulence flows. Such flows are widespread in nature (Tennekes 
and Lumley 1972), for example, smoke from a chimney and wind passing through 
the gap between two buildings. In the ocean, the Kuroshio Current and hot water 
spouting from hydrothermal vents are also turbulent flows. Turbulent flows cause 
vertical mixing under the influence of bottom topography (ridges, seamount, etc.) 
surrounded by complex tidal flows near the deep-sea floor, contributing to the lift-
ing, transportation, and diffusion of suspended particles. However, it is difficult to 
grasp the actual conditions from flow velocity observations on the seabed using an 
acoustic Doppler current profiler (ADCP) or other current meters. Therefore, verifi-
cation through a numerical model is considered to be effective, but a general analy-
sis method is yet to be established for the closure problem. As for the equation 
describing turbulent flow, there are more unknown numbers than the number of 
equations. Therefore, we cannot solve the equation. This is called a “closure prob-
lem.” We can close the equation by adding modeled values and estimates based on 
intuition and experience (Tennekes and Lumley 1972). Various attempts have been 
made to improve the vertical mixing calculation method (scheme) (Furuichi et al. 

Fig. 4 Rationales of technical developments of seabed continuous monitoring systems
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2012; Higashi et al. 2017). However, most models have mainly been developed to 
improve the surface mixed layer, accommodate deep-sea turbulence, and improve 
modeling accuracy. Therefore, it is indispensable to properly measure the distribu-
tion of spatiotemporal turbulence intensity in the deep sea and the dynamics of the 
bottom mixed layer.

In the development of submarine mineral resources, the main factor impacting 
the surrounding environment is the disturbance of the seabed (Fig. 5) as the deep- 
sea ecosystem is directly damaged by the drilling and movement of the mining 
machine. Furthermore, the emission of turbid water (plumes) from the mining 
machine and the transportation, diffusion, and redeposition of suspended particles 
have been suggested to adversely affect the habitats of organisms living on the deep 
seabed and deep-sea-specific ecosystems (Furushima et al. 2016, 2018). The ISA 
environmental guidelines describe investigation methods that assume redeposition. 
This issue has been garnering attention for some time, and verification tests have 
been repeatedly performed since the 1990s. However, the actual measurement of 
redeposition is difficult. Sediment traps are only installed at 2 m directly above the 
seabed at most, and thus the behavior within 2 m from the seabed cannot be deci-

Fig. 5 Schematic view of fluid environment observations for the environmental impact assess-
ment of seafloor submarine mining
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phered. Furthermore, it is unlikely that the particles will remain in place once they 
arrive at the ocean floor, and it is not possible to estimate their behavior using data 
from existing current direction/velocity meters. Therefore, it is also difficult to com-
pare measured values and predicted values based on numerical models.

Diffusion of plumes and lifting/redeposition of suspended particles are governed 
by the flow velocity of the bottom mixed layer and turbulence (vertical mixing) 
intensity. However, it is impossible to distinguish the actual turbulence intensity 
from measurements of vertical water temperature/salinity content by conventional 
CTD (conductivity-temperature-depth) and from current measurement by ADCP 
(acoustic Doppler current profiler). Therefore, direct measurement of deep-sea tur-
bulence using a turbulence meter is indispensable in order to discern the turbulence 
intensity and depth/range at which vertical mixing occurs. Direct measurement of 
deep-sea turbulence has been made possible in recent years by new technologies. 
Therefore, this turbulence measurement technique will contribute to a study to char-
acterize a mechanism of the deep-sea turbulence.

In light of the above, direct measurement of deep-sea turbulence for the evalua-
tion and prediction of plume dispersion dynamics and the lifting and redeposition of 
suspended particles is ongoing, and research is being conducted aiming at improv-
ing the accuracy of numerical models.

2.2  Example Measurement of Deep-Sea Turbulence

The VMP-X, an expendable vertical microstructure profiler capable of measuring 
turbulence flow between the surface of the ocean and immediately above the deep- 
seabed, was recently developed by Rockland Scientific International Inc. (RSI), 
Canada (Xiaodong et  al. 2017) (Fig.  6). The VMP-X consists of a data logger 
(Fig. 6a) and a sensor (Micro-XM, manufactured by JFE Advantech Co., Ltd., Japan, 
Fig. 6b). When dropped from a vessel, the VMP-X free-falls at a speed of 0.6–0.7 m 
s-1 and measures the vertical profile of the flow velocity shear (by two sensors) and 
water temperature at 1250 Hz until it reaches the seabed (Fig. 7). This device can 
measure up to a maximum water depth of 6000 m. Upon landing on the ocean floor, 
the sensor automatically detaches, and the data logger returns to the surface (Fig. 7). 
The detached sensor (Fig. 6b) is somewhat expensive, constraining multiple obser-
vations, which is a problem. After conducting spectral calculations, the obtained 
flow velocity shear data are converted into turbulence energy dissipation rate ε (W 
kg-1), and the vertical fluctuation is taken as the turbulence intensity.

Figure 8 shows the vertical distribution of the turbulence intensity and water tem-
perature from the ocean surface layer to directly above the seabed obtained off Itoh in 
Sagami Bay (Fig.  9a). A very strong turbulence intensity of ε  = 10−6 W kg-1 was 
observed in the vicinity of the layer 20 m above the seabed (Furushima et al. 2017). 
This value is comparable to the turbulence intensity in the ocean surface mixed layer, 
suggesting that the same level of turbulence is generated near the seabed. Direct mea-
surement of the turbulence energy dissipation rate has been carried out in coastal areas, 
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such as the Ariake Sea (Saita et al. 2008), Hiroshima Bay (Hashimoto and Takasugi 
1998), Seto Inland Sea (Nagao et al. 2004), Ago Bay (Nagao et al. 2005), and Tokyo 
Bay (Higashi and Maki 2012). However, examples of studies conducted in the vicinity 
of the deep seabed are rare, although the results obtained within are very interesting.

Figure 10 shows the turbulence energy dissipation rate (ε) and the vertical water 
temperature distribution obtained in the hydrothermal venting area (Iheya small ridge) 
of the Okinawa Trough (Fig. 9b). Similar to Sagami Bay, in the Okinawa Trough, a 
distribution of turbulence intensity (ε) of about 10−7 W kg-1 was observed in a layer 
30 m above the seabed and in deep layers of 940 and 1060 m (Fig. 10a, b). Furthermore, 
near the seabed, the water temperature increased slightly (Fig. 10a). This may suggest 
the influence of vertical mixing due to submarine hydrothermal fluids from nearby 
hydrothermal vents. However, vertical mixing near the seabed varies greatly with the 
deep-sea tidal current. The isolated turbulence intensity data obtained here shows incred-
ibly interesting results, but the temporal representation may be extremely small. 
Therefore, in order to ensure the usefulness of measured deep-sea turbulence intensity 
values, it is necessary to conduct multiple observations in accordance with the tidal 
cycle. At the same time, if physical environment data from flow near the seabed or CTD/
turbidity data, etc. can be obtained, the turbulence intensity can be potentially 
estimated.

Fig. 6 Expendable vertical microstructure profiler system. (a) VMP-X (b) MicroXM
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Direct observation of turbulence in the deep sea has been actively carried out in 
recent years, but as a new technology of EIA for the development of submarine 
mineral resources, this research is the first Japanese attempt to introduce deep-sea 
turbulence flow measurements by VMP-X. The results of the turbulence flow mea-
surements shown here represent only an overview of the turbulence intensity in each 
marine area. Currently, multiple turbulence observations are being conducted, 
incorporating spatiotemporal and tidal fluctuations and accumulating and analyzing 
field turbulence data to clarify the relationship between changes in tidal current and 
turbulence intensity and their relationship with the mixed seabed layer.

2.3  Adaptation to a Deep-Sea Turbulence EIA Prediction 
Model

In EIA methods for the development of submarine mineral resources, numerical 
simulations based on physical models are as essential as field measurements for 
evaluation and prediction. A numerical model is required to make preliminary 

Fig. 7 Schematic view of VMP-X observation
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predictions regarding the effect of environmental conservation activities for which 
field verification tests are difficult to perform and to predict environmental recovery 
after development. Development studies on dynamic prediction models for sus-
pended particles have been carried out since the 1980s (Jankowski et  al. 1996; 
Nakata et  al. 1997; Doi et  al. 1999). These models are three-dimensional region 
model combining a flow model that predicts the flow of seawater and a dynamic 
model that considers the transport, diffusion, sedimentation, deposition, and resus-
pension of suspended particles. However, turbulence modeling near the seabed 
which dominates a dynamics of suspension particles did not have sufficient 
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accuracy. Furuichi et al. (2016) constructed a numerical simulation model consisting 
of a large-eddy simulation (LES) model (Furuichi et al. 2012; Furuichi and Hibiya 
2015; Furuichi and Higashi 2014) that predicts the turbulent mixing process in the 
deep-seabed boundary layer and a particle tracking model that predicts the transpor-
tation/diffusion of suspended particles using obtained flow velocity field data.

Figure 11 shows a distribution map (instantaneous diagram) of the water tem-
perature field using the LES model. Along with the tidal fluctuation, the bottom 
mixed layer developed from 30 to 60 m from the seabed. The result of this model 
analysis is generally consistent with the field flow measurement by ADCP in the 
Okinawa Trough, in which the field flow could only be between 30 and 60 m above 
the seabed (Furushima and Yamamoto 2015, 2018; Furuichi et al. 2016). Therefore, 
it was inferred that in the Okinawa Trough, the bottom mixed layer developed due 
to the half-day flow (tidal current) cycle in the vicinity of the deep seabed, forming 
an environment in which current measurements could be taken by ADCP.  In 
 addition, Furuichi et al. (2016) placed particles at heights of 15 m, 30 m, and 45 m 
above the seabed to resemble suspended particles and carried out a particle tracking 
experiment. The majority of the particles were found to be finally distributed in the 
bottom mixed layer rather than being diffused into the upper layer region.

Thus, extremely interesting results have been obtained from numerical simula-
tions of suspended particle dynamics. However, the collection of more deep-sea 

Fig. 9 Location map of the observation points. (a) Sagami bay (b) Okinawa Trough
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flow and turbulence observation data remains indispensable for improving the accu-
racy of the prediction model for suspended particulate dynamics at the bottom of the 
ocean. Furthermore, such data can be used to verify the validity of the numerical 
simulation results. The current LES model (Furuichi et al. 2012, 2016; Furuichi and 
Higashi 2014; Furuichi and Hibiya 2015) assumes a flat submarine topography, but 
turbulence near the seabed develops under the influence of complicated ocean floor 
topography. Therefore, model improvements, incorporating submarine topography, 
are urgently required. Furthermore, as previously noted and suggested in Fig. 10a, 
hot hydrothermal fluids from seafloor vents also cause turbulence. Therefore, it will 
probably be necessary to consider the influence of hot water emissions.

The aforementioned observations of turbulence, related to EIA methods for the 
development of submarine mineral resources, can be used as effective data if the 
dynamics leading to the transportation, diffusion, and redeposition of suspended 
particles in the vicinity of the seabed are known. However, ultimately, combination 
with a numerical model is indispensable. Depending on the amount of data required 
by the numerical model, problems, such as the need for a direct investigation of 
deep-sea turbulence using a turbulence meter, still remain.
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3  Technique for Habitat Mapping

3.1  Necessity of Habitat Mapping for EIA

In this section, we describe techniques to produce a suitable habitat map of organ-
isms. Several methods for estimating species distribution, biomass, and/or biodiver-
sity have become very popular in recent years (Franklin 2010). Estimated species 
distribution or other indicators can also be used as data to extract important marine 
areas in broad-scale analysis. The extraction of ecologically and biologically sig-
nificant areas (EBSAs) (Clarke et al. 2006; Yamakita et al. 2017) or strategic envi-
ronment assessment (SEA) (Glasson et al. 1995) are well known examples of such 
applications. In addition, if the density of the data is sufficient, this type of analyses 
also can be applied to narrower (local) spatial ranges, such as the scope of a single 
natural resource development plan. The produced habitat map in the local area can 
be used to measure the area affected by development after implementing the deci-
sion of any project. Using the model for producing the habitat map, the habitat suit-
ability of potential restoration area can be evaluated, or future distribution after the 
alteration of the environment can be predicted. To explain such applications through 
an example, we will show a case study in a seamount in three to six. We also show 
an outlook of advanced spatial data acquisition using automated survey, creation of 
maps, and recognition of organisms the last of this section (Fig. 12).

Fig. 11 Illustration of the 
water temperature 
distribution provided by 
the LES (large-eddy 
simulation) model
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Conservation measures in the EIA involve three stages, avoidance, reduction, 
and compensation. Use of quantitative maps of species habitat is crucial in every 
step of EIA. In the case of Japan, developers legally execute EIA within their practi-
cal scope as defined by the law. Although some guidelines and existing cases can be 
referred to, EIA is limited by the budget and time of the developers. Therefore, low- 
cost and efficient methods will promote the implementation of EIA to derive better 
survey and conservation measures. This is one of the reasons why producing habitat 
maps is advantageous in such cases.

3.2  Overview of Data Types Required for Producing 
Habitat Maps

In order to produce good habitat maps, a complete count survey of all species (such 
as national census) is ultimately desired. Although most marine researchers might 
find such an idea ridiculous or unrealistic, some countries have achieved extensive 
bird census or green census (i.e., census of nature and environment). Such nearly 
complete census is not always feasible because of limitations, such as budget, time, 
and availability of taxonomic specialists. It is especially difficult in the case of EIA 
funded by developers. In such cases, appropriate survey designs that will reduce the 
necessary number of sampling and interpolation using model predictions will help 
in generating appropriate habitat maps for use in EIA. The necessary number and 
distribution of the data will vary depending on the distribution of environment vari-
ables, mobility of the target species, relationship between the environmental factors 
and species, accuracy of data, area of analysis, and resolution of data (Guisan et al. 
2007). In addition, in order to find significant changes in the biomass, considering 
formal field experiment planning is ideally recommended (Underwood 1997).

Surveys carried out with a limited budget will have data gaps or sparse density of 
data. Even in the case of the overall census with sufficient funds, it is still important 
to know bias of data and spatial accuracy of the result. If the model used for future 

Fig. 12 Overview of EIA and related paragraphs of this subsection. (see the broacher of 
ENVIRONMENTAL IMPACT ASSESSMENT IN JAPAN for more detail https://www.env.go.jp/
en/policy/assess/pamph.pdf)
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prediction, the model should ideally be tested for sampling bias and accuracy of the 
results using existing data. However, available cases of spatial and temporal data 
with similar density are very rare. Finally, it is important to fully consider the disad-
vantages or shortcomings of the model applied. Even with the use of high-level 
statistical models, the model cannot provide more information beyond the data sup-
plied, and assumptions of the model may limit the interpretation. Recognition of 
certain assumptions and evaluating the accuracy considering including sample size 
are important factors to be kept in mind.

3.3  Types of Models Used to Map the Habitat of Species

Several types of indicators are used in generating habitat maps. Estimated biomass, 
number of individual organisms, species richness, and surrogate of any biological 
indicators, such as calculation using topography, are common examples. This sec-
tion describes the estimation of species distribution (prediction of the presence of 
species), which has often been used in recent evaluations of biodiversity or distribu-
tion of indicator species including the distribution of endangered species. Various 
techniques can be used for the purpose of predicting species distribution (i.e., pres-
ence or absence), and these techniques can be broadly classified into three types as 
follows (Gallien et al. 2010): (1) “analytical method,” which is based on the fitting 
of the mathematical model (Suzuki et al. 2018); (2) “simulation,” which describes 
known biological processes (Yamakita and Nakaoka 2009; Rochette et  al. 2012; 
Nishikawa et al. 2015); and (3) “statistical models,” which correlate the pattern of 
distribution and explanatory factors.

As statistical methods, various approaches have been used in recent years. 
Among them, “species distribution models (SDMs)” are commonly used for esti-
mating the spatial distribution of organisms using habitat suitability. Statistical 
methods have prospective points compared to other methods based on simulation or 
simple equation techniques. Because this method handles the statistical relation-
ships of data, even species without ecological details can be estimated in a realistic 
range of the distribution. The model also provides importance of the factors simul-
taneously. Therefore, with the ability to include species for which much information 
is not available, statistical methods are suitable for estimating the potential habitat 
of organisms.

3.4  Required Data for SDMs

To perform statistical estimation, data of explanatory variables in the target waters 
are required as spatial data. Furthermore, biological data (such as presence/absence 
or biomass) of the focused species are required as response (dependent) variables. 
This section summarizes such types of data. The technical aspect for obtaining such 
spatial data through field survey will be explained separately later. Nevertheless, the 
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emphasis is on the utmost importance of appropriate density and location of sam-
pling point in producing accurate results of the habitat mapping, following the phil-
osophical expression “nothing comes from nothing.”

In deep waters, it is not easy to obtain spatial data of explanatory variables (i.e., 
environment data). Therefore, interpolation using sparse point data, prediction 
using other environment data, such as topography, and estimations using simulation 
models, are popularly employed to fill this spatial data gap. Accuracy assessment 
and clarifying the data gaps of these environment data are also recommended for the 
production of effective habitat maps, but they are neglected in many cases.

The selection of explanatory variables depends on the purpose of the analysis, but 
the latter factors are popularly used in the estimation of the marine benthic species 
and organisms at the intermediate layer of water. Water depth and seafloor topo-
graphical features as well as its derivatives are most popular, such as slope, orienta-
tion of the slope, benthic positioning index, and surface roughness (rugosity). With 
remote sensing data of surface water temperature, the surface layer of productivity, 
mixture of current, and slope of sea surface height (as a representative of current) are 
also used. If models or databases are available for a region, waves, tide, current 
(average seasonal variations, the maximum value, the threshold value greater than or 
equal), and sediment types are also popular variables in large-scale analyses.

As biological data of the response variable, the presence or absence of species is 
extracted from videos, images, specimens, or records of on-site observation. If 
quantitative values such as biomass, or number of species need to be estimated, 
response variables should be continuous for counting the number or area per survey 
area. Records of databases of biodiversity in recent years, such as OBIS or GBIF, 
are also increasing. Such databases are useful in some cases, but they do not usually 
cover deep-sea or offshore waters. Consequently, new surveys should be planned 
extensively. In selecting the spatial location for new sampling, the purpose of the 
survey plays a major role. Some popular methods include random sampling, grid-
ded sampling (equal intervals), line transect, and stratification by environmental 
conditions. Therefore, it is advisable to consider field experiment and spatial analy-
sis to decide the appropriate sampling method.

Practically, in the deep seafloor, most investigations are likely to be based on line 
transects along with depth gradient according to the operation of instruments. It is 
ideal to combine multiple sampling. Avoiding spatial autocorrelation and large 
missing values is advisable statistical modeling. Such problems can be avoided by 
not only selecting appropriate sampling plans but also resampling data or selecting 
a complex model.

3.5  Types of Models in SDMs

Many prediction models have been made available in recent years (Franklin 2010). 
In general, common methods are fitting of simple rules, statistical regression model, 
models using machine learning, comparison, and fusion of several models. Simpler 
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models provide easier understanding of mechanisms inside the model. For higher- 
accuracy requirements, recent increase in machine power has enabled the applica-
tion of machine learning or more general models.

Methods using the convex hull and BIOCLIM are examples of the fitting of 
simple rules. Regarding regression models, linear and nonlinear models are avail-
able. The generalized linear model (GLM), which includes multiple regression, is 
classically used. Particularly in the analysis of species presence/absence, binomial 
distribution, which can treat discrete values over 0, is usually used. When treating 
continuous values, such as size or continuous percentage coverage, normal distribu-
tion, gamma distribution, and lognormal distribution can be used. In addition, if 
there are numerous zero values, the zero inflated model is often used. As shown here 
the distribution, the type of GLM should be selected depending on the nature and 
characteristics of the data.

When the relationship between the environmental factors and species distribu-
tion is not linear, a simple way is to include some variables converted nonlinearly 
and applied within the linear model. Fitting of the model to the data is implemented 
as the generalized additive model (GAM). Some models also consider spatial auto-
correlation such as conditional autoregressive model (CAR) and simultaneous spa-
tial autoregressive model (SAR). Plausible models can also be achieved by machine 
learning. For example, neural network (NN), genetic algorithm (GA), support vec-
tor machine (SVM), and random forest (RF) are popularly used for modeling spe-
cies distribution.

Among them, the maximum entropy modeling (Maxent) has the advantage of not 
requiring explicit absence data. It also features a GUI tool for easy operation. Some 
studies have demonstrated its robustness with a small number of samples (Anderson 
and Gonzalez 2011; Shcheglovitova and Anderson 2013). Thus, we also used 
Maxent as an example case (later part of this chapter).

To compare several models some modeling platforms are available, such as 
openModeller, the sdm package or the dismo package in R.  openModeller was 
implemented in a web-based SDM tool in a mapping platform of the OBIS Japan 
node named BISMaL mapper (Fig. 13). Although the BISMaL mapper can treat 
only certain predefined environmental variables, it is suitable for comparing the 
results of different models.

Higher accuracy can be achieved by not simply using a single model but by using 
several models. One of the simplest ways to select the best model is by comparing 
different models. Another way is to average different models depending on their 
accuracy (model averaging). The idea of this method is based on the fact that we 
cannot determine statistically significant weaknesses of the model that showed the 
closest accuracy to the best model. This type of method will increase the calculation 
load and increase machine power requirement. However, the accuracy will also 
increase in general. In addition there is additional caution in model averaging. Each 
of the original result shows different types of model and variable, making it difficult 
to directly compare the model structure of different results. But it might be not seri-
ous problem as far as used in similar model. Some machine learning models, such 
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as RF or bagging, already use a similar method in comparing model parameters 
within a process that repeating same analysis method in the model.

Considering characteristics of the models and machine effort, we can apply SDM 
to a dataset. Then we can visualize the potential distribution of species as habitat for 
use in EIA.

3.6  Example of Preliminary Analysis in the Deep Sea

This section presents an example of a preliminary analysis of species distribution in 
an area covered by cobalt-rich crust around the Takuyo-Daigo Seamount, which is 
located 1800 km southeast of the Honshu main island of the Japanese archipelago 
(Cruise No. NT 13-13 Dive number HPD 1544). Differences in the preference of 
their habitats were investigated considering two sessile species and one mobile spe-
cies. Because a large number of individuals were observed, only the following spe-
cies (taxons precisely) were targeted: conger (Synaphobranchidae), thin-shaped 
hexactinellid sponge (Lyssacinosida), and soft coral (Corallimorpharia), which are 
mapped in the left side of Fig. 14.

Environment factors limiting the distribution of these organisms are suitable cli-
mate conditions, appropriate food sources, less predation or completion, and suitable 
conditions of reproduction or attachment of the larvae. Although it is not possible to 
fully cover variables directly corresponding to these ultimate causes, we extracted 

Fig. 13 The possible models shown in a window of BISMaL mapper. (From http://www.godac.
jamstec.go.jp/mapper/help.jsp; Yamamoto et al. 2012; Tanaka et al. 2014)
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the following environmental factors: percentage of sand, water depth, water tem-
perature, and number of discovered species (Fig. 15). Other than the number of spe-
cies, all variables showed similar trends with water depth, and thus, these values 
were not correctly separated. All values were extracted from image and CTD data of 
the survey using ROV and linearly interpolated using package akima in R. Thus, the 
prediction of high-resolution spatial heterogeneity was limited in our area of focus.

The potential distribution of each species was estimated using Maxent. Firstly, 
the accuracy of the produced model was evaluated using an area under receiver 
operation curve (AUC). A receiver operation curve (ROC) represents the amount of 
increase in the model explanation power depending on the number of samples when 
the samples are eliminated randomly from 100% to 0%. If the model does not have 
information (i.e., just random), the ROC remains as a diagonal line (equal ratio of 
eliminated percentage of samples will be explained by the model). In that case AUC 
shows 0.5 fraction of the area in the plot (under a black line in Fig. 16) and  considered 
as undistinguished from a random value. In Fig. 16, the area under the red curve 
means the AUC of this model, and area between the black line and red curve means 
the increase of the information because of the model. Conventionally AUC over 0.7 
was considered as a meaningful model and over 0.9 considered as high degree of 
model accuracy. In this case, all modes showed over 0.7 AUC. When the number of 
species was removed, the AUC decreased to below 0.7 for sponge and coral.

Fig. 14 Distribution of conger (Synaphobranchidae), thin-shaped hexactinellid sponge 
(Lyssacinosida), and soft coral (Corallimorpharia) (left) and predicted probability of presence 
(right).This data was created in corroboration with Katsunori Fujikura, Yukiko Nagai, and Masashi 
Tsuchiya
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Fig. 15 Distribution of environmental variable to explain distribution of above species
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The contribution of factors in each model is shown in percentages according to 
the results of Maxent. For the conger prediction, water temperature and water depth 
contributed 66% and 18%, respectively. Because the separation of correlated factors 
is not guaranteed, the potential distribution of conger increased with water tempera-
ture, which decreased with depth. For hexactinellid sponge, species richness and 
temperature contributed 52% and 42%, respectively. For soft coral, species richness 
and percentage of sand contributed 50% and 30%, respectively.

Response curves of the estimated relationships between environment factors and 
probability of the presence of species are presented in Fig. 17, with soft coral as an 
example. According to this curve, the potential distribution of hexactinellid sponge 
and soft coral increased with higher number of species. Because the shape of the 
response curve is also almost linear, a trend in the environment factor may be identi-
fied with the limited numbers of data which shows narrow variation of the values in 
limited locations. Although the model was extremely simple or not of very high 
accuracy, it could benefit from machine learning, and the map of species distribu-
tion could be easily obtained.

Comparing the estimated potential distribution maps (Fig. 14 right), the distribu-
tion could be basically allocated according to the water depth and temperature gra-
dient. In particular, higher potential of conger could be explained by colder and 
shallower areas. Higher potential of hexactinellid sponges and soft corals was attrib-
utable to the number of species.

There are still several things to be considered before practical application. For 
example, the extent of this example is very limited, and the range of environment 
variables showed relatively small variations. Therefore, as the next steps, data 
acquisition from wider areas or more accurate measurement of directly related envi-
ronmental variables at higher resolutions will help to produce more effective maps. 
Even for areas with sufficient available data, it is not easy to separate environmental 
variables that are correlated. Comparing different locations, testing through field 
experiments is another option. Estimations using AUC will be overestimated when 
a large number of obviously non-appropriate areas exist for the habitat. In addition, 
biases in data will also affect the results under certain conditions. These should be 
addressed by seeking the help of experts. If such issues are addressed, the feasibility 
of easy on demand analysis will have revolutionary implications on both environ-
mental assessments and scientific researches.
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Fig. 17 Response curve of the probability of the species distribution depending on the values of 
the environmental variables, soft coral as example
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3.7  Perspectives on the Use of the Recent Techniques

The most significant gap in mapping the deep-sea habitat is the limitation of spatial 
data in both the biological and environmental aspects. To overcome this problem, 
two new image analysis techniques developed recently were selected. They are 
related to the recent increase of automatic surveys using drones. One is the SfM- 
MVS (Structure from Motion and Multi View Stereo), which is used to create three- 
dimensional maps from drone images, and the other is the automatic recognition of 
images using machine learning, which includes deep learning.

 Perspectives on Data Acquisition Feasibility for Mapping Sea Bottom

Automatic image acquisition over terrestrial areas using multi-copter platforms 
(UAVs, drones) is becoming popular even by normal consumers. In case of marine 
surveying, automatic underwater vehicle (AUV) or automatic sea surface vehicle 
(ASV) has also been used but only for business or professional use. As the autopilot 
mode is also popular in the operation of large marine ships, automatic surveying has 
already been undergoing technological evolution for application in marine areas. It 
has high potential for wide use if significant improvements in usability, cost, and 
customizability (open sourcing of information) are achieved. Such increase of trade 
in new markets attributable to lowered costs and usability has already occurred in 
terrestrial aerial surveying. For example, automatic helicopter surveys have existed 
and been used in some specific business segment before drones became popular. 
However, the market was totally changed after the emergence of trade edition 
drones, which were sold under 10% of the original price of the business edition.

Recently, drone companies especially in China are actively developing remotely 
operated underwater vehicles (ROVs), which have drone-like usability and prices, 
under the name of aquatic drones (Ito 2017). There are also waterproof versions of 
terrestrial multi-copter-shaped drones or drones being used as platforms to throw 
down sensors and cameras in water (Akamatsu et al. 2017). Although there are still 
several advantages of professional ROVs, the potential of aquatic drones emerging 
as more effective tools, especially in shallow waters, is very high in the near future. 
We also should consider that the formats, protocols, user interface, and data center 
(cloud) of widespread consumer tools will become standard in many cases. Sharing 
such information with each other or standardization before the intervention of new 
forces will be more effective for industry-wide success rather than competition 
among companies. Considering these situations, the use of automatic observation is 
an attractive option for acquiring images or sampling over wide areas in the near 
future or even now if sufficient funds can be invested. Nevertheless, processing of 
numerous images is an important technical issue in this era of big data.

Along with the automatic image acquisition using UAVs, automatic map recon-
struction from numerous small-extent images is another major progress in terrestrial 
surveying. A technology supporting this approach is SfM-MVS (Structure from 
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Motion and Multi-View Stereo; Fig. 18). In this technique, the same feature points 
are firstly identified from several images. Using such points, three-dimensional 
locations of the camera are predicted, distortion is corrected, three-dimensional sur-
faces are produced, and textures from images are pasted over the surface of the 3D 
model. This type of the modeling has been used to create CAD data. Recent soft-
ware intended for use in remote sensing and the increase in machine power has 
enabled the processing of numerous images.

For example, in the deep sea, it is not easy to take a picture of a whole sunken 
drift wood. Light will not reach that far, and turbidity and marine snow/small spe-
cies will cause noises on the image. Therefore, we used SfM-MVS to reconstruct 
the wood, and we attempted to evaluate the local distribution of organisms around 
the sunken drift wood, which was observed in 2013 in a survey after the Great East 
Japan Earthquake that occurred on March 11, 2011. During the survey, we repeat-
edly passed over the wood and took over 40 images. Using these images, a three- 
dimensional model of the wood was developed, as shown in Fig. 19. Using this 
image and after rectifying two dimensionally merged images, we could extract spe-
cies around this wood. In the results, over 90% (12) feather stars were found to be 
attached to the wood. Most snails were observed within 10 cm. More mobile organ-
isms, such as fish and sea stars, were observed 20 cm and 22 cm from the wood on 
average, respectively. Using this information, the amount of organisms accumulated 
around a single wood debris and their rate of decrease with distance could be 
estimated.

Fig. 18 Fundamental mechanism of the SfM-MVS which rebuilding triangle pole using three 
images. (CC-BY T. Yamakita from e-Species Biology; Yamakita 2018)
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 Perspectives on Feasibility of Automatic Extraction of Organisms

To extract organisms from the deep-sea images, human interpretation is still imple-
mented and considered to be the most accurate method. However, recent develop-
ments of automatic identification can be useful even for marine organisms. 
Automatic extraction techniques for extracting organisms have already been devel-
oped in the field of plankton survey. FlowCAM and ZooScan, which image materi-
als in water, are among the most popular tools. These equipments feature very 
simple detection method using thresholds from the background to extract the organ-
isms. To conduct more accurate and practical extraction or identification of organ-
isms, a model is required for further analysis. For example, difference in colors and 
similarity of shapes are popular examples of classical analysis in image classifica-
tion. In case of the remote sensing of land use from aerial photographs, difference 
in colors are used in pixel-based supervised classification, and shapes are also con-
sidered in the object-based classification (Yamakita et al. 2011, under review).

Unlike such simple extraction in the classical machine learning models for image 
recognition, feature extraction and matching with extracted features in supervised 
images are used as the basic ideas. The simplest way is to perform template match-
ing, which attempts to match same feature points of two different images containing 
same parts by considering geometric differences. When more complex features are 
produced, the model will consider feature distribution within a certain size of grids 
(window) not just points. Using features in the window not just the recognition of 
types of organisms but detection of organisms from large images is possible with 
the sliding window method. Several feature patterns, such as Haar-like, Bags, and 
cascade classifiers, are used for this purpose and especially applied to face  detection. 
We applied this method for brittle star detection in the next example. With this 
method, several types of images can be detected by another cascade recognition. 
This approach is known as bag of features (Bag of Visual Words, BoVW), which 
was applied in the next example together with deep learning.

Fig. 19 A single sunken tree debris reconstructed from numerous images using SfM-MVS. (CC- 
BY T. Yamakita from e-Species Biology; Yamakita 2018)
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Methods based on “AI” in recent years are fully automatic image recognition 
models that do not require the specification of any of the features to differentiate 
each category. Because this model is characterized by the multiple layers of neural 
networks, known as convolutional neural network (CNN), the model can be called 
a deep learning method.

We investigated the level of accuracy at which single species can be extracted by 
applying the automatic recognition techniques. We tested deep-sea bottom images 
taken after the Great East Japan Earthquake. Here, we used classical image recogni-
tion techniques using the cascade classifier model with Haar-like features and 
detected organisms using OpenCV, a free open-source program, to treat image data. 
We first produced a dataset of supervised data on organisms and inorganic materials 
that are frequently misclassified (Yamakita et  al. 2018). Using these supervised 
data, we build the classification model and applied it to images of the bottom area 
dominated by Ophiuroidea (brittle stars). The results showed an accuracy of approx-
imately 70% for extracting these brittle stars (Fig. 20).

Furthermore, multiple object recognition was applied using both BoVW (Bag Of 
Visual Words) and recent deep learning techniques (GoogleNet) to the recognition 

Fig. 20 Detected brittle stars (red rectangles) using the model using data published in (Yamakita 
et al. 2018). The model was created in collaboration with Idea Inc. Hiroyuki Yokooka and Tadayuki 
Kurokawa
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of sediment types. We prepared 300 labeled images of sand, rocks, and bivalves 
(Calyptogena sp.) for each category. We also prepared ten randomly selected test 
images for each category and applied two classification models of BoW to separate 
rocks and bivalves at first. Then, we applied three classification models using both 
classical and recent techniques. To produce the features in the classical model, 
KAZE, which has a tendency to pick edges in images, was used. In the case of two 
classes, the classical model using KAZE correctly classified 70% of the bivalve 
images but not rock images. In the case of three classes, the accuracy of the classical 
model decreased to 50% for bivalves. In addition, in the case of sand images, fea-
tures extracted using KAZE did not have enough recognizable features for further 
classification because of the relatively flat surface. The deep learning method could 
correctly classify at least over 80% of the images (Fig. 21).

As mentioned earlier, automation and simplification of field surveys have been 
developed recently. Availability of distribution data of species or more quantitative 
data will be dramatically improved in the near future. The use of both advanced 
survey techniques and advanced models for species mapping is essential, like 
wheels on a bus, to increase our knowledge. In deep-sea surveying, more applica-
tions and discussions on using such techniques are expected to contribute to effi-
cient impact assessment.

4  New Technology/Approach for Investigating Planktonic 
Larvae

Most EIA surveys focus solely on the benthic fauna, even though it is known that 
mining impacts can affect the structure and dynamics of water column communities 
as well (Clark et al. 2017). A large proportion of the benthic fauna (e.g., bivalves, 
snails, and crustaceans) experience a period spent as planktonic larvae before they 
settle to the seafloor. Deep-sea habitats that may be targeted for mineral extraction, 
such as hydrothermal vent fields, are in fact a network of different communities, 
occurring in patches connected by larval dispersal. Such systems are referred to as 
metacommunities (Mullineaux et al. 2018). Meroplankton are plankton that have a 
benthic phase in their life history, some examples of which are the planktonic larvae 
of benthic animals and the adult medusa stages of jellyfish. Plankton that lack a 
benthic stage are referred to as holoplankton. Investigations of water column com-
munities often focus on solely one or the other, even though each may eat, be eaten 
by, or otherwise interact with one or the other. To elucidate the processes involved 
in (re)colonization of the benthic fauna at proposed mining sites, we suggest that a 
combination of surveys for both holoplankton and meroplankton, as well as benthic 
fauna, are needed. This should lead to elucidation of the processes involved in larval 
dispersal, survival, and (re)colonization, which is very important when trying to 
assess the resilience of the community.
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Several attempts have been made to gather data on the distributions and com-
positions of the planktonic community in the water column above hydrothermal 
vents fields. The traditional method for faunal investigation of the water column is 
by towing nets (summarized by Wiebe and Benfield 2003). In one example, the 
planktonic communities above deep-sea hydrothermal vent fields on the Juan de 

Fig. 21 Result of classification of sediment types using classical classification (BoVW, Bag of 
Visual Words) and deep learning. (Modified from Blue Earth 155; JAMSTEC 2018)
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Fuca Ridge were investigated using a MOCNESS (multiple opening/closing net 
and environmental sensing system) with a 0.25 m2 net opening and 64 μm mesh 
(Mullineaux et al. 1995). This study found that larvae from vent-associated gas-
tropods, such as the genus Lepetodrilus and the family Peltospiridae, were 
entrained by the buoyant hydrothermal plume located about 200 m above the sea-
floor (Mullineaux et al. 1995). MOCNESS operations have also revealed that the 
distribution of the larvae of deep-sea mollusks belonging to the genera 
Bathymodiolus and Bathynerita occur in surface waters (Arellano et  al. 2014). 
MOCNESS appears to be a good choice for characterizing the vertical distribution 
of meroplankton in open-ocean environments. In more enclosed environments, 
such as within submarine calderas, which may sometimes have a diameter of only 
a few kilometers, multiple vertical tows of a net capable of sampling discrete 
depth layers, such as a MultiNet or a VMPS (vertical multiple plankton sampler), 
may be a better choice. Once the depth range at which larvae occur, and presum-
ably disperse, has been narrowed down, larval supply and settlement from/to the 
deep seafloor can be assessed using large-volume pumps and sediment traps 
(Beaulieu et  al. 2009). The pump system allows the collection of live larvae, 
which can then be used for further laboratory experiments (Beaulieu et al. 2013). 
Plankton samplers can also be deployed on AUVs (SyPRID sampler; Billings 
et al. 2017). The methods listed above all collect “bulk” samples at arbitrary depth 
ranges or time periods, even though plankton are known to be distributed in layers 
or patches along environmental gradients. During “bulk” sampling, environmental 
parameters are usually recorded only once every second, and the sampling scales 
for plankton and their associated environmental parameters are therefore not con-
sistent and cannot be correlated. The continuous plankton sampler (CPR) or zoo-
plankton sampler (ZPS) can both provide fine-scale or time-series samples. 
However, the number of samples that can be collected is still limited, and the 
sampling scales of environmental parameters still do not match those for the 
plankton.

This problem can be solved through image-based investigations as high- 
resolution images can be taken every few seconds or even multiple times per sec-
ond, depending on the resolution. These images can be sufficient for observing 
detailed morphological characters and identifying species (Lindsay et al. 2017). The 
autonomous visual plankton recorder (A-VPR) obtains color images of plankton at 
a resolution of 1024 × 1024 pixels and a rate of 12–15 Hz. The A-VPR is a better 
choice for correlating environmental data with the fine-scale distribution of plank-
ton. Unfortunately, the volume of water imaged by this system is quite small (ca. 
518 mL in total, 255 mL in focus), and the pressure rating of this system is only 
1000 m (Lindsay et al. 2013). There are some other commercial image-based meth-
ods for imaging plankton, such as the underwater video profiler (UVP), which 
images approximately 1 liter per grayscale image at a rate of 10 Hz and can be used 
up to a depth of 6000 m, and the Deep focus Plankton Imager (DPI), which images 
approximately 484 mL per in-focus grayscale image (2456 × 2058 pixels) at a rate 
of 1 Hz and can be deployed to depths of 2000 m. High-resolution video cameras 
(e.g., 8 K) can acquire 7680 × 4320 pixel color images at a rate of 60 Hz, allowing 
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the acquisition of both large image volumes and high resolutions. A combination of 
various camera and imaging systems deployed on a single platform, such as towed 
camera system, may be optimal for plankton surveys, even in the benthopelagic 
layer and/or within submarine calderas.

There are several indirect methods of estimating the range of planktonic larval 
dispersal or connectivity within a metapopulation. Population genetic analyses help 
characterize the local community reliably, because genetic data from a population 
can allow assessment of their diversity and provide information on their history, 
such as whether there have been demographic contractions, bottlenecks, or migra-
tion events. DNA barcoding of a portion of the mitochondrial coxI gene has been 
applied successfully in a range of marine animals, including deep-sea species 
(Vrijenhoek 2010). Such analyses applied to the deep-sea chemosynthetic fauna 
have illuminated the existence of dispersal barriers or genetic gaps between local 
populations aligned discretely along a seafloor-spreading center, such as at a micro-
plate junction, at a fault across an ocean spreading center, and in trenches in the 
Eastern Pacific (Vrijenhoek 2010). However, features determining connectivity 
appear to vary among ocean basins. At the slow-spreading mid-Atlantic Ridge, local 
populations are connected, even between populations located north and south of a 
transform fault (Teixeira et  al. 2012). In the Indian Ocean, local populations are 
genetically connected along the Central Indian Ridge, but they are separated 
between the Central and the Southwestern Indian Ridges (Beedessee et al. 2013; 
Chen et al. 2015).

During the process of DNA barcoding of individuals of the same species to eval-
uate population connectivity, it has become apparent that there are many cryptic and 
synonymous species at various deep-sea hydrothermal vent fields. The environ-
ments at hydrothermal vent fields are highly heterogeneous, and the animals exhibit 
different morphologies according to their developmental stages and/or the environ-
ments they inhabit (e.g., the shrimp Rimicaris, tubeworms; Buckeridge et al. 2013). 
On the other hand, sometimes no morphological differences were able to be 
observed between animals that had clearly different DNA sequences, even with very 
careful observations. These animals may have evolved physiological rather than 
morphological differences leading to speciation, and/or there may be other invisible 
differences at the metaorganism level, such as differences in symbiotic bacteria 
(e.g., Suzuki et al. 2006). Genetic analyses can reveal these “invisible” population 
differences that can occur in the deep sea.

Genetic analyses using so-called next-generation sequencers (NGSs) have 
become standard procedure, and they can also be used for population genetics 
analyses. Population genetics analyses using genome-wide, single-nucleotide sub-
stitutions (SNPs), including restriction site-associated DNA sequencing (RAD-
seq; reviewed by Davey et  al. 2011 or 2b-RAD-seq; Wang et  al. 2012) and 
multiplex ISSR genotyping by sequencing (MIG-seq; Suyama and Matsuki 2015), 
have become more mainstream than analyses using microsatellites and/or Sanger 
sequencing datasets. In most cases, analyses of the datasets generated by NGSs 
enable the detection of genetic differences between individuals and can provide 
more detailed information than Sanger datasets, as illustrated by recent works on 
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Bathymodiolus mussels (Kyuno et al. 2009; Miyazaki et al. 2010; Xu et al. 2017). 
Metabarcoding techniques, such as the MiFish pipeline developed for fish studies 
(Miya et al. 2015), could also serve as useful methods for characterizing faunal 
composition in the vast deep sea because DNA is probably degraded more slowly 
in the low-temperature environments of the deep sea than in warmer surface 
waters. Unfortunately, the number of reference datasets and sequences with taxo-
nomic identification performed by trained taxonomists is still limited. Sequences 
from meroplankton that could plausibly be the larvae of deep-sea hydrothermal 
vent animals were identified during a metabarcoding analysis of plankton at sta-
tion ALOHA in Hawaii (Sommer et  al. 2017), although their sequence identity 
was lower than 97% and no morphological data were collected to corroborate the 
identifications. Population genetic analyses using NGSs are a powerful tool to 
estimate the direction of gene flow and the scale of connectivity between local 
populations, although they should ideally be carried out in combination with direct 
morphological observations of the plankton. We note that NGS analyses could also 
reveal physiological characteristics if transcriptomic analyses are included (Sun 
et al. 2017), and this could help elucidate “invisible” faunal changes, such as the 
occurrence patterns of morphologically cryptic species with different 
physiologies.

Culture experiments on larvae to characterize their behaviour and physiology 
can aid in the interpretation of population genetic analyses of their benthic forms. 
Suitable environments for planktonic larval development and the duration of plank-
tonic larval stages vary according to the metabolic rates of larvae, reflecting species- 
specific traits that determine their optimal distributional range during dispersal 
(Marsh et al. 2001; Pradillon et al. 2001; Watanabe et al. 2006; Arellano and Young 
2009; Yahagi et al. 2017). Although vertical migrations by the planktonic larvae of 
deep-sea animals can be important, very little quantitative data are available 
(Beaulieu et al. 2013; Yahagi et al. 2017). Methods to quantify the migration and 
settlement of the larvae of deep-sea hydrothermal vent animals in situ have also 
been developed. Traditional settlement experiments, with the deployment of settle-
ment plates, are still useful in deep-sea studies for identifying areas or environments 
that may be recolonized and the composition of the recruits. Unfortunately, it can be 
difficult acquiring the ship time necessary for retrieval of the settlement plates at 
ideal intervals. Larval supply after a natural environmental disturbance (undersea 
volcanic eruption) at a hydrothermal vent field in the East Pacific Rise has been 
investigated, with a striking change in the species composition of larvae and colo-
nists after the eruption (Mullineaux et al. 2010). The study found that larval supply 
can change markedly after removal of local source populations, enabling recoloni-
zation via immigrants from distant sites with different species composition. A set-
tlement experiment at a deep-sea hydrothermal vent field in the Okinawa Trough, 
where scientific drilling had been carried out, revealed that newly established 
 communities exhibited lower species richness than the originally occurring com-
munity; nevertheless, the populations had high genetic connectivity (Nakamura 
et al. 2018).
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Modeling is another useful tool for investigating species distributions. Information 
on suitable environments and planktonic larval durations can be input into a physi-
cal oceanographic model for estimating the dispersal range of the planktonic larvae 
of deep-sea hydrothermal vent animals (Mullineaux et al. 2012; Mitarai et al. 2016). 
Further modeling for resilience (e.g., Suzuki et al. 2018) can also be carried out.

5  Conclusion

Standardized EIA technologies for ocean mining need to be established for which 
the major contributions are expected to be made through science and technology. 
However, the goal of science is to understand the principles of the natural world. 
Therefore, in the decision-making process, such as for making policies, laws, or 
regulations, scientific findings may provide convenient information, but they can 
also lead to inconvenient truths. Scientists maintain a spirit of criticism, and thus, 
they do not hesitate to modify past theories and laws. Therefore, even if a finding 
appears absolute and such a finding has major significance for decision-making, 
they may be retracted following the development of alternative theories or hypoth-
esis by other scientists. This may hinder the progress of ocean development, policy-
making, and legislation, although the scientific practices are reasonable and valid. 
Therefore, technological development specialized for EIA is required. In order to 
develop such technologies, it is necessary to not only obtain accurate results but also 
achieve implementation of the technology in an economic manner while meeting 
the requirements of legal compliance, comprehensibility, usability, etc. Taking these 
factors into consideration, the “Zipangu in the Ocean” project is implementing tech-
nological developments for EIA.
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and Operation of Deep-Sea Mining 
System: Based on Case Studies

Rahul Sharma

Abstract This chapter brings together environmental factors that are expected to 
influence the design and operation of deep-sea mining system for polymetallic nod-
ules. The study analyzes possible effects of various environmental factors from 
nodule-bearing areas in the Central Indian Ocean Basin (CIOB) and compares it 
with available data from the Pacific Ocean. Similar applications can be envisaged 
for different mineral deposits in other ocean basins as well.

Keywords Environmental factors · Design considerations · Deep-sea mining 
system

1  Introduction

The term “environment” in relation to deep-sea mining is generally applied for the 
purpose of assessing and monitoring the environmental impact of various mining 
activities, for which International Seabed Authority has established environmental 
guidelines for different deep-sea minerals (ISA 2013, which are being amended in 
2018) and is in the process of formulating environmental regulations (ISA 2017). 
However, environment and mining share a reverse relationship as well; that is how 
various environmental factors could impact on (or influence) the design and opera-
tion of different components of the deep-sea mining system such as the miner on the 
seafloor, lifting mechanism in the water column, as well as mining platform on the 
surface (Table  1). This study evaluates different environmental parameters from 
some of the potential mining areas in the Indian Ocean and the Pacific Ocean 
(Fig.  1). It is expected that evaluation of these environmental factors could be 
extended to other ocean basins for different mineral deposits as well.
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Table 1 Possible influence of environmental factors on different components of deep-sea mining 
system

Components Environmental factors Possible influence

(a) Surface components
Mining platform 
including handling 
equipment, power 
generation, processing 
plant and transport 
vessels

Atmospheric and sea 
surface – sea surface 
temperature, wind, rainfall, 
cyclone, waves

Operating conditions for personnel 
and equipment and stability of 
platform as well as transport vessels

(b) Subsurface componentsa

Ore lifting mechanism
Intermediate buffer(s)

Water column – currents, 
temperature, salinity

Behavior of lifting pipes, umbilical 
and pumping mechanisms as well as 
leakage/spillage and discharge

(c) Seafloor components
Nodule miner 
(hydraulic/mechanical/
submersible- type 
pickup devices)

Seafloor
  Mineral props. – size, 

coverage, abundance
  Substrates – sediment 

thickness, physical 
properties, rock outcrops

  Topography, micro- 
topography, slopes

Efficiency of miner, weight/
buoyancy, design of pickup device 
due to variable sizes and 
inhomogenous distribution of 
nodules, occurrence of sediments, 
rock outcrops, seafloor undulations 
and slopes

aIn case of submersible type of miner, subsurface components will be eliminated

Fig. 1 Areas of potential deep-sea mining in the Central Indian Ocean Basin and Pacific Ocean. 
(Source: Mukhopadhyay et al. 2018)

2  Atmospheric and Sea Surface Parameters

Various factors that could influence the mining operations on or above the water 
column include sea surface temperature, wind, rainfall, cyclones, and waves. This 
section looks at historical data for almost 10-year period for sea surface 
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Fig. 2 Variation in average temperature for different months (in degree Celsius)

temperature, wind speed, and rainfall (1988–1998), cyclones (1997–2007), and 
waves (1953–1961) from global sources for the Central Indian Ocean Basin (Grass 
et al. 2000; www.metoffice.gov.uk; Hogben and Lumb 1967).

2.1  Sea Surface Temperature

Sea surface temperature evaluated for the period (Table 2 and Fig. 2) shows that 
average temperature between December and May is between 27 and 29° C that cor-
responds to Austral summer, whereas the period from June to November has an 
average temperature between 24 and 26° C corresponding with Austral winter. In 
terms of maximum and minimum temperatures, also the temperatures are generally 
within the range of +/−2° C (Grass et al. 2000). Hence, the temperature range in the 
area is very small throughout the year with no extreme temperatures that could have 
any serious effects on the deep-sea mining operations.

2.2  Wind Speed

Wind speed data collected during the period (Table 3 and Fig. 3) shows that mean 
wind speed is relatively higher (6.8–8.4 m/s) from June to November with August 
and September recording the highest wind speeds (maximum of 9.39  m/s and 
9.53 m/s, respectively), whereas these are lower (4.8–6.5 m/s) from December to 
May with February and March having the lowest wind speeds (minimum of 3.38 
and 3.88 m/s) during different years. Although, in general, wind speeds are not very 
strong throughout the year, winds are responsible for generation of waves and can 
have serious impact on operations during the occurrence of cyclones and hurricanes 
(see Sect. 2.4).

R. Sharma
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2.3  Rainfall

Analysis of mean rainfall data for different months during the period (Fig.  4 and 
Table 4) shows that although the area does not appear to receive very heavy rains 
throughout the year, the months from January to April received relatively higher aver-
age rainfall (5.679–6.577  mm/day), whereas July to October have recorded lower 
average rainfall (2.327–3.311 mm/day), and the intervening months (May to June and 
November to December) had intermediate rainfall. However, there could be episodic 
heavy rainfall coinciding with the events of cyclones as described in the next section.
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Fig. 3 Average wind speed for different months (in m/s)
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2.4  Cyclones

Cyclones are one of the major meteorological factors that could influence the opera-
tion of a mining platform. In this section, occurrence of cyclones has been analyzed 
in terms of frequency and speed for a 10-year period (1997–2007) for the region. 
Cyclones are classified into four types on the basis of speed (www.metoffice.gov.
uk), as follows:

 i. Tropical depressions (<34 knots)
 ii. Tropical storms (34–63 knots)
 iii. Hurricane/ typhoon (64–127 knots)
 iv. Severe hurricane/super typhoon (>127 knots)

Data for different types of cyclones in the Indian Ocean (Fig. 5 and Table 5) shows 
that the months which are more prone to cyclones (more than ten occurrences in a 
month of any type of cyclone) are January to March, whereas the months with lesser 
no. of cyclones (i.e., less than ten occurrences in a month) are April to December, 
during which no cyclones were recorded in August and September.

Although, most destructive category of cyclone, i.e., super hurricane, did not 
occur during these years, hurricanes are more prominent during the months January 
to March, which have been also registered as the months having maximum number 
of cyclones. In the category of storms, although January and February witnessed 
maximum number of storms, April, June, July, October, November, and December 
also witnessed number of storms in fewer numbers. Depressions are more in the 
months of March, April, October, and November, but they do not pose a serious 
threat in comparison to hurricanes and super hurricanes, which may cause severe 
damage to the mining platform. During August and September, there were no 
cyclones of any intensity in the area.

Fig. 5 Occurrence of cyclones for different months between 1997 and 2007. (Source: www.met-
office.gov.uk)

R. Sharma
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The months from April to December appear to be the most favorable months for 
carrying out the seabed mining operations, since these months are only subjected to 
none or low-speed storms and depressions, without registering any major hurri-
canes. Hence, about a 90–100-day period between January and early April appears 
to be unfavorable in terms of total number of cyclones and hurricanes in the area. 
Cyclones play a major role in perturbing the stability of any offshore platform. Also, 
it is rather difficult to conduct operations on platforms because cyclones, especially 
hurricanes, can have adverse effects on working as well as structural parts. Moreover, 
analysis of cyclone tracks (Fig. 6) shows that most of the cyclones were concen-
trated in the western parts of the Indian Ocean, whereas very few cyclones actually 
crossed the Central Indian Ocean Basin, making it favorable area for deep-sea min-
ing operations.

2.5  Waves

Wave data was analyzed from ocean wave atlas (Hogben and Lumb 1967) for block 
no. 35 (0–10° S, 60–90° E) in the Central Indian Ocean Basin. The data is classified 
into three seasons – Northeast monsoon (December to February), Southwest mon-
soon (May to September), and transition period (March to April, October to 

Fig. 6 Cyclone tracks during the study period: 1999–2000 (top left), 2001–2002 (top right), 
2003–2004 (bottom left), and 2005–2006 (bottom right). Central Indian Ocean basin is marked 
with blue box

R. Sharma
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November). The maximum number (1000–1500 waves) recorded throughout the 
year irrespective of seasons was 1 m high, followed by <1 m and 1–2.5 m (200–
1000 waves) and very few (<100 waves) of 3–8  m height (Fig.  7 and Table  6). 
Similarly, maximum number (700–2000 waves) had a direction between 80° and 
160° during the period from May to September followed by direction between 230° 

Fig. 7 Number of waves of different heights for various seasons (in meters)

Table 6 Number of waves of different heights for various seasons

December to February 
(Northeast monsoon)

March to April, October to 
November (transition months)

May to September 
(Southwest monsoon)

Wave 
height (m) Total no. of waves Total no. of waves Total no. of waves

0.25 420 556 284
0.50 494 765 520
1.00 1004 1432 1386
1.50 719 1223 1507
2.00 314 536 959
2.50 116 224 530
3.00 34 75 248
3.50 19 37 149
4.00 5 14 54
4.50 7 8 31
5.00 1 3 12
5.50 1 1 6
6.00 0 0 5
6.50 1 0 7
7.00 1 0 4
7.50 0 1 3

>8.00 0 0 3
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and 280° (400–500 waves) during the period from December to February, whereas 
very few (<300 waves) were recorded with directions ranging from 0 to 360 through-
out the year (Fig. 8 and Table 7).

In terms of wave period (the average of time interval between passages of suc-
cessive crests or troughs of waves), the majority of waves were of the time period of 
5–9 s. Very few waves have been reported for the time period >14 s. However, some 
waves have been recorded for the time interval of 10–13 s. In case of the total num-
ber of waves recorded, the duration from May to September has witnessed the maxi-
mum number of waves, followed by transition months (Table 8 and Fig. 9).

Table 7 Number of waves in different directions for various seasons

December to February 
(Northeast monsoon)

March to April, October to 
November (transition 
months)

May to September 
(Southwest monsoon)

Wave direction 
(degrees) Total no. of waves Total no. of waves Total no. of waves

350–10 182 94 42
20–40 135 111 38
50–70 122 310 361
80–100 200 717 1441
110–130 266 831 1932
140–160 177 542 855
170–190 131 255 290
200–220 194 313 169
230–250 429 511 150
260–280 462 474 140
290–310 325 208 48
320–340 206 108 30

Fig. 8 Number of waves in different directions (in degrees)
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From the above observations, we can interpret that wave heights are generally 
less than 2.5 m throughout the year with few waves having more heights (3–8 m). 
Also the wave direction varied between 80–160° and 230–280° during different 
seasons which will have to be considered during designing of the mining platform. 
Winds are responsible for initiating the waves, that is, the higher the wind velocity, 
the higher the waves, and the time interval between the two successive crests (or 
troughs) of waves will be high.

Table 8 Number of waves for different periods

December to February 
(Northeast monsoon)

March to April, October to 
November (transition months)

May to September 
(Southwest monsoon)

Wave 
period 
(secs) Total no. of waves Total no. of waves Total no. of waves

Calm 
waves

307 401 212

5 or less 1382 2083 1730
6 or 7 825 1254 1727
8 or 9 367 630 1192
10 or 11 146 319 532
12 or 13 42 108 215
14 or 15 18 38 42
16 or 17 4 6 22
18 or 19 1 2 2
20 or 21 3 5 2
Over 21 41 29 32

Fig. 9 Number of waves for different waves for different periods for various months (in 
seconds)
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2.6  Summary of Atmospheric and Sea Surface Factors

Atmospheric and sea surface data such as sea surface temperature, wind, rainfall, 
cyclones, and waves evaluated for 10-year period (Table 9) shows the following:

• Average sea-surface temperature range = 25–29°.
• Average wind speed = 5–8 m/s.
• Average rainfall range = 2–6 mm/day.
• Temperature and rainfall follow a similar pattern (high during December to Feb 

and low during May to September), whereas wind speed is opposite.
• Temperature and rainfall vary over a small range throughout the year.
• Variable (seasonal) wind speed, wave ht., direction, and period.
• Depressions are common throughout the year.
• More hurricanes during January to March, but no super hurricanes.

These environmental factors (Table 8) could be effectively used in designing and 
planning operations of deep-sea mining platform and transportation.

3  Water Column Characteristics

Long-term deployment of (~270 days) current meters at three locations and differ-
ent depths ranging from ~500 to 5000 m during 1995–1996 in the Central Indian 
Ocean Basin (Murty et al. 2001) revealed that mean current velocities at shallower 
depths (450–670 m) vary between 3.12 cm/s (during April to September) as against 
5.23 cm/s (during September to January) at the northern location (10° S, 75° E), 

Table 9 Summary and implications of meteorological conditions for mining platform

Parameters Characteristics Implications

1. Surface – temperature 25–29° C Design of mining platform,  
loading/unloading of ore,  
operations of mining

  Rainfall 2–6 mm/day
  Wind speed 5–8 m/s (18–29 km/h)
2. Waves – height Generally <2.5 m (max. = 8 m) Equipment, transportation  

to shore and back  Direction Variable (0–360°)

  Period Generally <10/s
3. Cyclones – none 0 – August to September As above
  Depressions <34 km/h – Jan to Dec
  Storms 34–63 km/h. – Jan to Dec
  Hurricanes 64–127 km/h – Jan to Mar
  Severe hurricanes >127 km/h – Nil As above

Source: 1. Grass et al. (2000), 2. Hogben and Lumb (1967), 3. www.metoffice.gov.uk (n.d.)
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whereas these were considerably low between 2.21 and 2.29  cm/s (during both 
deployments) at the southwestern location (15° S, 72° E) and still lower between 52 
and 0.65 cm/s (during both deployments) at the southeastern location (15° S, 77° E). 
At deeper depths, the mean current velocities recorded were very low (<1 cm/s) 
throughout the period for the entire water column (1200–5100 m) at all the three 
locations with the exception of one deployment (September to January) at the north-
ern location (10° S, 75° E) where it ranged between 1 and 2  cm/s (Table  10). 
Conductivity, temperature, and depth records in the area (Fig. 10) have also shown 
that water temperature ranges between 26° C (at the surface) and 1.0° C (at 5000 m 
depth), whereas salinity is constant at 34.7 ppm (±0.2 ppm) throughout the water 
column during different seasons (Babu et al. 2001). As the entire deployment mech-
anism along with cables for transmission of signals as well as power and as also 
lifting of the ore from seafloor to mining platform will be through the water column, 
these characteristics will be essential in the design and behavior of the mechanism 
as well as in dispersion of sediment plume generated by the mining operation.

Table 10 Mean currents in Central Indian Ocean Basin

Station period of measurements Depth (m) V (cm/s)a R (o)a

MS-1 Sep 95 to Jan 96 (spring to summer) 500 5.23 329
1200 2.93 269
3500 1.28 271
4900 1.72 240

MS-1A Apr 96 to Sep 96 (fall to winter) 500 3.12 106
1200 0.46 149
3500 0.21 93
4900 0.15 132
5100 0.08 170

MS-2 Sep 95 to Jan 96 (spring to summer) 600 2.21 76
1300 1.23 117
3600 0.07 132
4400 0.11 277

MS-2A Apr 96 to Sep 96 (fall to winter) 670 2.29 184
3670 0.02 84
4270 0.07 100
4470 0.56 107

MS-3 Sep 95 to Jan 96 (spring to summer) 1200 0.52 144
4900 0.18 244
5100 0.51 254

MS-3A Apr 96 to Sep 96 (fall to winter) 450 0.65 352
1150 1.23 51
3450 0.14 124

aV and R are the phase–mean current velocity and mean direction (Source: Murty et al. 2001)
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4  Seafloor Features

4.1  Nodule Distribution Characteristics

Among the seafloor features, nodule characteristics are the key factor that would 
influence the design and operation of the entire mining system from the nodule 
miner on the seafloor to the lifting mechanism in the water column, as well as han-
dling, storage, pre-processing, effluent discharge, and transportation on the surface. 
Hence, data on nodule characteristics such as size, coverage, and abundance are 
compiled from different studies in the Central Indian Ocean Basin (Table 11) as 
well as different basins of the Pacific Ocean (Table  12) and described in this 
section.

 Distribution of Nodule Sizes

Among size classes ranging from <2 to >8 cm (Fig. 11), the dominant size class 
observed in the CIOB was 2–4 cm (67%), followed by 4–6 cm (20%) and <2 cm 
(9%) from analysis of ~9000 nodules (Sharma 1998). However, another study 
showed dominant size class to be 4–6 cm (53%), followed by 2–4 cm (23%) and 
6–8 cm (16%) from analysis of 171 nodules (Sarkar et al. 2008). Similarly in the 

Fig. 10 Typical profile of water column characteristics in the Central Indian Ocean Basin. (Source: 
Cruise Report of RV-Sindhu Sadhana Cruise 13, 2015, NIO/PMN-EIA project)
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Pacific Ocean, majority of nodules (49–58%) belong to 2–4 cm size class followed 
by <2 cm (40%) in two out of three basins (Usui 1986, 1994), whereas the third 
basin shows 4–6 cm as the next dominant class (31% – Usui and Nakao 1984). This 
indicates that average (or dominant) sizes could vary within a single basin and 
between different basins that could also depend on sample size as well as local con-
ditions. In terms of weight percent also the dominant sizes were 2–4 and 4–6 cm (40 
and 35%) in CIOB. Similar study in part of the Pacific Ocean also showed that 
~3  cm size of nodules accounted for 50% of the total mass of nodules sampled 
(Handa and Yamazaki 1986) signifying the dominant contribution of 2–4 cm size 
class in the overall weight among nodules that could form a critical factor while 
designing the nodule miner from the seafloor as well as the crushing and lifting 
mechanism through water column.

 Distribution of Nodule Coverage on the Seafloor

Analysis of nodule coverage (percent area covered by nodules) from seafloor pho-
tographs (Fig. 12) reveals that a majority (65–67%) of the locations/photographs do 
not show the presence of exposed nodules, whereas most photographs having 

Table 11 Frequency (%) distribution of nodule characteristics in Central Indian Ocean

Parameter/source  
(no. of samples) Classification (nos. in % samples)

Size (cm) <2 2–4 4–6 6–8 >8

Sharma (1998) (9000)a 9b 67 20 3 1
Sarkar et al. 2008 (171)a 1 23 53 16 7
Wt%/size <2 2–4 4–6 6–8 >8 cm

Sharma (1998) (9000)a 9b 40 35 11 5
Coverage (%) 0 <10 10–

20
20–
30

30–40 40–
50

50–
60

60–
70

70–
80

>80

Sharma (1998) (988)c 67 18 6.5 3 2.8 1.8 0.6 0.5 0.1 0.1
Sharma et al. (2010) 
(20516)c

65 13 4.1 2.9 4.7 4.0 2.8 2.5 0.7 0.0

Abundance (kg/m2)d <5 5–
10

10–
15

15–
20

20–25

Sharma (1998) (725)e 56 25 13 5.5 0.5
Kodagali and Sudhakar 
(1993) (479)e

67 23 8 2 –

Sarkar et al. (2008) (47)e 38 19 28 15 –
Jauhari et al. (2001) (23)e 43 48 9 – –

aNo. of nodules
bIncluding broken fragments
cNo. of photos
dAverage abundance at each location
eNo. of operations
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Fig. 11 Typical nodules of different sizes

Table 12 Frequency (%) distribution of nodule characteristics in Pacific Ocean

Parameter/location  
(no. of samples) (source) Classification (nos. in % samples)

Size (cm) <2 2–4 4–6 6–8 >8

Central Pacific Basin (3512)a 
(Usui (1986))

40 49 9 1.5 0.5

Magellan trough (61)a  
(Usui and Nakao1984)

11 49 31 7 2

Penrhyn basin (84)a (Usui 1994) 40 58 1 1 –
Coverage (%) 0 <10 10–

20
20–
30

30–
40

40–
50

50–
60

60–
70

70–
80

>80

Central Pacific Basin (125)b  
(Usui 1986)

76 10 8 3 2 1

Central Pacific Basin (340)b 
(Yamazaki and Sharma 1998)

nd 53 3 4 5 4 5 26 0.6 –

Magellan trough (57)b  
(Usui and Nakao1984)

14 4 26 21 9 14 9 4 – –

Penrhyn Basin (68)b (Usui 1994) 0 4 15 10 15 10 3 13 19 10
Abundance(kg/m2) <5 5–

10
10–
15

15–
20

20–
25

>25

Central Pacific Basin(90)c  
(Usui 1986)

67 14 12 7 – –

Magellan trough (61)c  
(Usui and Nakao1984)

36 16 12 8 16 11

Penrhyn basin (84)c (Usui 1994) 32 13 12 17 5 21

Key: aNo. of nodules, bNo. of photos, cNo. of operations, nd = no data

R. Sharma



333

exposed nodules (13–18%) have <10% coverage in CIOB (Sharma 1998; Sharma 
et  al. 2010). Similar studies on distribution of nodule coverages across Central 
Pacific Ocean based on seafloor photographs also showed that most locations  
(53–86%) have nil to few exposed nodules (0–10% coverage), followed by higher 
coverages (Usui 1986; Yamazaki and Sharma 1998). However, other basins of the 
Pacific Ocean have also shown higher coverages (up to 50%) from seafloor photos 
(Usui and Nakao 1984; Usui 1994) implying influence of local conditions on 
 distribution of nodules.

Here, it is important to recognize that this data is on basin scale, whereas it is 
most likely that areas identified within the basin as first-generation mine sites 
would have many (if not all) locations/photographs with higher nodule coverages 
as their demarcation would be based on higher nodule abundances. Also as dis-
cussed later in the chapter, even if few nodules are exposed on the seafloor, it is 
quite likely that many of these are buried under thin sediment-water interface and 
are collected in the grab samples that are used for abundance estimates (Fewkes 
et  al. 1979; Felix 1980; Sharma 1989; Sharma et  al. 2013), and so inclusion  
of buried nodules is critical for resource estimation and demarcation of potential 
mining sites.

Fig. 12 Distribution of nodule coverage on the seafloor
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 Distribution of Nodule Abundance on the Seafloor

Evaluation of nodule abundance (weight per unit area) from grab or core samples 
(Fig. 13) from different studies in the CIOB shows that a majority of the sampled 
locations (38–67%) have <5 kg/m2 nodules, followed by locations with 5–10 kg/m2 
of nodules. Similarly, basin scale evaluation of nodule abundance in Pacific Ocean 
also showed majority of the locations (32–67%) with <5 kg/m2 of nodules followed 
by 5–10 kg/m2 (13–16%) and 10–15 kg/m2 (12%) and remaining locations with 
>15 kg/m2 abundance (Usui and Nakao 1984; Usui 1986, 1994). However, these 
studies being on a regional scale give a wide variation in nodule abundance, whereas 
areas identified as first-generation mine sites would normally have higher average 
nodule abundance of at least 8–10 kg/m2 or more for the resource to be economi-
cally viable. It should be noted that the cutoff abundance for a nodule deposit to be 
economically viable is 5 kg/m2 (UNOET 1987).

4.2  Sediment Properties

 Effect of Sediment Cover on Nodule Burial

Variable nodule coverage and abundance depends on certain intrinsic as well as 
extrinsic factors contributing to their population and distribution. Whereas the 
intrinsic factors may be the formation process and the required environmental set-
tings such as proximity to source of elements, degree of oxidation, nature and age 
of substrates, availability of nucleating material, sedimentation rates, and bottom 
currents (Cronan 1980); the extrinsic factors are the influence of associated sub-
strates such as thickness of sediments under which the nodules are either partly or 
fully buried, rock outcrops that are strewn within a nodule field, as well as macro- 
and micro-topography of the seafloor.

Fig. 13 Partially buried 
nodules on top of box core
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An analysis of ~20,000 seafloor photographs from CIOB showed a majority 
(65%) of them having nil nodule coverage, some (17%) of them with low nodule 
coverage (<20%), and the remaining (18%) having moderate (20–50%) and high 
(50–80%) coverage (Sharma et al. 2010). However, physical sampling using grabs 
in the same area has shown average nodule abundance ranging from 3.84 to 8.23 kg/
m2 confirming the presence of nodules in the entire area implying that nodules at 
many locations in CIOB could be buried under the top 20–25 cm of sediment cover 
to which grabs can penetrate (Sharma et al. 2013). A ground truth confirmation of 
nodule occurrence from close to 1000 locations in the CIOB (Fig. 14) showed that 
whereas nodules were recorded in both photographs and grabs at 44% locations, no 
nodule were recorded in either of them at 21% locations indicating no nodules, and 
at 29% of the remaining 35% locations, nodules were collected in grabs only 
(Sharma 2017) indicating not only the prevalence of buried nodules but also patchy 
distribution within the nodule fields.

Studies in the Pacific Ocean have also reported that nodules are buried under 
sediment-water interface boundary (SWIB) layer that are obscured from camera 
view and cannot be accounted for in the photographs but are collected in the grabs 
(Fewkes et al. 1979) and that the extent of burial depends on the size and shape of 
nodules as also thickness of the SWIB layer (Cronan and Tooms 1967; Felix 1980). 
Although most nodules are known to occur in the top 1–2 m (Stoffers et al. 1982) of 
sediment, a few have also been collected at deeper depths of >5 m in the Pacific 
Ocean (Usui 1986; Cronan 2000) and Indian Ocean (Pattan and Parthiban 2007).

This calls for designing the nodule collector such that it is capable of not only 
picking up nodules from the surface but also collecting the buried nodules from at 
least a few tens of centimeters below so as to be efficient. However, “digging” 

Photos
(6 %)

Grabs
(29 %)

44%

Fig. 14 Venn diagram of nodule occurrence in grabs and photographs (Sharma 2017)
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deeper into the sediment could pose a difficulty in locomotion due to higher friction 
and also be risky in terms of destroying the benthic organisms and creating a sedi-
ment plume that could remain in suspension for a long time and either migrate to the 
adjoining areas or settle in the same area but alter the physicochemical characteris-
tics of the seafloor. Hence, optimization of sinkage of the nodule miner versus col-
lection efficiency will have to be worked out for designing the system.

 Analysis of Sediment Thickness in Nodule Areas

As observed in seafloor photographs (Fig. 12) as well as grab and core samples col-
lected from nodule areas (Fig. 13), sediments seem to be associated with nodules at 
all locations, and the presence of this sediment could play a major role in the opera-
tion of the collector on the seafloor as it could sink depending on its weight/buoy-
ancy and physical characteristics of the sediment including thickness and 
geotechnical properties. Analysis of records from sounding data such as sub-bottom 
profiler shows the sediment as acoustically transparent layer (ATL) having either 
homogenous or layered structure on the seafloor with variable thickness ranging 
from a few meters to several tens of meters (Fig. 15).

Fig. 15 Records of sub-bottom profiling
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Correlation of ATL with different topographic settings suggests that at many of 
the locations (50%), its thickness is small (<10 m) on the abyssal hills; whereas in 
the valleys, the majority of locations (>60%) have higher thickness (30–60 m), and 
slopes have variable thickness indicating that thickness of ATL is controlled by 
topographic features (Sharma et al. 2013). The study further shows that although 
nodule abundance does not have significant correlation with thickness of ATL 
(Fig. 16), the sediment layer is responsible for partial to complete burial depending 
upon either size or abundance causing problems in estimating nodule populations 
from seafloor photographs as also observed in the Pacific Ocean (Fewkes et  al. 
1979; Felix 1980).

 Physical Properties of Sediments and Nodules

Physical properties of sediments could be one of the key factors influencing the 
mobility and collection efficiency of the nodule miner on the seafloor. Most of the 
sediments associated with nodules in CIOB are clayey silts or silty-clays having 
dominant proportions of clays (>50%) of minute particle size (<4 μm), lesser pro-
portion of silts (<40%), and small proportion (<10%) of sand-sized particles. These 
generally contain four common clay minerals, viz., montmorillonite, illite, kaolin-
ite, and chlorite with quartz and feldspars as accessory minerals wherein montmo-
rillonite has a high water-holding capacity resulting in the sediments having high 
water content (300–400% on wet basis on the surface) that decreases with depth 
(Khadge 1998). These sediments also indicate medium to high plastic nature (aver-
age liquid limit = 207%, average plastic limit = 109%, and average plasticity index 
= 99%) with almost constant porosity (88–90%), density (~1.2 g/cm3), and specific 
gravity (2.2–2.3) with variable shear strength (2.2–13 kPa) increasing with depth 
down to 4 m (Khadge 1998).

Fig. 16 Nodule abundance vs sediment thickness
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Similar study of nodule-associated sediments sampled from cores in the Pacific 
Ocean also reports clay-sized particles (<2 μm), high water content (200–300%), 
and shear strength increasing with depth (2–8 kPa) down to 50 cm (Yamazaki 2017). 
It is critical to note that strength reduction of sediments due to physical disturbance 
could be an important factor for design of propulsion mechanism of the seafloor 
miner (Richards and Chaney 1981). Several studies have attempted to evaluate the 
dynamic characteristics of deep-sea sediments that could be extrapolated for the 
design of the deep-sea miner (Yamazaki et al. 1995).

Besides sediments, geotechnical properties of nodules such as bulk density, 
moisture content, and porosity as well as hardness, compressive strength, and ten-
sile strength vary with nodule type and are key factors in collection, crushing, and 
lifting of nodules during mining (Yamazaki 2017).

4.3  Occurrence of Rock Outcrops

Several seafloor photographs have shown the presence of rock outcrops that could 
also be coated with ferromanganese oxides, within nodule fields (Fig. 12). Studies 
have shown that their coverages range from 1% to 100% on the seafloor depending 
upon their size and exposure, that could extend over several meters on the seafloor, 
with a majority of them (63% in the Pacific Ocean and 48% in Indian Ocean) cover-
ing 20% area on the seafloor (Yamazaki and Sharma 1998; Sharma et al. 2010). 
However, their coverage increases with undulating topography especially along 
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Fig. 17 Distance vs depth profiles of nodules and crusts (Sharma et al. 2010)
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steep slopes and tops of seamounts and abyssal hills where there is less accummula-
tion of sediment particles due to gradient and higher currents. These outcrops would 
act as “obstructions” within a nodule field which the nodule collector will have to 
avoid either by being driven around or flown over (Sharma 2017).

4.4  Influence of Seafloor Topography

Studies have shown that concentration of nodules, accummulation of sediments, as 
well as exposure of rock outcrops on the seafloor are controlled by the macro- and 
micro-topographic undulations (Fig. 17) with variable slopes (<3 to >15°) wherein 
crusts/rock outcrops are dominantly associated with steep slopes of seamounts and 
abyssal hills; large nodule deposits are concentrated along gentle slopes and undu-
lating topography where they grow over millions of years with small sediment accu-
mulation, and thick sediments are associated with flat seafloor and valleys that 
either obscure the nodules from collection or observation or inhibit them from 
growing (Yamazaki and Sharma 1998; Sharma et al. 2010). Hence in order to per-
form efficiently and also for the safety of nodule miner, maneuverability along vari-
able topography and balancing it with nodule collection would be a key to the 
performance of the system (Sharma 2017).

Table 13 Influence of seafloor features on mining design and operation

Seafloor features Characteristics Implications

Nodule abundance 1–10 kg/m2 Collection efficiency of miner due to 
inhomogenous distribution of nodules  Coverage 1–90%

  Size <1->8 cm, avg. 2–4 cm 
(2–4 cm-67%)

  Weight 2.8–236 g, avg. wt.= 24 g 
(2–4 cm-40%, 4–6 cm-35%)

Design of pickup device due to variable 
size
Decision on crushing capability

Sediment cover Nodule burial (0–100%) Penetration of collector device
  Size Clay <4 μ (60%) Picking capability of collector
  Shear strength 2 (2 cm)–10 kPa (40 cm) Sinking/buoyancy of miner
  Water content 700 (2 cm)–300% (40 cm)
Rocks/crusts Coverage (1–100%) coexisting 

with nodules
“Obstacles” during mining, damage to 
collection device, avoid if possible

Topography 10–500 m relief Maneuverability of miner
  Micro- topography 1–10 m undulations
  Slopes 1–35°
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4.5  Summary of Seafloor Features

Several seafloor conditions (Table 13) would play a key role in the design and per-
formance of the nodule miner. The ability of the miner to negotiate and maneuver 
through heterogeneous distribution of nodule abundance, coverage, size, burial, as 
well as their association with sediments and rock exposures, controlled by macro- 
and micro-topographic features, would determine the versatility in design as well as 
efficiency in mining optimum quantities of nodules at a steady rate without damage 
or malfunction.

5  Conclusions

Several experimental studies have been conducted to assess the design and behavior 
of riser (lifting) mechanism and nodule miner (Chung 1997; Hong 1997; Xia et al. 
1997; Li and Zhang 1997; Hong et al. 1999; Deepak et al. 2001, Yoon et al. 2003), 
and a few studies have been conducted on the design parameters for the mining 
platform or handling and transfer of ore (Amann 1982; Herrouin et al. 1991).

This study has evaluated long-term atmospheric and sea surface conditions in 
Central Indian Ocean Basin that suggests rather uniform and favorable conditions 
throughout the year in terms of average sea surface temperature (25–29° C), average 
rainfall (2–6  mm/day), average wind speed (5–8  m/s), and local depressions 
(<34  km/h) and storms (34–63  km/h) throughout the year with hurricanes (64–
127  km/h) mainly occurring between January and March, indicating adverse 
weather conditions for about 90  days during the year. On the other hand, wave 
heights are generally less than 3 m throughout the year which occasionally could go 
as high as 8 m with heavy winds and rainfall during the occurrence of hurricanes. 
Such meteorological conditions are key to ascertain the availability of working days 
at sea as literature suggests between 250 and 300  days of fair weather per year 
would be ideal for commercial mining (UNOET 1987).

Evaluation of long-term (~270 days) mean currents shows seasonal variations at 
shallow depths (500 m) with lower velocity (3.12 cm/s) during April to September 
and higher velocities (5.23 cm/s) during September to January which is also reflected 
at higher depths (1200–5000 m). Such seasonal variations are not seen at the other 
two mooring locations 550 km south of the previous mooring where mean currents 
are generally low (0.6–2  cm/s) at shallow depths (450–670  m) and further less 
(<1 cm/s) at higher depths (1200–5100 m) throughout the year. However, variable 
current directions at different depths throughout the year could pose a serious prob-
lem for the stability of the riser system as also causing drag on the nodule miner.

Operations on the seafloor will be affected by variable nodule sizes (<1 to >8 cm) 
with an average nodule size (2–4  cm), and the mining system will have to be 
designed accordingly for efficient recovery and pumping to the surface, suggesting 
the use of a crusher on the nodule miner in maintaining the consistency in size of the 
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nodules in the slurry to be lifted to the surface. Due to heterogeneous abundance of 
nodules (<5 to >25 Kg/m2), the use of buffer in storing them at an intermediate level 
before pumping them in fixed quantities to the mining platform for energy conser-
vation could be considered. Occurrence of higher concentration of nodules along 
undulating topography as compared to the low nodule concentrations in the valleys 
and plains, coupled with topographic variations and sediment thickness, would 
require that the collector system should be capable of detecting the zones of higher 
nodule concentrations while sweeping the seafloor.

The nodule miner will encounter substrates such as sediments and rocks associ-
ated with nodules on the seafloor that would pose problems in nodule recovery, and 
thus the miner will have to be designed to penetrate within the sediments to collect 
the buried nodules as well in order to be more efficient. The binding strength of 
nodules to the sediment could be a critical factor in the design of the nodule collec-
tor for which the use of water jets may be required to dislodge the nodules from the 
seabed. Pumping of large quantities of sediments along with nodules will not only 
increase the energy consumption but also cause a major environmental problem if 
disposal of debris is at or close to the surface. Hence, the sediments may have to be 
discharged in deeper areas, at least below the photic zone or deeper, to reduce the 
impact on marine life in the water column. Alternatively, there could be a mecha-
nism to wash them out near the seafloor to enable pumping of nodules only (Sharma 
2017).

Rock outcrops often occur in the nodule fields and could act as obstructions to 
the nodule miner. Such areas will have to be mapped in advance in order to identify 
locations where the mining system may not be able to operate or is likely to get 
damaged due to the occurrence of hard substrates, steep slopes that it cannot negoti-
ate. Hence, the nodule miner should be capable of sensing such zones, as well as 
being “driven” around or “flown” over these outcrops in order to avoid any damage 
to the mining equipment (Sharma 2017). Morphometric analysis in CIOB has 
shown that a majority (92%) of the area has 0–3° slope, the remaining areas have 
higher slopes (up to 15°) (Kodagali 1989), whereas slope angle studies in a nodule 
field in the Pacific Ocean recorded <3° slope angles as being nodule dominant, 3–7° 
slope angles as sediment dominant, 7–15° slope angles as a transition zone, and 
>15° slope angles as rock-/crust-dominant zones (Yamazaki and Sharma 2000).

Detailed geotechnical properties such as bulk density, porosity, compressive 
strength, and tensile strength of nodules, would be critical in designing the pickup 
from the seafloor and abrasion of minerals in the lifting mechanisms, whereas static 
properties of associated sediments such as particle size, shear strength, sensitivity, 
water content, and dynamic properties such as displacement, area, mass, and accel-
eration would be critical in assessing the motion and impact of the miner and also 
calculating the drag, separating force, and plume generation on the seafloor 
(Yamazaki 2017).

It is envisaged that various environmental factors described in this study could be 
applied for designing and operation of different components of deep-sea mining 
systems for different mineral deposits taking into account the local environmental 
conditions and the mineral type.

Environmental Factors for Design and Operation of Deep-Sea Mining System: Based…



342

Acknowledgments This study was carried out under the polymetallic nodule program of Ministry 
of Earth Sciences, Government of India. The data on atmospheric and sea surface parameters was 
compiled by Mr. Gagan Deka during his dissertation with the author. Figure 13 is obtained with 
courtesy from project “EIA studies for polymetallic nodules in CIOB,” National Institute of 
Oceanography, Goa, India.

References

Amann, H. (1982). Technological trends in ocean mining. Philosophical Transactions of the Royal 
Society, 307, 377–403.

Chung, J.  S. (1997). An articulated pipe system with thrust control for deep-ocean mining. 
Proceedings of 2nd ISOPE  – Ocean Mining Symposium, Korea (24–26 November, 1997). 
International Society of Offshore and Polar Engineers (pp. 82–90).

Cronan, D. S. (1980). Underwater minerals (p. 361). London: Academic.
Cronan, D. S. (Ed.). (2000). Marine mineral deposits handbook. Boca Raton: CRC Press.
Cronan, D. S., & Tooms, J. S. (1967). Subsurface concentration of manganese nodules in Pacific 

sediments. Deep-Sea Research, 14, 112–119.
Deepak, C. R., Shajahan, M. A., Atmanand, M. A., Annamalai, K., Jeyamani, R., Ravindran, M., 

Schulte, E., Handschuh, R., Panthel, J., Grebe, H., & Schwarz, W. (2001). Developmental tests 
on underwater mining system using flexible riser concept. Proceedings of 4th ISOPE – Ocean 
Mining Symposium, Szczecin, Poland, (23–27 September, 2001) (pp.  88–93). International 
Society of Offshore and Polar Engineers.

Felix, D. (1980). Some problems in making nodule abundance estimates from seafloor photo-
graphs. Marine Mining, 2, 293–302.

Fewkes, R. H., McFarland, W. D., Reinhart, W. R., & Sorem, R. K. (1979). Development of a reli-
able method for evaluation of deep sea manganese nodule deposits (pp. 91). Bureau of Mines 
Open File Report 64-80, US Department of the Interior Bureau of Mines.

Grass, H., Jost, V., Ramesh Kumar, M.  R., Schulz, J., Bauer, P., & Schluessel, P. (2000). The 
Hamburg Ocean Atmospheric Parameters and Fluxes from Satellite Data (HOAPS): A 
 climatological ATLAS of satellite derived air- sea interaction parameters over the oceans. Max 
Planck Report. No. 312, 130pp.

Handa, K., & Yamazaki, T. (1986). Physical and engineering properties of manganese nodules 
and deep-sea sediments in GH81-4 area. In S. Nakao (Ed.), Marine geology, geophysics and 
manganese nodules around deep-sea hills in the Central Pacific Basin (pp. 84–97). Tsukuba: 
Geological Survey of Japan.

Herrouin, G., Lenoble, J. P., Charles, C., Mauviel, F., Bernard, J., & Taine, B. (1991). French study 
indicates profit potential for industrial manganese nodule venture. Transactions of Society for 
Mining, Metallurgy, and Exploration, 288, 1893–1899.

Hogben, N., & Lumb, F. E. (1967). Ocean wave statistics, national physical laboratory (p. 263). 
London: D.R.Hillman and Sons Ltd., Frome.

Hong, S. (1997). 3D dynamic analyses of lifting pipe system in deep-sea mining. Proceedings 
of 2nd ISOPE  – Ocean Mining Symposium, Korea (24–26 November, 1997) (pp.  75–81). 
International Society of Offshore and Polar Engineers.

Hong, S., Choi, J. -S., Kim, J. -H., & Yang, C. -K.. (1999). Experimental study on hydraulic per-
formance of hybrid pickup device of manganese nodule collector. Proceedings of 3rd ISOPE – 
Ocean Mining Symposium, Goa (8–10 November, 1999) (pp. 69–77). International Society of 
Offshore and Polar Engineers.

ISA. (2013). Recommendations for the guidance of contractors for the assessment of the pos-
sible environmental impacts rising from exploration for marine minerals in the area. Jamaica: 
International Seabed Authority. ISBA/19/LTC/8, pp. 32.

ISA. (2017). Discussion Paper to advance stakeholder discussion in connection with the devel-
opment and drafting of Regulations on Exploitation for Mineral Resources in the Area 

R. Sharma



343

(Environmental Matters). International Seabed Authority. Retrieved on May 15th, 2017. 
(https://www.isa.org.jm/).

Jauhari, P., Kodagali, V. N., & Sankar, S. J. (2001). Optimum sampling interval for evaluating fer-
romanganese nodule resources in the Central Indian Ocean. Geo-Marine Letters, 21, 176–182.

Khadge, N. H. (1998). Physical properties of sediment core from Central Indian Basin. The Journal 
of Indian Geophysical Union, 2, 1–6.

Kodagali, V. N. (1989). Morphometric studies on a part of Central Indian Ocean. Journal of the 
Geological Society of India, 33, 547–555.

Kodagali, V. N., & Sudhakar, M. (1993). Manganese nodule distribution in different topographic 
domain of the Central Indian Basin. Marine Georeources and Geotechnology, 11, 293–209.

Li, L., & Zhang, J. (1997). China’s manganese nodule miner. Proceedings of 2nd ISOPE – Ocean 
Mining Symposium, Korea (24–26 November, 1997) (pp. 95–99). International Society of 
Offshore and Polar Engineers.

Mukhopadhyay, R., Ghosh, A. K., & Iyer, S. D. (2018). Indian Ocean nodule field: Geology and 
resource potential. Amsterdam: Elsevier. 413 pp.

Murty, V. S. N., Savin, M., Ramesh Babu, V., & Suryanarana, A. (2001). Seasonal variability in 
the vertical current structure and kinetic energy in the Central Indian Ocean Basin. Deep Sea 
Research, Part II, 48, 3309–3326.

Pattan, & Parthiban. (2007). Do manganese nodules grow or dissolve after burial? Results from the 
Central Indian Ocean Basin. Journal of Asian Earth Sciences, 30, 696–705.

Ramesh Babu, V., Suryanarana, A., & Murty, V. S. N. (2001). Thermohaline circulation of the 
Central Indian Basin during austral summer and winter periods of 1997. Deep-Sea Research, 
II(48), 3327–3342.

Richards, A. F., & Chaney, R. C. (1981). Present and future geotechnical research needs in deep 
ocean mining, Marine Mining, 2(4), 315–337.

Sarkar, C., Iyer, S.  D., & Hazra, S. (2008). Inter-relationship between nuclei and gross char-
acteristics of manganese nodules, Central Indian Ocean basin. Marine Georesources and 
Geotechnology, 26, 259–289.

Sharma, R. (1989). Effect of sediment-layer boundary layer on exposure and abundance of nodules: 
A study from seabed photographs. Journal of the Geological Society of India, 34, 310–317.

Sharma, R. (1998). Nodule distribution characteristics and associated seafloor features: Factors 
for exploitation of deep-sea Fe-Mn deposits. Society for Mining, Metallurgy and Exploration 
INC., 304, 16–22.

Sharma, R. (2017). Assessment of distribution characteristics of polymetallic nodules and their 
implications on deep-sea mining. In R. Sharma (Ed.), Deep-sea mining – Resource potential, 
technical and environmental considerations (pp. 229–258). Switzerland: Springer International 
publishing AG.

Sharma, R., Sankar, S. J., Samanta, S., Sardar, A. A., & Gracious, D. (2010). Image analysis of 
seafloor photographs for estimation of deep-sea minerals. Geo-Marine Letters, 30, 617–626.

Sharma, R., Khadge, N. H., & Jai Sankar, S. (2013). Assessing the distribution and abundance 
of seabed minerals from seafloor photographic data in the Central Indian Ocean Basin. 
International Journal of Remote Sensing, 34, 1691–1706.

Stoffers, P., Sioulas, A., Glasby, G. P., & Thijssen, T. (1982). Geochemical and sedimentological 
studies of box core from western sector of the Peru Basin. Marine Geology, 48, 225–240.

UNOET. (1987). Delineation of mine sites and potential in different sea areas. London: UN Ocean 
Economics and Technology Branch and Graham & Trotman Limited.

Usui. (1986). Local variability of manganese nodule deposits around the small hills in the GH81-4 
area. In S. Nakao (Ed.), Marine geology, geophysics and manganese nodules around deep-sea 
hills in Central Pacific basin (pp. 98–159). Report of Geological Survey of Japan no. 21.

Usui, A. (1994). Manganese nodule facies in the western part of the Penrhyn Basin, south Pacific 
(GH83-3 Area). In A. Usui (Ed.), Marine geology, geophysics and manganese nodules in the 
Penrhyn Basin, South Pacific (pp. 87–164). Report of Geological Survey of Japan no. 23.

Usui, A., & Nakao, S. (1984). Local variability of manganese nodule deposits in GH80-5 area. In 
S. Nakao, T. Moritani (Eds.), Marine geology, geophysics and manganese nodules in the north-
ern vicinity of Magellan Trough (pp. 106–121). Report of Geological Survey of Japan no. 20.

Environmental Factors for Design and Operation of Deep-Sea Mining System: Based…

https://www.isa.org.jm/


344

www.metoffice.gov.uk. (n.d.). Referred in 2007 for cyclone data.
Xia, J., Xie, L., Zou, W., Tang, D., Huang, J., & Wang, S. (1997). Studies on reasonable hydrau-

lic lifting parameters of manganese nodules. Proceedings of 2nd ISOPE  – Ocean Mining 
Symposium, Korea (24–26 November, 1997) (pp. 112–116). International Society of Offshore 
and Polar Engineers.

Yamazaki, T. (2017). Fundamental geotechnical considerations for design of deep-sea mining sys-
tems. In R. Sharma (Ed.), Deep-sea mining – resource potential, technical and environmental 
considerations (pp. 259–304). Switzerland: Springer International publishing AG.

Yamazaki, T., & Sharma, R. (1998). Distribution characteristics of co-rich manganese deposits 
on a seamount in the Central Pacific Ocean. Marine Georesources and Geotechnology, 16, 
283–305.

Yamazaki, T., & Sharma, R. (2000). Morphological features of co-rich manganese deposits and 
their relation to seabed slopes. Marine Georesources and Geotechnology, 18, 43–76.

Yamazaki, T., Tsurusaki, K., & Inagaki, T. (1995). Determination of dynamic geotechnical prop-
erties of very fine and weak clayey soils by using a collision test. Journal of the Japanese 
Geotechnical Society, 47(12), 23–27. (in Japanese).

Yoon, C-H., Park, Y-C., Lee, D-K., Kwon, K-S., & Sung, W-M. (2003). Behaviour of deep- 
sea mining pipe and its effect on internal flow. Proceedings of 5th ISOPE – Ocean Mining 
Symposium, Tsukuba, Japan (15–17 September, 2003) (pp. 76–82). International Society of 
Offshore and Polar Engineers.

Dr. Rahul Sharma (rsharma@nio.org, rsharmagoa@
gmail.com) retired as Chief Scientist from the CSIR-
National Institute of Oceanography in Goa, India, with a 
career spanning 35  years in the field of exploration and 
exploitation of marine minerals. He has led a multidisci-
plinary group on “Environmental studies for marine min-
ing.” He has a master’s degree in geology and a doctorate in 
marine science. His professional interests include applica-
tion of exploration and environmental data to deep-sea min-
ing. He has edited 3 special issues of journals, published 37 
scientific papers, authored 22 articles and 41 technical 
reports, and presented more than 50 papers at national and 
international conferences. He has also edited a book titled 
Deep-Sea Mining published by Springer International 
Publishers in 2017 that has chapters contributed by experts 
from around the world.

His international assignments include visiting scientist 
to Japan, visiting professor to Saudi Arabia, member of the 
UNIDO mission “to assess the status of Deep- sea mining 
technologies” in Europe, the USA, and Japan, and invited 
speaker and consultant for the International Seabed 
Authority, Jamaica. He has contributed to the “World Ocean 
Assessment report I’ of the United Nations and has also 
been invited to contribute a chapter on “Potential impacts of 
deep-sea mining on marine ecosystem” for the Oxford 
Encyclopedia for environmental science. In addition to his 
research career, he has been involved with several activities 
relating to science communication and outreach, as well as 
training programs for international participants, profession-
als, and students.

R. Sharma



Part IV
Environmental Management



347© Springer Nature Switzerland AG 2019 
R. Sharma (ed.), Environmental Issues of Deep-Sea Mining, 
https://doi.org/10.1007/978-3-030-12696-4_13

Environmental Policy for Deep Seabed 
Mining

Michael W. Lodge, Kathleen Segerson, and Dale Squires

Abstract This chapter examines the issue of developing deep-sea mining (DSM) 
while managing the impact upon deep seabed environmental assets. It reviews per-
tinent background information relating to DSM and the environment; develops a 
suite of potential policy instruments, including both direct and incentive-based reg-
ulation; develops additional incentive-based policy instruments, largely drawn from 
terrestrial conservation, for potential consideration; briefly touches upon technol-
ogy and innovation to address mitigation of adverse environmental impacts from 
DSM; and then provides a concluding discussion.

Keywords Deep seabed mining · Environmental assets · Instruments · Liability · 
Financing

The views expressed in this paper are those of the authors and do not necessarily reflect the posi-
tion of the International Seabed Authority or any of its member States.

M. W. Lodge (*) 
International Seabed Authority, Kingston, Jamaica
e-mail: mlodge@isa.org.jm 

K. Segerson 
Department of Economics, University of Connecticut, Storrs, CT, USA
e-mail: kathleen.segerson@uconn.edu 

D. Squires 
Department of Economics, University of California, San Diego, CA, USA
e-mail: dsquires@ucsd.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12696-4_13&domain=pdf
mailto:mlodge@isa.org.jm
mailto:kathleen.segerson@uconn.edu
mailto:dsquires@ucsd.edu


348

1  Introduction

Deep seabed mining (DSM) necessarily entails some degree of adverse environ-
mental impact upon the deep sea’s biodiversity, ecosystem, and ecosystem 
services.1,2 Both mineral and environmental resources are “natural assets” that 
potentially contribute to human well-being. The International Seabed Authority 
(ISA), as it regulates DSM in the seabed beyond national jurisdiction, faces balanc-
ing DSM’s negative environmental impact upon human welfare with the positive 
impact upon human welfare from mineral royalties and other payments received by 
the ISA to be disbursed for the benefit of mankind in accordance with the principles 
expressed in the United Nations Convention on the Law of the Sea. Trade-offs are 
likely involved, and in principle, an optimum balance can be achieved between min-
eral extraction and environmental degradation to attain the maximum current and 
future human welfare and when considering the equitable distribution of net bene-
fits from DSM both intra-temporally (e.g., across potential beneficiaries) and inter- 
temporally (i.e., across current vs. future generations). Achieving these goals 
requires developing the appropriate regulatory mechanism and regulations for gov-
erning extraction and its impact upon the environment.

In developing mechanisms to protect environmental resources and address their 
potential degradation, the ISA needs to achieve two objectives: (1) reduce the likeli-
hood and magnitude of environmental damage in a least-cost application of the 
mitigation hierarchy and (2) provide funds for response, possible restoration, and 
compensation.3,4

A sound legal requirement supports these goals. Article 145 of the United Nations 
Law of the Sea Conference (LOSC) recognizes that exploitation of mineral resources 
in the deep seabed can disrupt the marine environment. The article requires the ISA 
to establish rules, regulations, and procedures to protect and conserve natural 
resources in the area of its jurisdiction, the Area Beyond National Jurisdiction 

1 Ecosystem services are defined to be the “benefits people obtain from ecosystems.” See, for 
example, Dasgupta (2001), MEA (2005), and Madureira et al. (2018).
2 For an overview of the DSM environmental issues, see Madureira et al. (2018).
3 The mitigation hierarchy is comprised of four steps: avoidance of environmental damage, mini-
mizing environmental damage after avoidance, restoration/rehabilitation of environmental dam-
age, and addressing the residual after the first three steps have been undertaken, with no net loss of 
biodiversity and ecosystem services and potentially even a net gain in biodiversity and ecosystem 
services. See, for example, ten Kate and Crowe (2014). Below we raise a discussion of whether or 
not no net loss is applicable to an ecosystem that operates on almost geological time scales or at 
least very long time periods and consistency, whether the no net loss objective applies at all and 
whether an alternative objective is more appropriate (Griffiths et al. 2018; Kotchen 2009). Besides 
altering the level of biodiversity loss that is acceptable, the applicability of no net loss also impacts 
the size of the residual after the first three steps of the mitigation hierarchy have been undertaken 
and the applicability and role of biodiversity offsets.
4 Cost-effective or least-cost conservation of the mitigation hierarchy’s four steps can lead to 
greater overall conservation given limited funds for conservation (Squires and Garcia 2014).
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(Area). This requirement thus recognizes the potential for DSM to reduce or impact 
the provision of ecosystem services.

This chapter examines the issue of developing DSM while managing the impact 
upon deep seabed environmental assets. The balance of this chapter is organized as 
follows. The next section reviews background information relating to DSM and the 
environment pertinent to the rest of the chapter. The third section develops a suite of 
potential policy instruments, including both direct and incentive-based regulations, 
both of which have been in the potential policy mix. The fourth section develops 
additional incentive-based policy instruments, largely drawn from terrestrial con-
servation, for potential consideration. The fifth section briefly touches upon tech-
nology and innovation to address mitigation of adverse environmental impacts from 
DSM. The final section concludes.

2  Background Information and Issues

2.1  Nonrenewable Resources

For all practical purposes, both deep-sea mineral resources and the deep sea’s envi-
ronmental resources are nonrenewable or at best only renewable over very long time 
periods.5 In some cases, replenishment or recovery is technically possible, but not 
over relevant time scales (Madureira et al. 2018). For example, growth rates of poly-
metallic nodules, the mineral most likely to be exploited in the foreseeable future, 
are typically only several mm per million years (Hein et al. 2013), implying that the 
recovery of the landscape in mining areas of abyssal plains will occur only over a 
geological time scale. Similarly, much of the deep-sea environment is fragile and 
either nonrenewable or only renewable over very long time periods. Thus, the recov-
ery of the landscape in most mining areas should not be expected at the scale of 
human life.

This nonrenewability of both mineral resources and much of the environment 
implies that mineral extraction by current generations comes at the expense of both 
mineral extraction and benefits from the environment by future generations. Future 
generations can exercise their ownership rights and claims to the benefits from 
deep-sea mineral resources in one of two ways. The first occurs when the current 
generation leaves an intergenerationally equitable share of the resource in situ for 
extraction by future generations. However, future generations can also share in the 
benefits from current DSM if some portion of the royalties from current exploitation 
are saved and invested to provide increased consumption for future generations. 
Increasing future consumption requires reducing current consumption of DSM roy-
alties earned now, which in turn increases savings and investment in economic 

5 The impact of the nonrenewability of deep-sea mineral resources is somewhat mitigated by the 
large size of the Area and expected increase in new reserves as exploration and technological prog-
ress proceed. Nonetheless, these resources should be viewed as effectively nonrenewable resources.
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growth, and thereby future consumption. Some portion of DSM royalties can be 
saved to build up a stock of non-resource assets. The return on these assets could 
sustain the spending annuity after DSM has ended, thereby insuring that future gen-
erations enjoy some share of the benefits from DSM and promoting sustainable 
development.6 In a sense, the question is: Which form of capital should the benefits 
from minerals and the ecosystem be held, natural capital held in situ or financial and 
physical capital to generate the economic growth that allows current and future 
generations to improve their standard of living?

A similar issue and set of considerations arise with the intergenerational distribu-
tion of benefits from a sound ecosystem and the environmental costs due to 
DSM. These environmental resources can provide a flow of services continually 
over time, but the provision of environmental services to future generations depends 
on protection of the deep-sea environment by the current generation. In addition, 
although proceeds from the investment of royalties can help to ensure that future 
generations reap a share of the benefits derived from deep-sea mining by current 
generations, they will not replace the lost future environmental services that future 
generations would otherwise enjoy. Of course, future generations would also forego 
those services if resources are left in situ now but mined by future generations.

Thus, when considering both current and future generations, the ultimate ques-
tion is how to balance consumption fueled by mining royalties (now and/or in the 
future) and the enjoyment of largely nonmarket benefits from a sound ecosystem, 
both within each time period and across current vs. future generations. Because the 
nonrenewable nature of the deep-sea minerals and environment means that some 
decisions are irreversible, the extent to which DSM is allowed to occur now will 
largely determine the answer to that question, not only for the current generation but 
for future generations as well.7

6 Sustainable development is development that “meets the needs of the present without compromis-
ing the ability of future generations to meet their own needs,” taking into account the capacity of 
the natural environment to sustain, indefinitely, the quantity and quality of ecosystem services, 
biological diversity, and ecological integrity. Sustainable development with nonrenewable mineral 
resources requires transforming the nonrenewable natural capital into sustainable financial, human, 
and physical capital that can lead to sustainable consumption and well-being for future generations 
(World Commission on Environment and Development 1987). Sustainability, stemming from 
depleting resource revenues, is not as central for the ISA as it is for many individual mining-
dependent countries with short reserve horizons, given the size of the Area and expected increase 
in new reserves.
7 This trade-off is further complicated by the potential for improved information over time about 
the demand for mineral resources, the environmental impacts of mining, and the availability of new 
technologies. Having better information can improve decision-making but may come at the cost of 
foregone net benefits that stretch across up to many generations (an opportunity cost). The trick is 
to achieve the optimum mix of waiting and not waiting. Waiting too long penalizes current and 
future consumption, but “hasty” decision-making without adequate scientific information can also 
turn out to be suboptimal.
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2.2  Equitable Sharing of Benefits

In addition to the balance regarding the benefits from mineral resources and envi-
ronmental services, DSM raises complicated questions related to how those benefits 
should be shared, both within and across generations. Equitable sharing can reflect 
either perceived rights or an implicit or explicit desire to redistribute income or 
wealth, presumably from wealthier groups (e.g., States) or generations to poorer 
ones.8

If the goal is redistribution, then, within a given time period, shares should be 
distributed based on some indicator of a state’s priority in the redistribution goal and 
would, typically, embody some form of progressivity that favors lower-income 
states in the distribution scheme. Progressivity can be defined in various ways. For 
example, it can mean (i) that the share of rents received by a low-income state is 
higher than the share received by a high-income state or (ii) that the total amount 
received as a percentage of income is higher for low-income states than for high- 
income states. The first definition is more favorable to low-income states, but either 
implies a redistribution of income or wealth relative to what would be required by a 
proportional distribution scheme based solely on ownership rights.

Equitable allocations across generations can be based on some implied principle 
of justice embodied in an inter-temporal social welfare function that assigns weights 
to the well-being of different generations, where those weights reflect an implicit 
“utility-based” social discount rate.9 However, even with equal utility-based weights 
across all generations, society may choose to weight consumption differently for 
different generations based on differences in income or wealth (or other socioeco-
nomic criteria that may be deemed important). If future generations are likely to be 
wealthier (due to technological advances and economic growth), then a progressive 
approach to intergenerational allocation would assign greater weight to consump-
tion by current generations because they are less well off than future generations.10 
Conversely, if future generations are likely to be poorer than current generations 
(e.g., due to resource degradation), then a progressive approach would put more 
weight on consumption by future generations by, for example, placing greater 
weight on investment that leads to higher future consumption when evaluating 

8 A redistributive goal could be based on a variety of ethical premises, including Rawlsian redis-
tributive justice or a utilitarian foundation with decreasing marginal utility of income. See, for 
example, Rawls (2009) and Sen and Williams (1982). Note that these principles can be applied in 
redistributing income either inter-temporally or across generations.
9 See Ramsey (1928) and Koopmans (1960) for the utilitarian approach and Rawls (1972) for jus-
tice among generations; Arrow et al. (2012) and Nordhaus (2008) provide related discussion on 
climate.
10 A similar result applies to intra-temporal allocations, where equal utility weights, but differences 
in income levels and the associated marginal utility of income can provide a rationale for putting 
more weight on consumption by low income groups, thereby justifying redistribution of income 
from high- to low-income households or states (Squire and van der Tak (1975).
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 policy options. Unfortunately, the LOSC provides little, if any, guidance on the 
appropriate allocation of DSM benefits across generations.

2.3  Market Prices for Minerals and Environmental Damage 
Costs

Market prices for minerals from all mining, including DSM, do not include the 
accompanying costs to humanity from adverse environmental impacts.11 When 
these “external costs” are excluded from DSM mineral market prices, mining firms 
and subsequent users of the minerals and consumers of final products made from 
these minerals do not take into account these adverse environmental impacts. 
Because the market price and the costs of DSM are both lower than optimal to soci-
ety when these “external costs” of environmental damage are excluded, the scale of 
DSM production, adverse environmental impacts, and final consumption all poten-
tially exceed the socially optimal amounts. Similarly, the mix of minerals mined and 
consumed, and the consequent adverse environmental impacts may not be the 
socially optimal combinations. This failure of minerals markets to allocate resources 
both now and in future generations to the socially optimal levels of DSM and 
accompanying adverse environmental impacts due to incomplete or missing mar-
kets means that the ISA has a clear role to play in environmental management.

2.4  Uncertainty

The ISA faces considerable uncertainty across multiple dimensions, including the 
nature and dimensions of the environmental impacts of DSM. These impacts are 
imperfectly understood: regulators will encounter uncertainties as to the magnitude 
of damages; difficulties in monitoring, measuring, and quantifying; little evidence 
of effective habitat restoration strategies; and sparse knowledge of spatial gradients, 
nonlinear damage-to-the-environment functions and thresholds. These information 
deficits are compounded by the heterogeneity of impacts across the various ISA 
potential mining sites and types of minerals mined and by the rapidly changing 
technology of DSM and environmental mitigation.

When the ISA considers incentive-based policy instruments, or combinations of 
instruments, the ISA should therefore make allowance for the incomplete character 
of the data that would inform its estimates of the costs of environmental compli-
ance, enforcement, and remediation. Moreover, due to this uncertainty and newness 
of DSM, application of the precautionary principle and its combination with 
increased marine scientific research becomes important (Madureira et  al. 2018; 

11 Although this chapter does not cover the payment regime or the economics of the mining process 
itself, see Roth (2018).
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Lallier and Maes 2016). The ISA also must identify the fundamental principles that 
would guide its choices of incentive-based policy instruments. Those principles 
should inform discussions of the allocation of costs and risks, incentives to achieve 
protection goals, and responsibilities for monitoring and enforcement expenses.

2.5  Economic Issues Requiring Consideration

One important issue that requires consideration when crafting DSM environmental 
policy and regulations is alternative measures to ensure that the benefits from DSM 
incorporate humanity’s concomitant net benefits from the deep sea’s environmental 
resources both now and in future generations. Specifically, this consideration firstly 
entails achieving the optimum exploitation of mineral resources for current and 
future generations that account for society’s direct net benefits from DSM while 
also accounting for the additional benefits to society from the environment and the 
costs from adverse environmental impacts that market prices do not account for plus 
the direct costs that accompany environmental mitigation and management.

Second, and as a consequence, the ISA must develop environmental regulations 
to govern DSM and address the accompanying adverse environmental impacts, both 
on the ocean floor and in the water column, in a practicable and cost-effective man-
ner. These environmental regulations can broadly come through some combination 
of direct regulation and incentive- or market-based approaches. This chapter consid-
ers these broad approaches, their interactions, their main strengths and weaknesses, 
and allocation of costs and risk.12

Third, when DSM leads to environmental damage, key questions include who 
will be responsible and under what terms? Since the start of discussions on the legal 
regime for DSM, there have been suggestions that contractors exploring and mining 
the deep sea should assume responsibility for environmental damage and that the 
international regulatory authority (in this case, the ISA) considers setting funds 
aside to “provide for additional insurance against the risks of pollution” (United 
Nations 1971 (n 15) at p. 8).13 The ISA, however, has yet to establish mechanisms 

12 This chapter focuses upon policy approaches that the ISA could implement, but another approach 
seeks to harness market pressures exerted by consumers who are willing to pay for products made 
in environmentally friendly ways. This approach addresses insufficient information in markets, 
where the amount and quality of information typically decline from producers through firms in the 
supply chain to consumers of final products. Different forms of certification and eco-labeling pro-
vide examples. Nonetheless, because minerals from the deep sea are typically used as inputs in the 
production of other goods and services, eco-labeling requires tracing the minerals’ origins through-
out the entire supply chain. The effectiveness of eco-labeling depends upon the extent to which 
final consumers of the products produced by these minerals are aware of and willing to pay a price 
premium when the products are produced with DSM that are minimally harmful to the environ-
ment as much as possible and when the price premium is actually transmitted to producers to 
incentivize their behavior and decision-making to reduce environmental damage from their activi-
ties. See Kotchen (2013) and Segerson (2013).
13 In its Advisory Opinion on the Responsibilities and Obligations of States Sponsoring Persons 

Environmental Policy for Deep Seabed Mining



354

to specify the nature and extent of contractor responsibility for environmental dam-
age that might occur, despite compliance with any applicable environmental regula-
tions.14 Similarly, how should funds that might be needed for redress or compensation 
be financed? Should this financing be based upon the “polluter pays principle” by 
contractors and sponsoring states or the “beneficiary pays principle” by the ISA and 
society as a whole or some sharing of costs among these groups, both at a given 
point in time and across generations?15 If costs are shared, how should the appropri-
ate costs shares be determined?

Fourth, developing the environmental regulations grapples with considerable 
risk and uncertainty over future DSM royalties and costs, and future DSM technol-
ogy  – both the technology to exploit the minerals and to reduce the remaining 
adverse environmental impacts – where some impacts are irreversible, and others 
are not. Waiting to acquire additional information has advantages in reducing this 
risk and uncertainty, but only at the cost of foregone DSM royalties and the net 
benefits they confer to humanity, including both current consumption and future 
consumption from enhanced economic growth fueled by mining royalties.16 The 
impact of this waiting includes the impact of discounting that lowers the present 
value to humanity of expected net benefits received at a later date and the foregone 
expected net benefits from earlier economic growth that is otherwise postponed. 
This chapter, most importantly of all, raises issues to consider and potential trade- 
offs between DSM and its benefits with adverse environmental impacts.

and Entities with Respect to Activities in the Area (Advisory Opinion), Case No. 17, 1 February 
2011, the Seabed Disputes Chamber of the International Tribunal for the Law of the Sea suggested 
that consideration could be given to a fund to provide compensation for damage to the marine 
environment that could not otherwise be compensated by contractors or by sponsoring states, 
either to fill the “liability gap” or where the contractor or sponsoring state are impecunious.
14 The allocation of costs and the allocation of risks are potentially two different issues. As an 
example, an environmental fee could impose fully expected costs on contractors but little risk, 
because the fee’s amount that would have to be paid would be very predictable. In contract, strict 
liability imposes full actual costs, but also significant risk, because the amount for which the con-
tractor would ultimately be held responsible is unknown beforehand. See Craik (2018) for addi-
tional discussion.
15 With the polluter pays principle, the party inflicting biodiversity loss pays for it. This party has 
willingness to pay (WTP), and the affected party or society has willingness to accept (WTA) com-
pensation. Maximum WTP for net gain and minimum WTA for no net loss in biodiversity or eco-
system services bound the size of economically rational compensation in monetary values for any 
voluntary payments. The beneficiary or user pays principle is just the opposite in that it holds that 
agents who have benefited from the processes that cause loss in biodiversity and ecosystem ser-
vices should pay the costs of addressing its harms. Just the opposite of the polluter pays principle, 
the WTP holds for the “impacted” party and WTA for the “impacting” party.
16 The economic value of waiting until additional information is available with an irreversible 
investment is called quasi-option value (Arrow and Fisher 1984). For an economic analysis and 
discussion of quasi-option value with mining, see Costello and Kolstaad (2015).
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2.6  Regulatory Issues When Selecting Environmental Policy 
Instruments

Key issues when choosing policy instruments include (1) uncertainty about the 
magnitude of the damages; (2) uncertainty and difficulty in monitoring and measur-
ing impacts; (3) insufficient information on the means to reduce impacts; (4) inabil-
ity to restore impacted habitats; (5) spatial gradients, nonlinear 
damage-to-the-environment functions, and thresholds; (6) heterogeneity of impacts 
across mining sites; (7) whether the contractor response to mitigate environmental 
damage is due to the policy instrument or would have been done regardless (“addi-
tionality”); (8) policy instruments with regulatory outcomes conditional upon actual 
performance (“conditionality”); (9) costs of implementation (monitoring, control, 
surveillance); (10) compliance; and (11) enforcement.

2.7  Basic Economic Principles to Consider When Choosing 
Environmental Policy Instruments

Basic economic principles to consider when choosing environmental policy instru-
ments include:

 1. Who should bear the cost of ensuring adequate protection? Should the “polluter 
pays principle” or the “beneficiary pays principle” apply? The latter implies 
sharing of costs among contractors, sponsoring states, and the ISA.

 2. Who bears the environmental risks, contractors, sponsoring states, or society 
collectively (ISA)? Should society collectively bear some of those risks in return 
for a share of the monetary returns? Different policy instruments differ in how 
they allocate risks.

 3. Consideration of least-cost incentives to protect the environment. Policy instru-
ments based upon market incentives create stronger incentives and afford con-
tractors the flexibility to address environmental damage in their own way as long 
as environmental targets are satisfied. Least-cost conservation mitigates environ-
mental damages at lowest cost for a given environmental target, which poten-
tially allows saved funds to be used for other activities, including environmental 
mitigation that leads to higher welfare for society.

 4. Who should bear the costs of monitoring and enforcement? Are these costs borne 
by the regulated parties (contractors and/or sponsoring states) as charges sepa-
rate from payment for mining, or does society collectively, through the ISA, 
assume the burden of these costs through, for example, royalty payments?

 5. Policy instruments can be based upon performance or outcomes of the environ-
mental regulation or on the process of the mining activity, i.e., on the process of 
production, transportation, and refining. Process-centered policy instruments 
affect the choice and state of technology and the choice and use of inputs in the 
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mining activity. Performance-based approaches generally provide contractors 
greater flexibility in meeting environmental protection goals than those based 
upon process. Performance-based approaches tend to create stronger and more 
direct economic incentives because they directly address the desired policy out-
come. Process-centered incentives are more indirect because only some of the 
inputs and practices are regulated, and the relationship between the regulated 
inputs and the expected outputs can be indirect and more uncertain. Process- 
centered incentives are consequently weaker because they are more indirect. 
Nonetheless, in some instances, performance-centered policy instruments may 
be more difficult and more costly to verify than process-centered approaches, 
especially in DSM where production occurs in deep waters far out at sea.

3  Suite of Possible Policy Instruments for Protecting Marine 
Environment

Alternative policy approaches can be classified as direct regulation and incentive- 
based. The approaches differ in terms of (1) types, strength, and directness of incen-
tives they create (for care per unit of output and scale of activity or extent of 
operation), (2) cost to the mining entity and implied property rights (implementa-
tion of the “polluter pays principle” or the “beneficiary pays principle”), (3) alloca-
tion of risk (financial and environmental), (4) generation of funds for restoration and 
compensation, (5) utilization of contractor information unknown to the regulator, 
and (6) administrative costs (including monitoring and enforcing). Which of the 
policy approaches is best and whether or not approaches should be combined 
remains to be addressed. We review each of the policy approaches in turn.

3.1  Direct Regulation

Under direct regulation, mining contractors are required to comply with certain 
requirements regarding how they conduct their mining activities (a process-related 
approach) or environmental outcomes (a performance-related approach) in order to 
protect the marine environment. These requirements can be (1) technology stan-
dards, which are mandatory design and equipment requirements and include operat-
ing standards, (2) performance standards, which are a standard on outcomes 
requiring achievement of a target, but not specifying how the target is to be met, or 
(3) process standards, which are a standard on the mining process.17

17 Madureira et al. (2018) discuss many potential technology standards, adaptive use of technology 
standards as knowledge is gained, and potential process standards, notably protected areas and 
accompanying scientific research to evaluate the impacts of DSM.
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Direct regulation has a number of advantages. These include the known impact 
on mining contractor behavior if the contractor is compliant, low levels of risk for 
mining contractors when the regulatory requirements are well defined and estab-
lished, and relatively low administrative costs if compliance can be easily moni-
tored and enforced.

Direct regulation as the sole regulatory approach has a number of disadvantages 
that reflect information, cost, and incentive compatibility issues faced by regulators 
and mining entities. First, direct regulation does not use all of the information that 
can potentially engage all mining entity channels to mitigate environmental damage 
that is otherwise available and is constantly evolving as mining entities learn by 
doing. Direct regulation only uses the information on environmental mitigation held 
by the regulatory body. However, mining entities hold information, sometimes quite 
subtle, that the regulator does not typically know and hence does not use. This infor-
mation grows as miners gain experience and learn. Mitigation of environmental 
damage can entail multiple, ongoing adjustments in mining, and accompanying 
environmental mitigation that is taken individually may have varying and even 
small impacts but collectively can have a significant impact. In short, direct regula-
tion, which is top-down, does not utilize all of the available information that would 
otherwise be potentially used – and even deliberately created through adaptive man-
agement and experimentation – in a bottom-up approach.

Second, direct regulation does not impose responsibility upon contractors for 
any degradation that might occur despite compliance with those regulations. It 
implies only partial implementation of the “polluter pays principle,” since mining 
entities pay the cost of complying with regulatory requirements but not for residual 
damages occurring despite compliance. Thus, direct regulation shares conservation- 
related costs between contracts (for avoidance, minimization, and restoration) and 
those other stakeholders who also suffer from the residual loss of biodiversity and 
environmental services and related risks. Third, direct regulation does not generate 
any funds for compensation of either anticipated or unanticipated environmental 
damages. Society instead bears the full cost and the full risk of any resulting signifi-
cant adverse environmental impact despite compliance.

Fourth, when costs of environmental mitigation vary across contractors, uniform 
or “one-size-fits-all” regulation is not cost-effective, because it does not create eco-
nomic incentives to meet environmental performance targets in a least-cost way. 
The cost-minimizing mitigation approaches can vary by contractor and even across 
mining sites.

Fifth, because direct regulation does not directly price residual environmental 
damage, it fails to create a mining cost that incorporates the “external cost” of the 
remaining environmental damage associated with each unit of minerals mined, 
although the mined minerals average production costs reflect the variable (operat-
ing) costs due to direct regulation. This rise in unit costs of production creates a 
“crude” incentive to reduce environmental damage through reducing the scale of 
production. However, because the remaining environmental damage is not given a 
price and hence a cost, the mining unit costs do not incorporate the full social costs 
of the mining activity (which include the residual environmental costs), and the 
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mining level can be higher than is socially efficient.18 Moreover, by failing to engage 
all environmental damage reduction channels across and within steps of the mitiga-
tion hierarchy and across all contractors and mining sites, mining areas will not be 
selected and mined in a socially optimal way. Finally, direct regulation fails to 
incentivize contractors to exceed their regulatory requirements set through either 
performance or technology standards. For all these reasons, reliance solely upon 
direct regulation to conserve the marine environment is likely to fall short on several 
of the criteria that the ISA might use in evaluating alternative policy approaches.

3.2  Incentive-Based Approaches to Regulation

Incentive-based approaches create strong incentives for contractors to reduce poten-
tial environmental damage in a cost-effective way, i.e., through methods that best 
suit the specific contractor and site. Incentive-based approaches potentially incen-
tivize least-cost mining activity across all channels of environmental damage miti-
gation and contractors and across and within all steps of the biodiversity mitigation 
hierarchy. They can also induce contractors to technologically innovate to alter pro-
duction techniques in ways to lower the environmental damage per unit of ore pro-
duced. The larger the market for the mineral, the stronger are the incentives to 
technologically innovate (Acemoglu 2002).

Incentive-based approaches to regulation incentivize contractors to minimize a 
targeted limit of environmental damage in their own way by engaging all mitigation 
channels across and within steps of the mitigation hierarchy and across mining sites. 
Incentive-based approaches place a price upon the residual environmental damage – 
the “external cost” faced by contractors – corresponding to the standard set by the 
regulator. By pricing residual environmental damage, the unit cost of mined ores 
rises, and contractors reduce the scale of production to the socially optimal level. To 
the extent that residual environmental damage varies by mineral mined and the loca-
tion of mines, the mix of minerals and even grades of ores extracted could also 
change when residual environmental damage receives a price and hence cost. The 
external costs corresponding to the environmental damage target are accounted for 
by markets and borne by society through a sharing between contractors, firms in the 
supply chain, and consumers.

18 The socially efficient level of an activity is the level that maximizes the net social benefits of that 
activity, which equals the benefits derived from the activity minus all social costs (including envi-
ronmental costs and opportunity costs) that result from the activity. When environmental costs are 
not fully considered by producers, the activity level that emerges in a competitive market exceeds 
that level. In addition, the mix of minerals mined, areas mined, and methods of mining can be 
socially inefficient. All channels to mitigate environmental damage within and across steps of the 
mitigation hierarchy and across contractors will also be socially suboptimal. Finally, activities 
across steps of the mitigation hierarchy will not be socially optimal, with excessive mitigation in 
one step (e.g., avoidance) and insufficient mitigation in another step (e.g., minimization). See 
Squires and Garcia (In press).
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The extent by which a mineral price rises under an incentive-based policy com-
pared to without the incentive-based environmental regulation, and the correspond-
ing impact upon the scale and mix of production, depends upon a number of factors. 
An important determinant is the extent to which producers and purchasers can shift 
the cost increase onto others due to conditions such as the supply and grade of min-
erals, the time suppliers have to respond, other substitute minerals a purchaser can 
purchase, the number of suppliers or purchasers of minerals, or the extent to which 
the fee increases the cost of each unit of production.19

A number of potentially suitable incentive-based policy approaches are avail-
able. We discuss in order environmental taxes or fees, including “double dividend” 
ones; environmental liability; insurance; environmental (assurance) bonds; environ-
mental trust funds; cap-and-trade habitat impact quotas; conservation easements; 
biodiversity offsets; and payments for ecosystem services. Some policy instruments 
are more likely than others, but discussing a full suite of potential incentive-based 
environmental policy instruments supports a wide-ranging and informed basis upon 
which the ISA can decide.

3.3  Environmental Taxes or Fees

Environmental taxes or fees, a performance-based approach, directly price and 
hence create a cost for the environmental damage – the external cost that is other-
wise not incorporated into the ore’s market price. This type of tax, in contrast to 
many other types, increases society’s economic welfare by changing miners’ 
decision- making and behavior to produce at the socially optimal scale and mix of 
production. It implements the “polluter pays principle” when each contractor’s pay-
ment covers the full expected environmental cost of its mining. Payment of environ-
mental taxes or fees presumably occurs on a regular basis throughout the mining.

Determining the size of the tax or fee can be very difficult, since measuring the 
environmental damage at each site for site-varying fees is itself difficult. In contrast 
to other environmental contexts, such as air and water pollution where the perfor-
mance is typically defined in terms of emissions or discharges of pollutants, little is 
known about how DSM’s environmental performance would be measured on an 
ongoing basis and hence upon what to base a performance-based fee. An emissions 
tax, for example, is typically levied on some measure of the emissions, but there is 
no accepted comparable unit of environmental damage from DSM to serve as the 
basis to calculate a performance-based environmental fee.

The extent to which taxes or fees create strong incentives depends upon how they 
are structured (as well as the size of the fee). Fixed fees, for example, generate rev-
enue, but they are not tied to environmental performance and thereby do not impact 

19 In the language of technical economics, these factors are the degree of competition in the market 
and the relative price elasticities of supply and demand. (Price elasticities give the proportional 
change in quantity supplied or demanded to a 1% change in price.)
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contractor’s behavior and decision making to alter the scale and mix of production 
consistent with the extent of the environmental damage. Fixed fees may not even 
alter the scale of production over short time periods. Conversely, fees that vary with 
performance incentivize contractors to reduce the scale and mix of environmental 
damage by altering production techniques and/or locations.

The revenue from an environmental tax or fee can serve a second purpose that 
mitigates the environmental damage or in other ways increases society’s welfare. 
The funds could help finance innovations to reduce environmental damage, since 
innovators do not typically enjoy the full benefits of such innovations (unless there 
are patents and licenses) and hence do not face incentives to innovate to the full 
socially optimal level. The revenue could be placed into an environmental fund and 
used in different ways to reduce environmental damage or enhance environmental 
quality somewhere else. Such funds should be “ring-fenced,” i.e., kept separate 
from a resource fund that is financed through royalty or other payments from 
extracting the minerals, because the purposes and impacts of the funds are different. 
A resource fund finances payments to resource owners for the right to extract and 
sell the minerals, whereas an environmental fund finances compensation or mitiga-
tion for environmental damage resulting from mining.

3.4  Environmental Liability

Environmental liability is a performance-based approach to protect the environ-
ment, under which contractors and/or sponsoring states can be held liable for envi-
ronmental damages exceeding some baseline20. Environmental liability is typically 
triggered in some period by some event or condition.

A key issue in imposing environmental liability with DSM is defining the thresh-
old or event that triggers the liability. As with environmental damage under a tax or 
fee, defining, measuring, and monitoring the triggers pose challenges and must be 
something that can be implemented with relative ease and low cost. The current ISA 
exploration regulations refer to “serious harm” to the marine environment.21 
Nonetheless, except for unexpected accidents, exceeding a threshold for “signifi-
cant damage” is likely to occur gradually, and the point at which a contractor would 
become liable could be difficult to determine with sufficient precision and certainty 
to withstand a legal challenge, even with a “zero tolerance” threshold, under which 
environmental damage of any type would be enough to trigger potential responsibil-
ity. However, because mining necessarily impacts the seabed and water column, 

20 For extensive legal discussions, see Craik (2018).
21 Regulations on Prospecting and Exploration for Polymetallic Nodules in the Area (ISBA/6/A/18, 
13 July 2000, as amended by ISBA/19/A/9 and ISBA/19/A/12, 25 July 2013, and ISBA/20/A/9 24 
July 2014)
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some means of defining “damage” and determining when it has occurred are neces-
sary to employ a liability approach.22

The two general forms of liability attribution that can be applied are strict liabil-
ity and negligence-based liability. Under strict liability, a producer is responsible for 
damage regardless of the amount of care taken to avoid damage. In contrast, under 
a negligence rule, a producer is not held responsible for damage unless the producer 
is negligent in conducting its operations. Under negligence liability, full compliance 
with existing regulations might be viewed as de facto evidence of non-negligence 
and thereby absolve the contractor of responsibility for any residual environmental 
damage.

Current LOSC rules, as implemented in the ISA exploration regulations, impose 
a fault-based liability due diligence standard (which can also be viewed as a legal as 
opposed to environmental threshold question) (Craik 2018). Nonetheless, it remains 
open for the ISA or sponsoring states to revisit this legal standard in relation to the 
development of new rules. Other civil liability regimes in international law have 
favored no-fault approaches to liability, typically combined with channeled liability 
and mandatory insurance.

The liability framework under the LOSC identifies that liability for wrongful acts 
resulting in damages shall be for the actual amount of damage, but the LOSC does 
not define which types of damages are compensable and how that damage is to be 
quantified (Craik 2018). Damages to persons and property are well understood in 
international and domestic legal settings, but environmental harm is less settled. 
Unresolved questions include whether there should be limits on damages for reme-
diation and whether “pure” environmental losses are commensurable.

A number of unresolved issues remain (Craik 2018). The scope of compensable 
damages requires identification and should reflect the particular features of the 
Area’s marine environment as well as the status of the Area and its resources as the 
common heritage of mankind. Key issues in determining the scope of compensable 
damages include the following: (1) whether, in order to require compensation, dam-
ages must exceed a threshold, such as “serious” or “significant” harm; (2) whether 
pure environmental losses will be recoverable and, if so, whether they can be quan-
tified; (3) which parties have standing to claim for DSM environmental damages, 
notably damages to the Area and its resources; (4) the adequacy of existing dispute 
settlement mechanisms and fora for claims; and (5) how to ensure that compensable 
funds are available.

The incentive, cost, and risk implications of imposing liability for DSM environ-
mental damage depend upon the form of liability employed. Incentives arising from 
strict reliability are weakened if contractors could become judgment-proof (such as 
through bankruptcy) or otherwise avoid payments for which they are legally respon-
sible. Incentives are also weakened the longer the length of time before liability 
might be imposed, which is the expected case with DSM due to its long production 
period. Strict liability creates a potentially high risk for contractors, because their 
potential exposure and ultimate costs are unknown when DSM begins.

22 Craik (2018) and Madureira et al. (2018) provide additional discussion related to damages.
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Strict liability and environmental fees both apply the “polluter pays principle,” 
but they differ along several important dimensions. Strict liability holds contractors 
liable for actual environmental costs, while an environmental fee is based upon 
expected environmental costs. A contractor’s environmental costs under strict liabil-
ity are necessarily site-specific, while levying environmental fees by location might 
be difficult – although fees could be progressively graded according to significance 
or sensitivity of locations. The two approaches also differ in the amount of risk they 
impose on contractors, with strict liability imposing substantially more risk.

Under a negligence rule, non-negligent contractors are not liable for any residual 
environmental damage. This implied property right, and the associated allocation of 
costs between society and contractors contrasts with strict liability and implies only 
partial implementation of the “polluter pays principle.” As a consequence, the scale 
and cost of production and price of minerals for non-negligent contracts do not 
incorporate the full social cost of mining (including the external cost of environ-
mental damage), which is similar to the outcome under direct regulation. Thus, the 
outcomes under a negligence rule and direct regulation would be very similar if the 
relevant due standard of care used to define negligence is based solely on compli-
ance with existing regulations.23 Moreover, as long as contractors know the determi-
nation of the due standard of care at the time they undertake mining activities and 
they choose to comply with that standard, they will bear little risk from potential 
environmental losses. Those risks, instead, will be borne by society in the form of 
uncompensated residual environmental damage. Contractors thus bear both lower 
expected costs and lower risk under a negligence rule than under strict liability. A 
negligence rule also creates a weaker incentive for technological innovation 
designed to reduce environmental risks, although incentives to reduce the compli-
ance costs with the due standard of care still exist.

3.5  Insurance

An additional incentive-based policy instrument is the requirement that contractors 
carry private environmental liability insurance for any residual DSM environmental 
damage. This requirement combines elements of an environmental fee with some 
elements of a strict liability rule. As with an environmental fee, contractors would 
make payments, through insurance premiums, based on expected environmental 
damage. Contractors thereby carry the full, expected social costs of DSM consistent 
with the “polluter pays principle,” and insurance payouts provide a source of com-
pensation revenue (even if the contractor is judgment-proof). The payment amounts 
can be expected to be set prior to when production begins, so that contractors know 

23 This outcome presumes that the penalties for violation of existing regulations are comparable to 
the magnitude of the potential liability contractors face if they are negligent and that both face the 
same likelihood of enforcement.
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the payments and contractors thereby face little risk. The insurer instead bears the 
risk.

The incentives created by insurance alter contractor behavior and decision- 
making to reduce DSM’s environmental impacts but depend upon how the premi-
ums are set. The strength of the incentive depends upon the extent to which the 
insurance is performance-based.

The incentives created by insurance also face a classic problem of differing 
amounts of information held by the contractor and the insurer – what is called asym-
metric information. This asymmetric information problem in turn gives rise to two 
problems, moral hazard and adverse selection. Adverse selection, which arises prior 
to when the insurance contract is written and issued, arises because private insur-
ance markets typically function best when risks can be accurately estimated and 
spread across a large population of insured parties. However, because the insurer 
typically has less ability to evaluate the environmental risks at individual mining 
sites accurately, insurance premiums based upon average risks will make that insur-
ance unattractive to contractors with lower-risk sites. When insurance coverage is 
voluntary, these lower-risk contractors may choose to not take the coverage. In con-
trast, when insurance is mandatory, lower-risk contractors in effect subsidize higher- 
risk contractors when both pay premiums based upon average risk. This adverse 
selection problem is compounded in a nascent industry such as most DSM in which 
the technologies of both extraction and environmental damage mitigation are still 
under development, and there is little experience with either DSM or environmental 
damage mitigation and indeed of the very nature of the damage and its measure-
ment. This considerable uncertainty compounds the problem of accurately setting 
the premium.

More hazard, which arises after the insurance contract is written, issued, and 
paid, arises when the insurance contract does not fully and accurately cover all pos-
sible contingencies pertaining to environmental damage. The contractor then faces 
a weak incentive to be careful in its operations because the insurance covers the 
environmental damage. For this reason, insurance policies typically include a 
deductible clause, by which the insured party must first pay an agreed fixed amount 
prior to receiving insurance payments. The deductible effectively creates a shared 
liability between the insured party  – here the contractor  – and the insurer. The 
deductible limits the insured party’s liability. This deductible would then incentivize 
the contractors to reduce environmental damage, but nonetheless does not fully 
address the moral hazard problem resulting from the insurance.

Insurance payments, just like the case of liability, typically require an event or 
situation to trigger. An observable trigger or threshold needs to be clearly defined 
and measurable to allow insurers to write the corresponding policies and for the 
demand for coverage and payouts by the insurance company to begin. Issues with 
defining the trigger that were discussed above apply to insurance as well, which is 
compounded by the need to enter an enforceable contract at a very early stage of 
production.
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3.6  Environmental Bonds

Environmental bonds, also known as assurance bonds, are effectively a form of self- 
insurance. These bonds typically require the resource user to place funds up front 
prior to mining that is equivalent to the potential environmental damage or, more 
commonly for land-based mining, the remediation cost.24 Funds not needed to cover 
environmental damage are then refunded. Environmental bonds are thus inherently 
performance-based and run into the problems of defining, observing, and measuring 
the environmental damage. They require the mining contractor to bear the full social 
cost of production, including all environmental costs, because they require the con-
tractor to set aside funds equivalent to the maximum potential damage from mining 
or to the cost of remediation. The “polluter pays principle” thus applies.

Some bond details require consideration. These include the form of the guaran-
tee, such as cash versus financial security, and whether the bond is posted entirely 
up front or by installments over time.

Environmental bonds are similar to strict liability, but without the judgment- 
proof problem that arises under strict liability. The incentives are similar to those 
under strict liability, but they are stronger when the potential for contractors to 
become judgment-proof is considered. Environmental bonds ensure that funds are 
available for restoration and/or compensation even if the contractor is subsequently 
declared bankrupt or insolvent. Like strict liability, an environmental bond require-
ment imposes substantial risk upon contractors, although the bond limits the extent 
of this risk.

Environmental bonds also differ from strict liability along several other dimen-
sions. First, the bond’s amount must be specified up front, whereas the payment 
under strict liability is determined at the time that damage occurs and liability is 
imposed. Determining the appropriate up-front amount, given the current under-
standing of DSM’s environmental impacts, poses a challenge and creates consider-
able risk and uncertainty – which can increase the de facto cost of the bond. The 
determination will likely be made on a case-by-case, site-specific basis, with con-
siderable learning over time as experience is gained. Second, an environmental 
bond could be used to cover a variety of costs, including costs from abandonment 
prior to closure and post-closure activities, along with post-closure monitoring, 
emergency responses, and liability for economic damage. This contrasts with liabil-
ity payments that are typically focused upon providing compensation for environ-
mental damage. The bond’s specific uses require clear specification up front. Third, 
the posting of a DSM environmental bond constitutes a contract between the con-
tractor and presumably the ISA and thereby suffers from common contract-related 
issues, such as asymmetric information between the contractor (who typically holds 

24 The bonds can take a variety of forms: cash deposit, parent company guarantee, state guarantee, 
financial institution letter of credit, and associated investment grade of any issuer. The terms of its 
release and what can be deducted against the deposit can also vary.
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better information) and the ISA, monitoring and measuring issues, and moral haz-
ard once the contract enters into force.

4  Additional Incentive-Based Policy Instruments 
for Potential Consideration

In this section, we sketch out several incentive-based policy instruments that could 
conceivably be implemented at some point, although they are currently receiving 
less attention than the policy instruments discussed in the previous section. These 
policy instruments are increasingly applied in terrestrial conservation and to a lesser 
extent other applications of marine conservation for living resources and habitat.

4.1  Transferable Habitat Impact Quotas

Transferable habitat impact quotas, which operate through a cap-and-trade system, 
are a form of rights-based management that can be applied to benthic habitat 
(Holland and Schnier 2006; Wallace et al. 2015).They incentivize the avoidance and 
minimization steps of the mitigation hierarchy in a potentially least-cost manner. 
Contractors can potentially be incentivized to balance mining sites that are the most 
profitable with the potential environmental damage that varies by site. The world’s 
first habitat impact program was recently implemented in a British Columbia, 
Canada, trawl fishery (Wallace et al. 2015). This incentive-based policy instrument 
is a performance-oriented approach that implements the “polluter pays principle” if 
they are auctioned off, but it does not hold if they are distributed freely.

Transferable habitat impact quotas in a cap-and-trade system are distributed to 
contractors with the total allowable habitat impact quota (TAHIQ) set to maintain a 
target habitat over some defined area. Each year a total number of habitat impact 
units are allocated to contractors, and the unused portion can be transferred to other 
contractors. The right is typically a percentage or share of the TAHIQ, and then 
when the TAHIQ is periodically set or reset, the allocated share is multiplied by the 
TAHIQ to give an amount. A contractor with multiple mining sites can trade among 
the contractor’s own sites. A given total stock of habitat impact units might be com-
prised of a combination of totally and partially regenerated areas. The quantity of 
habitat impact units in the quota that are allocated each year would depend upon the 
habitat regeneration time, the standing stock of habitat, and the target level of the 
habitat stock. A proxy serves to measure marginal habitat damage. Due to the dif-
ficulty of directly monitoring actual marginal habitat damage, a proxy could be 
based upon area mined.

In contrast to rights-based management systems within national continental 
shelves, the property right is common property administered by the ISA. The right 
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that is allocated to contractors is a use right of some duration. Aligning the impact 
right’s duration with the contractor’s mining site duration should strengthen conser-
vation incentives.

A number of challenges would arise in the application of this approach. These 
include spatial gradients, nonlinear damage functions, and thresholds. Impacts at a 
given site are likely to vary spatially and could potentially increase nonlinearly with 
the scale of production, possibly crossing a threshold at some point. A uniform 
proxy may not accurately measure spatially differentiated habitat. Hence, the stan-
dard might be differentiated to the extent possible, rather than uniform, to account 
for these spatial differences in impacts.

4.2  Payments for Ecosystem Services

Payments for ecosystem services are voluntary transactions paid by the buyer to the 
seller to provide a desired conservation outcome. They reflect the “beneficiary pays 
principle,” since the party that benefits from mitigation of environmental damage 
compensates the contractor that creates the damage. This payment, which is condi-
tional upon a well-defined and monitored conservation outcome (“conditionality”) 
that would not otherwise be provided (“additionality”), creates a market price that 
more closely aligns the incentives of contractors and society and thereby induces 
changes in contractor behavior and decision-making to mitigate environmental 
damage. Their sustainability can be jeopardized by lack of sustainable financing and 
changes in government policies. They are difficult to value, since biodiversity mar-
kets are missing or incomplete, but they should exceed the opportunity costs of 
foregone profits of the contractors.

Environmental nongovernmental organizations or states could conceivably make 
payments for ecosystem services to contractors to mitigate environmental damage 
through avoiding mining of particularly vulnerable marine ecosystems or to adopt 
mining techniques that may be less profitable but also less destructive of the marine 
environment. In addition, they can be performance or process-oriented. For exam-
ple, a payment to avoid mining a specific area is performance-oriented, while a 
payment to mine or mitigate with a specific technique or required equipment is 
process-oriented. Uncertainty and monitoring are also case-by-case, depending 
upon the circumstances of each situation.

Payments for ecosystem services are subject to issues of asymmetric information 
between the buyer and the ecosystem service provider. The provider could offer 
mitigation services that would have been offered anyway or offer a site that provides 
lower quality or fewer ecosystem services than purported, creating a lack of “addi-
tionality.” The provider could also evade protection or provision of services if moni-
toring is incomplete or inaccurate or if the contract is incomplete (lack of 
“conditionality”).
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4.3  Conservation Easements and Concessions

A conservation easement is a voluntary, legally binding agreement that limits cer-
tain types of uses or prevents development from taking place on a piece of property 
or area over some agreed upon time period to protect the property’s biodiversity and 
ecological services (Parker and Thurman 2013). The owner of the property retains 
use of the property that can be for, but not necessarily limited to, commercial pur-
poses, but these purposes are attenuated according to the conservation easement. 
Conservation easements can be flexible policy instruments.

A conservation easement selectively targets only those rights necessary to pro-
tect specific conservation purposes and is individually tailored to meet the area 
leaseholder’s requirements. The remainder of the lease remains intact, allowing the 
easement property to continue to generate private benefits.

Initial conservation easements protected terrestrial landscapes from development 
and other human impacts, but they are evolving to become tailored to specific con-
servation objectives. DSM easements, for example, might include a management 
plan that clearly specifies a conservation objective, such as protecting the most eco-
logically vulnerable part of a deep seabed mining tract, and allow more flexibility in 
the way the goal is achieved. A conservation easement could be applied to the extent 
of a mine’s operation or space or time, a mine’s location, or the type of technology 
employed for mining and/or loading and transportation of ore. Such applications 
may be more costly, since they account for the environmental impact and may yield 
less ore or lower-quality ore (i.e., production costs rise since these costs now account 
for external costs). Conservation easements are a form of compensation for these 
higher costs.

Conservation concessions appear to be ideally suited to address the issue of what 
economists call adverse selection and what the conservation literature calls lack of 
additionality.25 The mining companies might propose locations and sizes of pro-
tected areas in which no mining occurs. Self-selection of protected areas, however, 
can lead to contractors choosing protected areas that are economically unimportant 
rather than those that are environmentally important or choosing protected areas 
that would not have been mined in any case. A conservation concession would then 
compensate and incentivize contractors to place protected areas in  locations that 
would have otherwise been adversely impacted. The concept might be especially 
well suited to apply at a regional level in the context of REMPs (Regional 
Environmental Management Plans). Then, society, through the ISA, decides to put 
certain vulnerable areas off limits to mining in the form of a protected area (e.g., 

25 Adverse selection occurs in some instances when one party in a negotiation has relevant informa-
tion the other party lacks, i.e., it is a form of asymmetric information that occurs before “the con-
tract,” i.e., the agreement. In this case, the contractor has more and higher-quality information 
about where the sites for mining and environmental protection are to be located that the other 
parties lack. By then placing an environmentally protected area in a location that would not have 
been mined and would have been implicitly protected regardless, there is no additional conserva-
tion beyond what would have occurred without the protection (i.e., lack of additionality).
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active hydrothermal vents), thereby forgoing revenue that would otherwise benefit 
mankind, rather than locating the protected areas in places where there are no known 
resources. Of course, determining these areas and potential actions presents a chal-
lenge. Even contractors’ voluntary application of the precautionary principle 
through selection of mining sites and/or methods and/or timing of mining could be 
incentivized through conservation concessions.

4.4  Biodiversity Offsets

Offsets are measurable conservation outcomes resulting from actions designed to 
(at least partially) compensate for significant adverse residual impact on biodiver-
sity arising from project development or other activities such as mining after appro-
priate actions to mitigate environmental damage using the first three steps of the 
mitigation hierarchy (avoidance, minimization, restoration) have been taken. Offsets 
have been defined as conservation actions intended to compensate for the residual, 
unavoidable harm to biodiversity caused by development projects (i.e., what remains 
after everything possible has been done to avoid inflicting that harm), so as to ensure 
no net loss (or even net gains) of biodiversity (ten Kate and Pilgrim 2014; Kate and 
Crowe 2014). Ten Kate and Pilgrim (2014), Squires et al. (2018), and Squires and 
Garcia (2018) have argued that this orthodox view of offsets might not be economi-
cally effective and proposed a least-cost approach to their use, integrating them in 
the mitigation plan from the beginning and not only as a measure of last resort 
(Squires et al. 2018; Squires and Garcia In press).

Offsets are thus designed to compensate, with either no net loss or even a net 
gain, the residual impacts after the first three steps are followed.26 Compensation is 
“in-kind” or “like-for-like” within a biogeographical region. Biodiversity offsets 
have the implied rights and costs of the “beneficiary pays principle.”

Van Dover et al. (2017) argue that, when offsets cannot be located in the area in 
which the affected biodiversity is found and where the affected biodiversity is 
important for geographically restricted functions such as connectivity, “in-kind” 
offsets are an inappropriate mitigation strategy. Determining “like-for-like” or eco-
logical equivalence and accounting for ecological risk pose complex difficulties. 
“Out-of-kind” offsets, such as restoring coral reefs in exchange for loss of deep-sea 
biodiversity, implicitly assume that loss of largely unknown deep-sea biodiversity is 
acceptable. They further argue that compensating biodiversity loss in the Area with 
biodiversity gains in national waters transfers net benefits away from the  international 

26 In the economics literature, offsets are voluntary contributions to a public good (here biodiversity 
and ecosystem services) that are motivated, in part, by a desire to compensate for (i.e., offset) the 
detrimental impacts of other activities such as mining (Vicary 2000; Kotchen 2009). The objective 
or baseline for offsets is not necessarily no net loss of biodiversity, as posed in the conservation 
biology literature, but rather the level of offsets that yields an optimal level of voluntary provision 
of the public good. Such a level balances the benefits of offsetting degradation (i.e., the benefits of 
the resulting increase in environmental services) and the associated costs.
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community and is therefore inconsistent with the principle that the resources of the 
Area must be utilized for the benefit of mankind as a whole. They conclude that 
residual biodiversity loss from mining cannot be offset with no net loss because of 
the very slow natural recovery rates in affected ecosystems.

An open question that we pose, and one for which we do not have a conclusive 
answer, is whether or not the whole concept of no net loss, and indeed the mitigation 
hierarchy itself, is applicable in what is, except on geological time scales or over 
very long time periods, an exhaustible or nonrenewable resource – rather than a 
renewable resource – because of the very slow natural recovery rates in deep-sea 
ecosystems (Madureira et al. 2018).27 The mitigation hierarchy with its concept of 
no net loss was developed for terrestrial ecosystems and especially for the terrestrial 
habitat and ecosystems, such as forests and grasslands, that are inherently renew-
able and often on human generational time scales. The mitigation hierarchy also 
implicitly accepts that damage to environmental resources will occur through eco-
nomic activity, which in our case is that mining will occur. Applying the mitigation 
hierarchy with no net loss as a baseline to deep seabed mining and ecosystems 
would imply near-complete, if not complete, avoidance of mining. While the miti-
gation hierarchy itself likely remains pertinent, a more relevant baseline to no net 
loss with “nonrenewable” resources may be something closer to a minimized biodi-
versity loss according to the guidance established by the Convention, which priori-
tizes the use of resources for the “benefit of mankind.”

4.5  Conservation Credits and Biobanking

Conservation banking refers to the process of establishing species or habitat credits 
via a banking agreement and the trading (using, buying, selling, loaning, renting, 
leasing, etc.) of these credits (Fox and Nino-Murcia 2005). Conservation credits 
traditionally address the fourth step in the mitigation hierarchy, the residual and 
compensatory offsets. Conservation banks establish – in advance of any losses – 
conservation credits that may be used to offset them (ten Kate et  al. 2014). 
Conservation banks require up-front investment in the credit site.

Conservation banks are usually designed to supply – over time and for several or 
many different projects – offsets of residual losses or adverse impacts that occurred 
elsewhere on species, habitats, biodiversity, and ecosystem services in general. 
Banks cannot sell credits until they have successfully purchased or restored habitat 
for the species in question. The legality and applicability of conservation banking is 
uncertain in a LOSC framework.

A conservation or biodiversity bank can be viewed as a parcel of privately or 
publicly held property that is conserved and managed in perpetuity under a 

27 See Griffiths et al. (2018) for a broader discussion of the applicability of no net loss to the mitiga-
tion hierarchy and Kotchen (2009) for additional discussion of the objective of offsets within an 
economics context.
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 conservation easement for the benefit of rare species (Fox and Nino-Murcia 2005). 
The government grants credits to the party holding the conservation easement for 
the land’s species and habitat value. A conservation bank owner may use or sell the 
credits within a pre-designated service area to address required mitigation. In some 
programs, credits may be earned through restoration of biodiversity and more gen-
erally ecosystem services, i.e., Step 3 of the mitigation hierarchy. Mining entities 
that need to compensate for adverse environmental impacts upon species, as subject 
to the Law of the Sea, or habitat may purchase credits in the secondary market from 
the conservation bank owners. Conservation banking is possible for species within 
the same population and ecosystem.

Conservation credits are units of gain that can be traded in the secondary mar-
ket – the offset market (ten Kate et al. 2014). Credits must meet all the requirements 
for gain as specified in the offset policy of the jurisdiction. Credits must thus be 
measured using the same metrics as established in the no net loss or net gain 
policy.

Incentives are created through the flexibility, creation of an asset with market 
value and price, and opportunity to realize a profit through supporting populations 
of species or habitat.

The conservation bank provides an alternative for mining entities or firms in the 
supply chain who are seeking a rapid, legitimate, and cost-effective mitigation 
option. Conservation banking allows a mining entity or firm in the supply chain to 
transform a former legal liability (the species or habitat) into a financial asset (the 
credit).

Conservation banking has elements of conservation easements, by catch credit 
systems, offsets, and payments for ecosystem services. Although conservation 
banking could easily be classified as a form of biodiversity offsets, we distinguish 
the two because of the explicit use of credits. Nonetheless, many of the questions 
that arise with offsets, such as the currency or numeráire, “like-for-like,” arise. 
When the conservation banking system finances annual management of habitats for 
environmental services, conservation banking could be considered a payment for 
ecosystem services (USFWS 2009).

The benefits and risks of conservation banks and aggregated offsets can be sum-
marized as (ten Kate et al. 2014) follows: (1) a number of offsets can be consoli-
dated into a large contiguous site that can have higher habitat and security values; 
(2) the conservation effort can be concentrated into one project that can facilitate 
more specialist input to offset design and management; (3) a conservation bank can 
have landscape-/seascape-scale benefits by providing connectivity and preempting 
future fragmentation; (4) there can be cost savings from economies of scale and 
reduced transaction costs; and (5) conservation banks can provide those whose 
activities require offsets with immediate access to credits and thereby reduce the 
information and transaction costs required to find the required offset. The increased 
risks associated with conservation banking include the following: (1) the risk from 
a natural disaster or other failures of the banks is magnified with a number of offsets 
at the same location and (2) pressure on the offsetting policy manager to relax off-
setting requirements and conditions in order to increase financial viability.
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5  Combining Policy Approaches

Individual policy instruments, whether from direct or incentive-based regulation, 
may be insufficient, because there are multiple types of behavior and decision- 
making that affects environmental performance, multiple spillover effects, and mul-
tiple policy objectives. Instead, combining two or more policy approaches may be 
necessary.28 When combining instruments, however, the ISA should consider 
whether the different approaches being combined form substitutes or complements. 
Policy instruments that are substitutes can create redundancies without any improve-
ment in protection of the marine environment, which also raises costs and can even 
be counterproductive. Combining approaches that are complementary can lead to a 
better overall outcome than use of a single approach in isolation.

Consider, for example, the use of a combination of regulation, environmental fees 
(put into an environmental fund), and negligence-based liability. Because of the dif-
ficulty of designing performance-based, site-specific fees in the context of DSM 
(beyond differentiation based on broad categories, such as within or outside of envi-
ronmentally significant or sensitive areas), the environmental fees would provide 
relatively little incentive effect. However, they could provide a source of revenue for 
remediation, restoration, or compensation and ensure that contractors face the full 
expected costs of their mining activities (thereby implementing the “polluter pays 
principle”). Environmental regulations could then be designed to ensure that mining 
activities are undertaken in an environmentally responsible way, with negligence- 
based liability serving to provide further incentives for diligence. For this purpose, it 
would have to be clear that the standard of care that would be applied would not 
simply be based on compliance with existing regulations but would incorporate 
appropriate behavior given the specific circumstances and information available at the 
time for that mining location. Such an approach would provide some certainty for 
contractors regarding the extent of their associated costs and also provide the resources 
(through the environmental fund) for compensatory and other related actions. Thus, 
the combination of approaches can better address the dual goals of (i) creating incen-
tives to reduce the likelihood and/or magnitude of environmental damage from DSM 
and (ii) providing resources for compensating for damage that does occur.

6  Technology and Innovation

Technological change may potentially be central to the development and direction 
by which to avoid and minimize many of the DSM environmental impacts. 
Technological change can lower the proportional impact of DSM upon the environ-
ment and the overall scale of this impact. Because of the nascent state of DSM 

28 In general, typically a single policy instrument is not sufficient for providing efficient incentives to 
address multiple-faceted problems, unless the problems are closely linked (Bennear and Stavins 2007).
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technology and potentially long-lasting environmental impacts, the cumulative 
impact of technological change is likely to be large.

Technology and its development are typically undersupplied (Jaffe et al. 2003). 
Suppliers of new technology incur all the costs of research and development but 
also create benefits for others. Once the new technology is developed and imple-
mented, other contractors can utilize all or part of this technology without having to 
pay for it – what are called “free riders.” This reduces the innovating contractor’s 
incentive to invest in the research and development relative to what would be opti-
mal from a broader social perspective. This inability of contractors to enjoy the full 
benefits of new technology to avoid and minimize environmental damage from 
DSM means that investment in the development of technology to reduce environ-
mental damage will be less than the socially optimal level. In short, private contrac-
tors face incentives to under-provide investment in new technology to reduce the 
adverse environmental impact of DSM.

This private contractor under-provision in turn requires a public technology pol-
icy through the ISA.  Legal, payment, licensing, technology, environmental, and 
other policies directly and cumulatively create dynamic economic incentives that 
affect the research, development, supply, direction, rate, diffusion, and adoption of 
new technology with long-lasting, cumulative impacts (Jaffee et al. 2005). Policies 
relating to patents and licenses for new technology and to initial contractors, as 
opposed to those entering later, are particularly important. Even then, however, a 
demonstration effect can still potentially confer benefits to other contractors who do 
not pay these fees but still learn some facets of the new technology.

A second public option is the public, either through the state-funded contractors 
(such as the national institutions sponsored by Germany, Korea, China, and Japan) or 
the ISA or some mix, directly funding research and development that lowers the 
environmental impact of DSM or even undertaking some of the research itself, per-
haps funded through fines, fees, taxes, etc. from some of the environmental policy 
instruments or from a direct technology development levy. In fact, a majority of cur-
rent research and development, including basic research and development, is cur-
rently provided by contractors that are states or state enterprises, with a view to later 
commercialization.29 Only a minority of ISA contractors at the present time are genu-
ine private sector contractors funded by private capital. The question then  follows 
whether such state and/or state enterprise-funded research is provided to the socially 
optimum amount, since its aim is ultimately commercial, in competition with other 
private and public contractors, and essentially private rather than public in intent. A 
related question is whether the ISA and/or states and state enterprises should fund 
more basic applied scientific research directly related to lowering the environmental 
impact of DSM and from which all contractors can benefit. Such research may be 
under-provided from society’s standpoint because it may not have an immediate and 

29 In this regard, even though the supplying parties are public, the situation is closer to that of a 
classic public good in which the supply is the result of the collective supply of individual private 
providers, which in turn is subject to the classic public good issues of under-provision compared 
to the socially optimal level, benefits that created by each provider that they do not fully receive 
(external benefits), and free riding.
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direct payoff to mining contractors but is nonetheless beneficial to their research and 
development of new technology that reduces DSM’s adverse environmental impact. 
Many national governments routinely fund or conduct themselves such compara-
tively basic research, leaving private contractors to build upon these results.

Such basic research from which all contractors, whether private or public, and 
indeed all of humanity can benefit might be undersupplied due to the provider’s 
inability to enjoy sufficient benefits, plus coordination, cooperation, and free-riding 
issues among transnational parties (Hirschleifer 1983; Barrett 2007). Technology 
(and basic scientific research and development) that reduces the environmental 
impact per tonne of ore mined and that does not appreciably and directly bear upon 
commercial competitiveness may be a best-shot technology.30 A best-shot technol-
ogy only needs to be supplied once and then becomes freely available to all. Because 
the providing party can capture enough of the local benefits to provide a level of 
supply that is close to the global optimum, the independent actions of parties, 
whether private or public, will be adequate. The incentive to supply is strong enough 
that the provider develops and supplies the technology to close to the socially opti-
mal level (or even the socially optimal level) without regard to potential free riding 
by other parties. In contrast, when local benefits to the supplying party lead to a 
level of technology development and supply that leaves global demand unsatisfied, 
international cooperation or coordination will be required. Examples of best-shot 
technologies include vaccines that need to be developed and supplied only once or 
environmentally friendly fishing gear. Other types of technology supply, such as 
additive or aggregate, may be applicable in other situations, such as development of 
commercial mining technology.

Once the best-shot technology is developed and supplied, different parties may 
subject it to their own tests, but coordinated actions among these parties are sufficient 
to implement the technology rather than the more demanding multilateral coordina-
tion that would be undertaken through the ISA and be more strictly subject to inter-
national law and protocols and diplomatic norms.31 In this regard, states can pursue 

30 There are several types of technology that can provide public goods (Hirschleifer 1983; Barrett 
2007). Let Q denote the total level of public good supplied, and let qi denote the quantity of public 
good supplied by party i, where i = 1, 2, … . , M, and there are M total parties. Then for (1) a best-
shot technology, Q =  max (q1, q2, … , qM); (2) a weakest link technology, there are issues of weak 
supply incentives and free riding, and supply is determined by the weakest link or smallest pro-
vider of the public good, Q =  min (q1, q2, … , qM); (3) an aggregate technology Q = f(q1, q2, … , 
qM), where f(∙) denotes some general function that aggregates the individual supplies qi and supply 
depends upon the combined efforts of all parties and issues of weak supply incentives and free 
riding apply and each provider’s supply is an imperfect substitute for every other supplier’s contri-
bution; (4) an additive technology, a form of aggregate technology, Q = q1 + q2 +  ∙  ∙  ∙  + qM, so 
that one provider’s supply is a perfect substitute for another’s supply of the public good and faces 
the issues of supply incentives and free riding; (5) a weighted average technology, a form of aggre-
gate technology, Q = α1q1 + α2q2 +  ∙  ∙  ∙  + αMqM, where the αi denote weights and ∑ =−i

M
i1 1α , and 

some providers’ supply contributes more to the public good than others; and (6) a weaker link 
technology, Q = α1q1 + α2q2 +  ∙  ∙  ∙  + αMqM, where one of the αi denotes the weaker link so that 
greater efforts by one party i can offset the weaker effort by another party j, i ≠ j, and there are 
issues of weak incentives to supply the public good and free riding.
31 For further discussion of cooperation versus coordination in the international environmental 
area, see Barrett (2016).
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collective action through what comes more easily, complementary and voluntary 
coordination agreements (informal or formal such as memorandum of understand-
ing), rather than what is more difficult, such as a negotiated multilateral cooperation 
that is formally binding upon states. Because states and private parties coordinate 
(and cooperate) more effectively with the aid of institutions, the existing institutional 
framework can facilitate such collective action through lowering transactions and 
information costs and clarifying the nature of property rights (Libecap 2014).

Several other issues complicate the development of new technology to reduce the 
adverse environmental impact from DSM. The costs or value of new technology to 
one user may depend upon how many others have adopted the technology, so that 
users are better off when others use the same technology, creating network effects 
(Arthur 2009).Thus the number of mining firms using new technologies affects the 
direction and rate of technological change. The size and types of markets for miner-
als and inputs into the DSM production process, which affect mineral and input 
prices, also affect the direction and rate of technological change (Acemoglu 2002). 
New technologies are more likely to be developed when they are more profitable due 
to a larger market, as well as when the produced minerals command higher prices or 
when their cost of production rises due to a rising cost of the adverse environmental 
impacts (the so-called price effect) (Acemoglu 2002; Acemoglu et  al. 2012). For 
example, a relative price increase of one production factor – here the environment – 
will induce innovations that scale down the need for this factor (Hicks 1932).

Future DSM and environmental policy interventions further complicate the pro-
cess of technological change. An open question is which environmental policy 
instrument or instruments, whether direct regulation or incentive-based, provide the 
strongest incentives for DSM contractors to innovate to develop more effective and 
lower-cost conservation technologies and operations (Goulder and Parry 2008). As 
a general rule, mining contractors should save on payments, tax payments, permits, 
etc. along with conservation and abatement cost when using incentive-based policy 
instruments, whereas under direct regulation they save only on conservation or 
abatement cost.

Choice of environmental policies and technology policies may work best in tan-
dem. Increasing the spending on research and development for technology that 
reduces environmental damage rather than reducing current mining activities affects 
intergenerational equity and environmental damage. These questions and issues are 
just some of the many that development of DSM faces.

7  Concluding Remarks

The ISA faces the challenge of regulating a new industry that uses new technology 
and even technology that has yet to be invented while also ensuring the protection 
of the environmental resources that could be adversely affected by DSM. This will 
involve consideration of a number of issues that arise, including the nonrenewabil-
ity of the mineral and environmental assets in the deep sea, the value of waiting for 
additional information, the opportunity cost of foregone welfare to current and 
future generations that is weighted toward lower income and wealth people, 
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trade- offs with foregone welfare (opportunity costs) between policy options, time 
discounting so that benefits and costs received in the future receive less weight than 
those received sooner (giving a present value and the discount rate determines each 
time period’s weight), whether or not the polluter or beneficiary pays principle 
holds, and that there are limits to current and future generations’ willingness to pay 
or accept compensation with any environmental asset (especially when extinction is 
not entailed). All of these considerations are relevant for economically rational 
decision- making and policy design.

Environmental policies must be put in place prior to commencement of commer-
cial operations, both to ensure adequate environmental protection and to give con-
tractors as much certainty as practicable through supplying them with needed 
information about the potential environment-related costs they will encounter. 
Alternative policy approaches are available, which include environmental regula-
tions, taxes/fees, liability, insurance, and bonds, all of which have been under dis-
cussion. These approaches differ in terms of the incentives, risks, and costs that they 
entail for contractors and society as a whole. Additional policy instruments that can 
be thrown into the mix of discussion, largely drawn from terrestrial conservation but 
some from the marine realm, include transferable habitat impact quotas, conserva-
tion easements and concessions, payments for ecosystem services, biodiversity off-
sets, and conservation credits and biobanking.

Because there are multiple types of behavior affecting environmental perfor-
mance, multiple spillover effects that need to be considered, and multiple policy 
objectives, it is possible that combining two or more policy approaches might be 
preferred. The ISA will need to consider which approach or combination of 
approaches will best meet the dual goals of promoting DSM while also protecting 
the marine environment.

Innovation and technological development can play a key role in determining not 
only the economic viability of the industry but also the production processes that are 
adopted and the resulting environmental impacts of that production. The ISA should 
recognize that the governance structures that it puts in place now will affect the 
incentives for development and adoption of more efficient and environmentally 
friendly production technologies and processes. Thus, the ISA will need to balance 
the industry’s need for some certainty and predictability regarding the “rules of the 
game” with the need to both promote and adapt to changes in technology (and other 
market conditions) over time. The question of the development and sharing of new 
technology with developing countries also arises.
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Roland Cormier

Abstract Within a regulatory context, an environmental impact assessment is more 
than an assessment of impacts of a given project’s footprint. It involves a review of 
the impacts that could occur in addition to the potential impacts from catastrophic 
events and the need for emergency responses. In most cases, there are a number of 
regulatory requirements that fall within a broad range of jurisdictions and compe-
tent authorities. Environmental impact assessments are done primarily to identify 
ecosystem and socio-economic issues that become the basis for management mea-
sures to prevent and mitigate the impacts as conditions for project approvals.

This chapter discusses the need to reconcile the scale of ecosystem vulnerabili-
ties with the impacts generated by deep-sea mining activities as the basis for an 
ecosystem approach. It introduces the use of international risk management stan-
dards and techniques already in use in the industry to bridge the assessment of these 
vulnerabilities with the regulatory requirements of this industry. It discusses the 
need for an assessment of effectiveness of the controls, measures and procedures in 
preventing and mitigating ecosystem impacts.

Keywords Ecosystem approach · Environmental management · Deep-sea mining

1  Introduction

Ecosystem-based or ecosystem approach to management advocates the need to inte-
grate the management of human activities to maintain the functions of the ecosys-
tem and to sustain development (McLeod et al. 2005). Ecosystem-based policies, 
protocols and practices need to be implemented to manage human activities 
(Christensen et  al. 1996) where adaptive management should be implemented 
through monitoring and research (Holling 1978). Integration of macroeconomic and 
sector-specific policies combined with management actions that control the sources 
and effects of environmental change is also advocated to achieve environmental 
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objectives (Elliott et al. 2017). Considerable science has gone into the causal rela-
tionship between industry activities and their effects on ecosystem components in 
environmental impact assessments (MacKinnon et al. 2018). Although governance, 
management and integration are recurring themes of the ecosystem approach (Sardà 
et al. 2014; Long et al. 2015; Link and Browman 2017), it is the reduction of the 
root causes of environmental effects through the implementation of measures in 
industry operations that are considered as the solution to sustainable development 
(Cormier et al. 2017).

Governance and management are sometimes confused as the same thing (Green 
2015). Governance processes establish the reasons ‘why’ a given strategy is being 
undertaken to reach long-term goals (Ackoff 1990), whereas management control 
processes identify ‘what’ are the short-term objectives needed to reach those goals 
(Anthony and Dearden 1980). However, it is operational control processes that 
determine ‘how’ to achieve objectives effectively and efficiently through the imple-
mentation of measures, procedures and tasks (Giraud et  al. 2011; Hupe and Hill 
2016). Thus, an ecosystem approach to governance establishes the scope and the 
context for the environmental objectives developed by management, whereas it is an 
ecosystem approach to the development and implementation of operational controls 
that ultimately achieves the environmental objectives (Gavaris 2009; Cormier et al. 
2017). Operational controls are typically implemented through regulations, stan-
dards or codes of practice that stipulate the conditions found in licences and permits 
(Gouldson et al. 2009). Based on Article 145 of the United Nations Convention on 
the Law of the Sea (UNCLOS 1982), an ecosystem approach to the management of 
deep-sea mining activities implies that measures be implemented to ensure effective 
protection of the marine environment from their harmful effects (Sharma 2017; 
Danovaro et  al. 2017; Boetius and Haeckel 2018). More importantly, such an 
approach would also help identify the key provisions for environmental management 
plans and for the development of rules, regulations and procedures for deep- sea min-
ing in the Area based on environmental impact assessments (Durden et al. 2018).

This chapter discusses the differences between ecosystem approaches to man-
agement and operational control processes. It uses the UNCLOS and selected parts 
of the International Seabed Authority (ISA) regulations, policies and environmental 
management plans (ISA 2010, 2011, 2012, 2013a, b) to demonstrate the importance 
of the scope and context of such policies in an ecosystem approach. It further dis-
cusses the application of risk management processes based on ISO 31000 (ISO 
2018) as well as the Bow-tie analysis of IEC/ISO 31010 (IEC/ISO 2009) to show 
how an operational ecosystem approach is nested within a policy hierarchy of man-
agement and governance processes.

2  Uncertainty and Managing Risk

Uncertainties contribute to the risks of not achieving an objective and ultimately 
reaching a goal. Although we may rightfully perceive that our ability to address 
environmental concerns is stymied by the uncertainties of the scientific knowledge 
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that underpins environmental impact assessments (DFO 2014), we often leave the 
management and operational uncertainties to implementation after the assessment 
is completed (Hupe and Hill 2016) with the understanding that monitoring will tell 
us if things are working (Behn 2003). However, management control processes also 
contribute uncertainties. For example, management uncertainties could be the result 
of coordination impediments between governance, management and operations as 
well as communication and misinterpretations of legislation and policies by the par-
ties involved (Milliken 1987; Rowe 1994). Operational control processes further 
contribute to uncertainties that may lie in the design and effectiveness of the con-
trols or the capacity, ability and technology to implement the controls as well as the 
lack of quality assurance needed to monitor and take the corrective actions (Behn 
2003; Ferdous et al. 2012; Cormier et al. 2015). In risk management, management 
and operational control processes are used to address these uncertainties to reduce 
the risks of not achieving objectives (Cormier et al. 2018).

In ISO 31000, risk is defined as the effect of uncertainty on objectives. The pur-
pose of the risk management process of the standard is to reduce the uncertainties 
by taking a course of action that either eliminates the sources of risk, reduce the 
likelihood of risk or reduce the consequences of risk. The standard requires that the 
risk assessment process be conducted within the scope and context of the policies to 
ensure that the risks are framed within the span of control provided by those policies 
(Cormier et al. 2018). Such risk assessment must identify the root causes and the 
consequences of risk and analyse their effects on objectives to evaluate the manage-
ment options that could reduce those risks to a level as low as reasonably practica-
ble. As for implementation, risks are then treated through the selection and 
implementation of operational controls. Without the scope and context of the policy, 
risks can be whatever is being perceived or assessed as risk by someone (Holsman 
et al. 2017). In addition, management cannot manage an unlimited number risks 
given the compounding effects of uncertainties involved and the underlying limits 
to human and technological resources to manage them. Given the need to provide a 
systematic and transparent process for all parties involved in deep-sea mining 
(Ardron et  al. 2018), the standard also formalizes such a process (Ciocoiu and 
Dobrea 2007). The standard has been adapted to environmental risk management 
(SAL 2012) and bridged to ecosystem approaches to risk management (Cormier 
et al. 2013).

For deep-sea mining, UNCLOS was the output of the governance process led by 
United Nations General Assembly that established the scope and context for the 
activities to be managed in the Area. As goals outlined in the preamble of UNCLOS, 
activities should be managed for the ‘peaceful uses of the seas and oceans, the equi-
table and efficient utilization of their resources, the conservation of their living 
resources, and the study, protection and preservation of the marine environment’. 
Under the authority of the ISA, Article 1 establishes the scope of the risk manage-
ment process as it relates to the deleterious effects of substances and energy intro-
duced by the exploration, exploitation and dumping activities in the Area and the 
potential for causing ‘harm to living resources and marine life, hazards to human 
health, hindrance to marine activities, including fishing and other legitimate uses of 
the sea, impairment of quality for use of sea water and reduction of amenities’. The 
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scope of the risks represents a much broader set of environmental concerns than 
those that would be considered for an ecosystem approach. Each would need to be 
assessed, evaluated and managed individually as part of a comprehensive risk man-
agement strategy. The ecosystem risk management context is further detailed in Part 
XI Section 2 of UNCLOS. Article 145 stipulates that the ISA shall adopt rules, 
regulations and procedures to prevent, reduce and control pollution and other haz-
ards from causing harmful effects to the marine environment as well as protect and 
conserve the natural resources of the Area and prevent the damage to the flora and 
fauna. Annex III, Article 17 established the expected outcomes of the mining stan-
dards and practices for mineral extraction and shipboard processes. An ecosystem 
risk management approach to mineral extraction and shipboard processing activities 
need to identify the risks of these activities on the components and functions of the 
marine ecosystem, analyse the standards and practices that could reduce those risks 
and ultimately implement them based on an evaluation of their effectiveness and 
feasibility.

ISO 31000 does not replace the various assessments currently being used in envi-
ronmental management. In fact, these assessments inform different steps of the risk 
management process. For example, a strategic environmental assessment can help 
establish the scope and context as these are typically used for policy and strategic 
considerations (Bina 2007). Environmental assessments can help identify the envi-
ronmental risks to ecosystems, health and safety, or socio-economic considerations 
as these are conducted within the scope and context of environmental legislation 
and policies (Cormier and Suter II 2008). Environmental impact assessments are, 
for the most part, an analysis of the likelihood and consequences of project propos-
als (Durden et al. 2018; MacKinnon et al. 2018). Coupled with cumulative effects 
assessments (Stelzenmüller et  al. 2018) and controls assessments of IEC/ISO 
31010, the effectiveness of various management options can then be analysed and 
evaluated to select the courses of action considered adequate to reduce the risks. 
Cost and benefits analysis (Shaffer 2010) and regulatory impact assessments 
(Radaelli 2008) inform the implementation process of the operational controls used 
to treat the risks. Regulatory reviews and approvals are also part of the risk treat-
ment function of ISO 31000 (Black 2005).

3  Carrying into Effect the Ecosystem Objectives

As mentioned earlier, it is the implementation of operational controls that carries 
into effect ecosystem objectives. Here, the Bow-tie analysis of IEC/ISO 31010 is 
used to structure and analyse the operational controls used to manage mineral 
extraction and shipboard processing activities to reduce harmful effects and to pro-
tect and conserve the marine environment from serious harm. The Bow-tie analysis 
is a controls assessment technique of the IEC/ISO 31010. As a qualitative analytical 
tool, the Bow-tie diagram combines a fault tree analysis (left side) and an event tree 
analysis (right side). The Bow-tie analysis has its origins in the early 1980s in the 
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petrochemical industries as a tool to identify the operational tasks, procedures and 
accountabilities that are needed to prevent and mitigate risk within a management 
system (Lewis and Hurst 2005; Cockshott 2005). The technique is currently used in 
wide variety of industries (Saud et  al. 2014; van Thienen-Visser et  al. 2014; 
Abimbola et al. 2014). Recently, the technique has been adapted to environmental 
management policies and planning (Creed et al. 2016; Elliott et al. 2017; Kishchuk 
et al. 2018; Cormier et al. 2018) and stakeholder engagement (Gerkensmeier and 
Ratter 2018).

The central knot of a Bow-tie sets the risk management context linking the risk 
source to an event of concern (Fig. 1). On the left side of the Bow-tie, the causes of 
the event are identified in relation to the risk source. The expected outcome of the 
prevention controls implemented between the causes and the event is analysed to 
determine their effectiveness at reducing the likelihood of the event. On the right 
side of the Bow-tie, the consequences of the event are identified. The expected out-
comes of the mitigation controls implemented between the event and the conse-
quence are analysed to determine their effectiveness in reducing the magnitude of 
the consequence, whereas the expected outcomes of the recovery controls are anal-
ysed to determine their effectiveness to recover from the consequences that cannot 
be mitigated. These are the operational controls used to reduce the risks. Escalation 
factors that can undermine the effectiveness of any control are managed by adding 
escalation controls to reduce the effect of the factor on the effectiveness of the con-
trol. These are management controls that are used to ensure that the operational 
controls are being implemented effectively. It should be noted that all risks can only 
be eliminated by eliminating the risk source. Figure 1 also links the elements of the 
Bow-tie to the three steps of the ISO 31000 risk assessment process.

The ecosystem considerations from the Clarion-Clipperton Zone Environmental 
Management Plan (ISA 2011), the regulations for prospecting different seabed min-
erals (ISA 2010,2012, 2013a) and environmental guidelines for contractors (2013b) 
are used to demonstrate the use of the Bow-tie analysis of operational and manage-
ment controls within an ecosystem approach (Fig. 2). The articles of UNCLOS and 
the ISA are referenced for each element of the Bow-tie where possible to show the 
role of the legislation, regulations and policies in setting the scope and the context.

Prevention, reduction and control of pollution and other hazards are the expected 
outcome that needs to be met by the prevention controls implemented for mineral 
extraction and shipboard processing operations. Although under the authority of the 
ISA, the prevention controls need to be developed and implemented by the contrac-
tor to reduce the likelihood of harmful effects from his operations. Licencing the 
area of operations for contractors and the designation of reserve areas are the miti-
gation controls implemented by the ISA for the whole of the deep-sea mining sector 
to reduce the magnitude of the consequences to the natural resources in the Area. 
The designation of areas of particular environmental interest (AEPI) is one of the 
mitigation controls implemented by the ISA to reduce the magnitude of the damage 
to the flora and fauna of the marine environment.

In Fig. 3, the significant volumes of deep-sea water used to extract the minerals 
could entrain associated deep-sea biota and generate sediment plumes near the 
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Fig. 3 Escalation factors related to extraction of mineral in the Area
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 seafloor and cause disturbances to the benthic habitat. As escalation factors, these 
introduce operational uncertainties that could undermine the effectiveness of the 
prevention controls. Additional escalation controls would then be required to estab-
lish baselines and designate impact reference zones to monitor and evaluate the 
impacts of the mineral extraction operations. Given the concerns for the introduc-
tion of alien or new species (Miller et al. 2018), monitoring would also include the 
introduction of alien or new species from the surface to the deep-sea environment.

In Fig. 4, shipboard processing could discharge water containing fine-grained 
sediments and nodule fragments that could generate sediment plumes in the surface 
water. As escalation factors, these could also introduce operational uncertainties 
that could undermine the effectiveness of the prevention controls. As with mineral 
extraction, additional escalation controls would then be required to designate impact 
reference zones to monitor and evaluate the impacts of the shipboard operations. 
Given the concerns for the introduction of alien or new species (Miller et al. 2018), 
monitoring would include the introduction of alien or new species from the deep- 
sea environment to the surface waters.

However, there are management and scientific uncertainties that could also 
undermine the effectiveness of the mitigation controls that would be used to reduce 
the magnitude of the damage to the flora and fauna of the marine environment. In 
Fig. 5, the escalation factors that may undermine the effectiveness of areas of par-
ticular interest could include the management uncertainties of the area needed to 
maintain minimum population sizes. As an escalation control, the establishment of 
a 200 × 200 km zone would be enhanced by another 100 km buffer zone for adjacent 
activities. Given the scientific uncertainties in the understanding of the harmful 
effects of mining activities to enhance the recovery of habitats and faunal communi-
ties, assembling and disseminating data from the operational activities would be 
used to assess the impacts. However, scientific research would also be needed to 
enhance the knowledge and understanding of the ecosystem structure and functions 
for all mitigation and recovery controls. Escalation factors were not identified for 
the protection of the natural resources given the designation of areas for mining 
activities and reserve areas.

Although this Bow-tie is not intended to be a comprehensive analysis of all the 
management and operational processes outlined in UNCLOS, the ISA regulations 
and the Environmental Management Plan, it illustrates that the ecosystem approach 
to management and operational control processes address different spatial scales in 
terms of human activities and ecosystem consideration. The prevention controls of 
the left side of the Bow-tie deals with the ecosystem impacts within the mining site 
and the ecosystem effects that could occur in the vicinity of the site. Monitoring in 
the left side of the Bow-tie are the management controls used to ascertain the effec-
tiveness of the prevention, reduction and control measures needed to address harm-
ful effects within the site. This is in contrast to the mitigation and recovery controls 
of the right side of the Bow-tie that deals with the ecosystem scale effects within the 
management area in relation to the collective mining activities for that sector. Data 
assembled and disseminated by contractors combined with the knowledge gener-
ated by scientific research are the management controls used to ascertain if the 
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Fig. 4 Escalation factors related to shipboard processing immediately above a mine site
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preservation and conservation strategies are providing the necessary precautionary 
approach for the development of that sector. In a nutshell, prevention controls 
address the pressures on ecosystem components that are changed within the mining 
site, whereas the mitigation and recovery controls address the cumulative effects of 
the deep-sea mining sector within the management area. This Bow-tie reflects the 
scope of UNCLOS and the management context of deep-sea mining in the manage-
ment area. The effects that natural processes and climate change could have on 
ecosystem components and functions are not accounted for in this analysis. These 
would be reflected as additional escalation factors.

Fig. 5 Escalation factors for the mitigation and recovery of damage to flora and fauna of the 
marine environment
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4  Pressures, Components, Functions and Harm

Pressures are the mechanism by which deep-sea mining activities can cause physi-
cal change, chemical interferences or biological disturbances on ecosystem func-
tions (Elliott et al. 2017). In a policy setting, pressures are the root causes of harmful 
effects that can lead to serious harm (Levin et al. 2016). Pressures change ecosystem 
components and ultimately may have an effect on the ecosystem functions that sup-
port the life cycles of species. DFO (2015) outlines three possible ecosystem states. 
As pressures increase on the components, the function moves from a maintaining 
state to a changing state and, ultimately, to a reduced state (Fig. 6).

From an ecosystem risk management context, prevention controls should reduce 
the pressures to avoid reaching the transition point A where the function starts 
changing. Prior to that point, the functions are maintained even though the pressures 
are changing the component because it resists or compensates in the face of pertur-
bation. Upon exceeding transition point A, mitigation controls are then used to 
avoid reaching the transition point B where the function is reduced or lost. During 
the changing state, recovery of the function is still possible if the pressures are 
reduced or removed. At the reduced state, the function is no longer supported by the 
component. The component is degraded to a point that recovery is no longer possi-
ble even if the pressures are removed. Recovery could include artificial rehabilita-
tion and restoration where they have been proven to work. In the Bow-tie context, 
mitigation and recovery from the consequences of an event cannot return  to the 
conditions of their initial state (de Dianous and Fiévez 2006). Therefore, once the 
component has been degraded, it would not return to its original natural state.

Fig. 6 Conceptual relationship between pressures, ecosystem components and functions
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In deep-sea mining, the prevention, reduction and control of pollution and other 
hazards should be able to avoid harmful effects by maintaining the ecosystem func-
tions provided by the ecosystem components. Harmful effects could imply that the 
functions are changing due to the pressures generated by mining activities. Serious 
harm could be considered for situations where the function is reduced or lost. The 
three states (e.g. maintaining, changing and reduced) could help characterize the 
level of risk based on the ecological responses to the pressures of deep-sea mining. 
Quantitative methods could then be used to assess the effectiveness of the prevention 
controls in relation to the three states (Sharma 2015, 2017; Levin et al. 2016; Miller 
et al. 2018). Based on this Bow-tie example, the effectiveness of the prevention con-
trols would be assessed from within and in the vicinity of the mining site, whereas 
effectiveness of the mitigation and recovery controls would be assessed from within 
the boundaries of the management area. The cumulative effects of deep-sea mining 
would have to be assessed in combination with the collective pressures of other 
human activities taking into account the influences generated by natural processes 
and the effects of climate change (Elliott 2011; Jones 2016; Levin et  al. 2016). 
Several factors would also have to be considered in such assessments including:

• Spatial and temporal overlap relating to both the ecological component and the 
pressure

• Zone of influence of the pressure
• Characteristics of the pressure
• Sensitivity of the ecological component
• Ecological significance of the component
• Recoverability and resilience of the ecosystem

The significance of the ecosystem component and the functions that it provides 
is one of the key factors in the determination of harmful effects and serious harm. 
Criteria for ecologically and biologically significant areas of the Convention on 
Biological Diversity (CBD 1993) and Vulnerable Marine Ecosystems (FAO 2009) 
form the basis for marine conservation. In fact these criteria are considered for the 
high seas and for areas beyond national jurisdictions to identify areas that are most 
vulnerable to human activities – at risk so to speak (Clark et al. 2014; Ardron et al. 
2014; Watling and Auster 2017). However, these criteria do not provide the func-
tions that are supported by ecosystem components that would be of concern in an 
impact assessment. The Canadian version of the ecologically and biologically sig-
nificant areas (EBSA) (DFO 2004) and ecologically significant species (ESS) (DFO 
2006) provides an outline of functions that could guide such assessment. Significance 
in the Canadian criteria implies that a perturbation of an EBSA or ESS would result 
in greater ecological consequences than an equivalent perturbation outside such 
areas. These criteria could be used to link the functions to the components that 
would be impacted by deep-sea mining activities that could result in ecosystem 
scale effects in the management area. Table 1 summarizes the functions that could 
be supported by deep-sea ecosystem components such as the function of structural 
habitat features provided by manganese nodules to benthic species (Levin et  al. 
2016).
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5  Monitoring and Review

Rick management involves a broader set of activities than environmental or ecosys-
tem monitoring (Danovaro et al. 2017) such as:

• Effectiveness and reliability of the implemented measures, procedures and con-
trols in reducing the pressures as expected when they were designed (Tobias and 
Trindade 2012)

• Conformity assessments of the measures, procedures and controls to determine 
if these are being implemented as specified (Pendrill 2014)

• Compliance surveillance of those that have to implement the regulatory condi-
tions to determine if they are complying to the requirements (Shimshack and 
Ward 2005)

• Audits of environmental management plans to ensure that they meet their certi-
fication requirements (Tung et al. 2014)

• Performance evaluations to ascertain if their management processes and prac-
tices are achieving their objectives (Helm and Sprinz 2000)

• Reviews of strategic plans and their goals to ascertain if these are being reached 
adequately (Jabnoun et al. 2003)

Each of the activities above answers very different governance and management 
questions spanning a full range of issues (Bouckaert and van de Walle 2003; Baehler 
2003). Given that the intent of operational controls is to reduce the root causes of 
risks (Burgess et al. 2016), monitoring and review activities build upon the informa-
tion gathered from effectiveness studies, conformity assessments, compliance sur-
veillance and audits to evaluate the performance and ultimately review the strategies 
and course of actions chosen.

Using an ecosystem approach, operational controls should reduce the likelihood 
of harmful effects of pollution and other hazards and to avoid the damage to the flora 
and fauna of the marine environment. Management processes have to provide assur-
ance that deleterious effects will not likely result in harm to living resources and 
marine life, create hazards for human health and cause hindrance to marine activi-
ties, including fishing and other legitimate uses of the sea, impairment of quality for 
use of sea water and reduction of amenities. The governance process has to ascer-
tain that the activities in the Area are managed to benefit mankind and reach their 

Table 1 Ecosystem functions based on ecologically and biologically significant areas and species 
(DFO 2004, 2006)

Ecologically and biologically significant areas Ecologically significant species

Spawning and breeding
Nursery and rearing
Feeding
Migration
Seasonal refugia
Physical oceanographic features
Structural habitat features

Key trophic species
Structure providing species
Properties at the community level
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goals of peaceful uses of the seas and oceans, equitable and efficient utilization of 
their resources, conservation of their living resources and protection and preserva-
tion of the marine environment while maintaining the common heritage to 
mankind.

Therefore, goals set in UNCLOS by the UN General Assembly will not be 
reached if the environmental objectives established by ISA cannot be achieved 
because the measures cannot prevent, reduce or control pollution and other hazards 
in the marine environment. In risk management, the lack of effectiveness in manag-
ing the root causes of risk can result in a chain of events that can ultimately affect 
goals (Cormier et al. 2018). Figure 7 is a Bow-tie analysis of the chain of events 
along a pathway of risk of deep-sea mining activities. It implies that the conse-
quences of harmful effects from pollution and other hazards can lead to deleterious 
effects of pollution. The consequences of such deleterious effects can eventually 
affect benefits to mankind and to the aspirational goals of UNCLOS in the 
preamble.

An operational ecosystem approach to mineral extraction and shipboard process-
ing activities is ensured by the implementation of the measures to prevent, reduce 
and control the harmful effects of pollution, whereas the licencing and designation 
of reserve areas and APIE represent the approach for protecting natural resources 
and reducing the damage to the flora and fauna in the management area. The man-
agement ecosystem approach is reflected in the environmental objectives of 
UNCLOS (Article 1) for avoiding harm to living resources and marine life from 
deleterious effects. However, these objectives cannot be achieved without measures 
that provide effective protection of the marine environment (Article 145). In a 
chained Bow-tie, prevention controls cannot be assigned for cases where the conse-
quences of another Bow-tie become the cause of a subsequent Bow-tie (red line 
arrows). Only mitigation and recovery controls can be implemented to reduce the 
magnitude of the consequences as in the case of deleterious effects in Fig. 7. The 
governance ecosystem approach is reflected in the preamble of UNCLOS as a goal 
of conservation of living resources and protection and preservation of the marine 
environment. Similar to the management ecosystem approach, only mitigation and 
recovery would be possible in cases where the consequences of deleterious effects 
would undermine the benefit to mankind by activities in the Area.

Elements of monitoring and review activities (i.e. arrows in Fig. 7) are found in 
UNCLOS, the ISA regulations and the Environmental Management Plans. For 
example, testing of mining operations could help answer the questions regarding the 
effectiveness and conformity of the prevention controls. Monitoring of biological 
communities impacted by mining activities could help answer questions regarding 
environmental effects coupled with research to assess the magnitudes of those 
effects. Annual reports on the activities in the Area on compliance submitted to the 
ISA would contribute to compliance surveillance. Ultimately, periodic reviews 
undertaken by the Review Conference in collaboration with commissions and the 
ISA would enable performance evaluations and strategic reviews needed to improve 
the legislation, regulations, policies and procedures and, thus, adhere to the princi-
ple of adaptive management.

Ecosystem Approach for the Management of Deep-Sea Mining Activities



396

F
ig

. 7
 

B
ow

-t
ie

 c
ha

in
 o

f 
ev

en
ts

R. Cormier



397

This section does not attempt to cover all aspects of monitoring and review. 
Figure 7 illustrates the role of monitoring, surveillance and research activities that 
would be needed to determine the effectiveness of the operational controls. Only 
monitoring the effects and conducting studies on the magnitude of these effects 
would not necessarily determine effectiveness, conformity or compliance issues to 
ensure that corrective actions and improvements address the right problem. Although 
the monitoring, surveillance and research results are key inputs into performance 
evaluations, such evaluations may also consider administrative procedures, organi-
zational structures, consultation procedures and management decision processes. 
Monitoring, surveillance and research could have excellent results while there could 
be improvement needed in these management functions. Recommendations for 
changes and improvement can be provided in strategic reviews which are based on 
the operational and management monitoring and review processes.

As implied by SMART objectives (Rice et al. 2005), the objectives should be 
specific to clearly specify the state to be achieved and be interpreted unambiguously 
by all stakeholders. More importantly, they should relate to measurable properties 
of ecosystems and human societies, so that indicators and reference points can be 
developed to measure progress towards the objective. These two characteristics also 
apply to expected outcomes to gauge the effectiveness of operational controls. It 
implies that operational monitoring, surveillance and research activities would use 
quantitative approaches as they deal with the root causes of risk. However, aspira-
tional goals as for benefit to mankind and common heritage to mankind are not as 
specific and therefore not measurable (Fig. 7) (Cormier and Elliott 2017). Although 
qualitative criteria in terms of policy could be developed for these, an evaluation or 
review is a process of consensus that is still based on the quantitative data and infor-
mation from the operational monitoring, surveillance and research activities. It also 
includes, however, a broader socio-economic and policy analysis. In the UNCLOS, 
such a process is reflected in Article 154 Periodic review and Article 155 the Review 
Conference. Paraphrased here from Article 155, the Review Conference would 
ensure the ‘maintenance of the principle of the common heritage to mankind’ and 
the ‘equitable exploitation of the resources of the Area’ as well as ‘exclusion of 
claims or exercise of sovereignty over any part of the Area’ including the ‘preven-
tion of monopolization of activities’. As shown in Fig. 7, the review would also 
include ‘whether they have benefited mankind as a whole’ and ‘protection of the 
marine environment and protection of human life’.

6  Concluding Remarks

As shown in this chapter, a risk management process starts with the strategic goals 
as reflected in the preamble of UNCLOS, whereas the risk management context sets 
the scope of the risks as outlined in Article 1 of UNCLOS. In an operational ecosys-
tem approach, however, the expected outcomes of the prevention controls have to 
reduce the pressures on ecosystem components and mitigate the effects on the 
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functions of these components. This requires an analysis of Article 145 and Annex 
III of UNCLOS as well as the ISA regulations and EMP. In risk management, it is 
the policy context that drives the risk assessment process instead of the risk assess-
ment driving the policy. Scientific research can inform policy to set the scope and 
establish the context. Ecosystem risk assessments, environmental impact assess-
ments or cumulative effects assessments, to name a few, provide the necessary sci-
entific advice as to the ecosystem risks and the need for operational controls as well 
as monitoring. Technical advice is needed for the development of measures, proce-
dures and controls given that these have to be implemented in everyday 
operations.

The ecosystem approach is primarily an approach to deal with environmental 
concerns as a result of human activities as they relate to marine habitat and the spe-
cies that are part of the biological diversity of the marine environment. As discussed 
in this chapter, an ecosystem approach to governance, management and operations 
does not address the same concerns and questions, even the type of science and 
technical advice needed is not the same. An ecosystem approach from a governance 
perspective is through policymaking, whereas management is through protection 
and conservation objectives under the direction provided by the governance. 
However, it is the operational ecosystem approach that provides assurance for 
achieving protection and conservation objectives.
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Improving Environmental Management 
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Abstract As the business of deep-sea mining develops, greater attention is being 
paid to the ways in which the impacts from mining on the environment might be 
minimised and controlled. The management of environmental impacts is highly 
complex encompassing a wide variety of topics including physical oceanography, 
sediment characteristics, particle sinking velocities, particle aggregation, sediment 
geochemistry, toxic discharges, chemical contamination, biological studies from 
microbes to mammals and from the sea surface to the subseabed, studies of biodi-
versity, genetic connectivity, ecosystem functioning, the value of ecosystem ser-
vices, hydrodynamic plume modelling and noise and light hazards. Owing to the 
history of how contractors in deep-sea mining have developed, there are a wide 
variety of approaches to environmental management. This chapter seeks to assist 
contractors in achieving a more consistent approach by making some key recom-
mendations and highlighting some outstanding issues. It covers why environmental 
baseline studies are necessary and how various levels of environmental assessment 
will help contractors achieve a suitable standard when submitting Environmental 
Impact Assessments. In particular it highlights the use of the ‘mitigation hierarchy’ 
as a suitable way to consider environmental management issues. Apart from detail-
ing ways in which environmental impacts might be minimised and avoided alto-
gether, at the local and regional scales, the chapter calls for greater consideration of 
ways to assist ecosystems to recover more quickly through enhancing natural eco-
system processes. The restoration of marine ecosystems, as occurs after a mine has 
been closed on land, should be included in environmental planning but requires 
experimental research to be undertaken during the exploration phase and before an 

D. S. M. Billett (*) 
Deep Seas Environmental Solutions Ltd., Southampton, UK
e-mail: david.billett@deepseasolutions.co.uk 

D. O. B. Jones 
National Oceanography Centre, University of Southampton, Southampton, UK 

P. P. E. Weaver 
Seascape Consultants Ltd, Romsey, Hampshire, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12696-4_15&domain=pdf
mailto:david.billett@deepseasolutions.co.uk


404

Environmental Impact Statement is submitted to gain an environmental and social 
licence to exploit deep-sea minerals.

Keywords Environmental management · Mitigation hierarchy · Deep-sea mining

1  Introduction

As deep-sea mining moves from exploration to the exploitation of mineral resources, 
it is timely to review progress in environmental management practices in ocean 
mining and how they might be improved. While the presence of minerals in the deep 
ocean has been known for some 150 years, for polymetallic nodules, and in more 
recent times for cobalt-rich ferromanganese crusts and polymetallic sulphides, the 
business of deep-sea mining is still in its earliest stages (Weaver and Billett 2019 
this volume). Consequently, there are large differences in approaches to collecting 
environmental data. This is likely to lead to a variety of environmental management 
plans being submitted by mining contractors depending on (1) their knowledge, (2) 
the staff engaged, (3) an organisation’s management structure and skills, (4) the 
organisation’s operational priorities and (5) the resource being addressed. The aim 
of this chapter is to suggest ways in which environmental management might be 
made more consistent between deep ocean mining contractors.

Currently there is no active commercial-scale mining in the deep ocean. However, 
Nautilus Minerals produced an Environmental Impact Statement (EIS) for mining 
polymetallic sulphides within the waters of Papua New Guinea more than 10 years 
ago (Coffey Natural Systems 2008) although no active mining has taken place since 
then. In addition, test mining for polymetallic sulphides has occurred within the 
exclusive economic zone of Japan (Japan Times 2017), but without open reporting 
of environmental data and only some aspects of the EIA being publically available 
(Narita et al. 2015). In international waters several benthic impact experiments for 
polymetallic nodule mining have taken place (Jones et al. 2017), and two contrac-
tors have submitted Environmental Impact Assessments (EIAs) for testing a pre- 
prototype mining system for consideration by the International Seabed Authority 
(ISA) (GSR 2018; BGR 2018). However, the vast majority of contractors to the ISA 
are only in the initial stages of producing environmental baseline studies (Weaver 
and Billett 2019 this book). This paper focuses on mining in international waters for 
the three principal sources of minerals (nodules, sulphides and crusts).

In international waters, each exploration contract with the International Seabed 
Authority requires the contractor to undertake environmental baseline studies 
(International Seabed Authority 2013a, Regulation 32) as detailed by ISA Legal and 
Technical Commission’s (LTC) ‘Recommendations for the guidance of contractors 
for the assessment of the possible environmental impacts arising from exploration for 
marine minerals in the Area’ (International Seabed Authority 2013b), hereafter 
referred to as the ‘LTC Recommendations’. The ‘LTC Recommendations’ are framed 
to advise contractors on the main elements required in environmental baseline studies 
while at the same time allowing contractors flexibility in developing these studies 
depending on the setting of a particular contract area and the resource being explored.
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Each contractor, therefore, has developed their own approach to gathering 
environmental data. In some cases contractors at the start of operations had lim-
ited knowledge of the deep ocean environment, and the teams engaged produced 
work of variable quality. The ISA Legal and Technical Commission commented 
on the different stages of development of baseline studies by the contractors and 
concluded that while work undertaken by some contractors was becoming suffi-
cient to proceed to developing an Environmental Impact Statement, other contrac-
tors had generated few useful data (International Seabed Authority 2015b). Some 
contractors have combined their work on resource assessment with the gathering 
environmental baseline data throughout the contract period, including the mobili-
sation of sophisticated technologies such as remotely operated vehicles (ROVs); 
in other cases work has focussed almost exclusively on evaluating mineral 
resources.

The objective of this chapter is to suggest how a standardised approach to envi-
ronmental management might be achieved across all contractors. The aims are to 
review (1) why environmental baseline studies are needed, (2) the need to generate 
environmental baselines to a common high standard in order to assess environmen-
tal impacts and their effects on the environment over a variety of scales, (3) how the 
data generated might assist in cost-effective measures to avoid and minimise envi-
ronmental impacts and (4) how modern technologies might be used to gather large 
quantities of high-quality data economically. In addition, the chapter comments on 
the importance of mining contractors contributing standardised data for large-scale 
Regional Environmental Management Plans (REMPs) and the benefits of REMPs 
to contractors in setting their individual mining impacts within a wider spatial and 
temporal context. The chapter highlights areas of environmental management where 
greater attention may have to be given in the future. Consequently, there is a particu-
lar focus on the restoration of marine ecosystems, set in the context of the ‘mitiga-
tion hierarchy’ to avoid and minimise impacts and to restore marine ecosystems 
when a mine site is closed, where possible.

2  Environmental Assessment

Environmental management aims to maximise human benefits of resource utilisa-
tion while minimising environmental degradation owing to human activities 
(Jones et al. 2018a). This is done by describing and monitoring expected or actual 
environmental changes during project duration, and beyond, to enable good deci-
sions to be made or actions to be put in place to reduce impacts. There are a wide 
range of tools for environmental management (Jones et al. 2019), and most legis-
lative regimes, including those being developed for deep-sea mining, mandate the 
use of several approaches (Durden et  al. 2017). For DSM specifically, an 
Environmental Impact Assessment (EIA) process is required that is documented in 
a report (Environmental Impact Statement or EIS). The EIA enables the ISA to 
decide if a project can go ahead and allows discussion on the key risks to the 
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environment and on how the impacts of the project should be reduced (Clark et al. 
2017; Durden et al. 2018). In addition to the EIA, an Environmental Management 
and Monitoring Plan (EMMP) is decided upon before the project starts and is imple-
mented throughout the mining activity. Finally, a plan is put in place for the decom-
missioning and closure of a mine (Closure Plan). A contractor is required to submit 
these documents not only to fulfil their legal obligations but also to facilitate stake-
holder engagement in order to obtain an environmental and social licence to 
operate. These assessments are reliant on good quality data and representative 
information on the mining activities, development site and its environment, including 
baseline data.

3  What Are Environmental Baseline Studies for?

In 2014 and 2015, the ISA organised two stakeholder consultations to guide the 
development of the draft regulations for the exploitation of marine minerals 
(International Seabed Authority 2015a). These consultations requested feedback on 
a range on draft environmental provisions, including the need to establish a baseline 
of environmental conditions. Responses by some contractors to the consultation 
indicated that there was some confusion as to the value and necessity of collecting 
comprehensive environmental baseline data.

Contracts with the International Seabed Authority for exploration in the ‘Area’ 
require a contractor to collect oceanographic and environmental baseline data and 
to establish baselines to assess the effects on the environment of its programme of 
work for exploration (International Seabed Authority 2013a). In addition to this 
contractual obligation, environmental data have considerable value to contractors in 
(1) demonstrating due diligence in identifying and quantifying all impacts and their 
effects on the environment and so reducing the overall risk of the project by better 
understanding potential environmental liabilities; (2) enhancing the corporate image 
of individual contractors, and indeed the deep-sea mining sector as a whole; (3) 
producing cost-effective and convincing cases for monitoring strategies during 
exploitation, as required for the Environmental Management and Monitoring Plan 
and the mine site Closure Plan; (4) building engineering solutions at an early stage 
in the design of mining equipment to minimise impacts; (5) as a result of thought- 
through mitigation and monitoring plans, reducing environmental monitoring costs 
over the lifetime of a mining project; and (6) contributing data to the ISA’s Regional 
Environmental Management Plans. If restoration of the original environment is to 
be achieved, baseline surveys will determine the broad biodiversity and ecosystem 
functioning of an area, as well as the actions required to repair the physical environ-
ment and allow the characteristic fauna and ecosystem processes to be re- established 
following mining (Aronson et al. 2016). In addition, having a clear business focus 
on the eventual uses of environmental baseline data focuses effort onto the most 
meaningful data thereby preventing wasted effort and costs in collecting and analys-
ing data of less relevance during the exploration phase.
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There are a number of challenges for contractors in how environmental baseline 
studies are planned and conducted. At the lowest level, environmental baseline  studies 
may be carried out simply to satisfy annual reporting requirements. This may fulfil 
contractual obligations in the early stages of a contract, but the studies are likely to be 
inadequate for an Environmental Impact Assessment (EIA) during any subsequent 
application for test mining and commercial exploitation of minerals. As can be seen 
in the EIAs which have been published online (Coffey Natural Systems 2008; Narita 
et al. 2015; GSR 2018; BGR 2018), they are complex and highly technical documents 
with data and analysis covering a wide variety of topics, including physical oceanog-
raphy, sediment characteristics, particle sinking velocities, particle aggregation, sedi-
ment geochemistry, toxic metal discharges, chemical contamination, biological 
studies from microbes to mammals and from the sea surface to the subseabed, studies 
of biodiversity measures, genetic connectivity, ecosystem functioning (e.g. rates of 
nutrient remineralisation), the valuation of ecosystem services, hydrodynamic plume 
modelling, noise and light hazards, etc. This presents a great challenge for some con-
tractors whose original organisation structure, operational priorities and management 
expertise were, and may still be, focussed almost exclusively on resource evaluation 
and with little experience of (1) the variety of data and the standards required for 
statistically robust environmental sampling and analysis and (2) the eventual uses of 
the environmental data. In particular, the amount of time and funding required for 
environmental sampling in the field and subsequent analysis in the laboratory may be 
far greater than managers have experienced previously and are equivalent to, or 
greater than, the amount of time and effort spent on resource evaluation. As a conse-
quence, environmental baseline studies may not be organised to deliver the right qual-
ity and quantity of data for developing a business case for exploitation. Large parts of 
environmental surveys may have to be repeated, increasing costs and delaying 
operations.

Collecting baseline data on a wide variety of variables allows a contractor to 
demonstrate that they understand the different impacts their activities might have on 
the environment at the sea surface, in mid-water and on the seabed. These are essen-
tial for EIA and represent key elements of an EIS. Based on the baseline informa-
tion and knowledge of the scale, intensity and duration of pressures and the potential 
effects they may have on the environment in space and time, contractors are able to 
make accurate predictions of environmental impacts and offer engineering and 
operational solutions to avoid and minimise those impacts. Knowledge gained 
through baseline studies also allows contractors to select the most appropriate, cost- 
effective and accurate methods for monitoring the environment during mining and 
as part of a long-term Closure Plan. The monitoring programme may use only a 
subset of the original baseline data collected, but the baseline data will be used to 
justify the best and most economical methods for monitoring the environment in a 
consistent fashion. The time required for monitoring as part of the Closure Plan will 
depend to some extent on the adequacy of the engineering and operational mitiga-
tion solutions applied before and during mining, including, for instance, restricting 
the spread of sediment plumes and reducing sediment compaction. Considerable 
cost savings may be made by addressing environmental concerns in the design of 
the mining equipment.
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Owing to the distances between individual mining sites, and the wide variety of 
environmental settings encountered, each contract area will require its own environ-
mental baseline study. It will not be possible to use published data from other mine 
sites or for a contractor with multiple mine sites to copy one set of data from one site 
and apply it to another. With reference to the map of contract areas issued by the 
International Seabed Authority for the polymetallic nodule province in the Clarion- 
Clipperton Fracture Zone (Fig. 1), the majority of contractors have multiple and 
separate areas where they intend to mine, which will require multiple baseline sur-
veys (one for each area) even though a contractor may have just one contract with 
the ISA. Within a large contract area, multiple surveys may be required in space and 
time depending on habitat heterogeneity. Similarly for polymetallic sulphide and 
cobalt crust contracts, separate baseline studies will be required for potential mine 
sites along a ridge segment or for separate seamounts, respectively.

A key objective of an environmental baseline study is to enable a contractor 
to designate impact reference zones (IRZs) and preservation reference zones 
(PRZs) (International Seabed Authority 2017a): areas that will be used to assess 
the magnitude of impacts and recovery rate of ecosystems following mining 
impacts (Jones et al. 2018b). The exact nature of IRZs and PRZs is a topic of 
ongoing discussion (Jones et al. 2018b; International Seabed Authority 2018c). 

Fig. 1 Chart showing ISA contract areas, reserved areas and Areas of Particular Environmental 
Interest (APEIs) in the Clarion-Clipperton Fracture Zone in the equatorial Eastern Pacific Ocean. 
(www.isa.org.jm)
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They  provide a method by which the impact of mining on ecosystems and the 
environment can be monitored. To be most effective, the PRZs should be located 
in the vicinity of the mine site being monitored and include examples of all the 
different habitats that have been impacted by mining in the area. Baseline data 
will be essential to determine and justify the size, number and location(s) of 
PRZs and the size of the buffer zones around them. These data need to be col-
lected over a number of years prior to mining to characterise the stability and 
natural variability of the PRZs before mining commences (e.g. International 
Seabed Authority 2018c).

In addition, if transboundary effects have to be taken note of (e.g. UNCLOS 
Article 195), baseline data are required to determine how large a buffer zone should 
be around the entire perimeter of a contract area, or subareas, to ensure that plumes 
do not affect operations and set aside areas in adjacent contract areas, reserved areas 
or areas which might yet be approved by the ISA for future contracts. Figure  2 
shows a hypothetical arrangement of a number of separate contract areas, each with 
a 30 km square PRZ (10 × 10 km core area and 10 km buffer zone around the core) 
and a 10 km buffer zone around the perimeter of the contract subareas (where these 
occur at different locations across the Clarion-Clipperton Fracture Zone (CCFZ). 
The size and number of PRZs required in each contract area have yet to be deter-
mined. The 10 km buffer zone is based on modelling (Aleynik et al. 2017) and may 
need to be greater unless plumes are constrained through mitigation measures. 
Figure 2 shows that the smaller a mine size area is, a greater proportion of the area 

Fig. 2 A hypothetical representation (based loosely on ISA contract areas in part of the CCFZ) 
showing how the area available for mining is greatly reduced by planning for a 10 km square pres-
ervation reference zone and 10 km buffer zone around the PRZ (combined together and shown in 
green) and the potential requirement for a 10 km buffer zone (shown in yellow) around the perim-
eter of, and within the boundaries of, a contract area. The remaining part of the contract area avail-
able for mining is shown in pink. The precise location of a PRZ should be based on environmental 
criteria. Scale bar 100 km
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will be required for environmental and other planning measures. It also shows that 
the more  irregular the shape a contract area is, the smaller potentially the area will 
be for mining. In some cases it may be possible for adjacent contractors to work 
together to reduce the proportion of the area required for buffer zones. In addition, 
the perimeter buffer zone may be incorporated into the PRZ, although the position-
ing of the PRZ should be based solely on environmental criteria.

The way in which a contractor plans environmental management and monitoring 
during exploitation will depend upon the differences in the environment between 
their area and the wider region. The greater the differences, the more likely it is that 
mining activities may lead to serious environmental harm and greater environmen-
tal controls will be required. Clearly, these decisions require both baseline data in a 
contractor’s area and the wider region.

This highlights the importance of all contractors contributing their environmen-
tal baseline data to the ISA’s Regional Environmental Management Plans (REMPs). 
Combining environmental baseline studies allows a better understanding of cumu-
lative impacts and how mining impacts at a local scale relate to the wider distribu-
tions of species across a region. At present, owing to the limited levels of knowledge 
of marine ecosystems on a regional scale, a high level of precaution in operations 
will be needed, and this may be reflected in the environmental planning at local and 
regional scales. As knowledge increases, especially by combining the data from dif-
ferent contractors, it may be possible to reduce the level of precaution and hence the 
costs associated with local environmental planning and monitoring. Contractors are 
likely to make considerable cost savings by contributing all of their environmental 
baseline data to the ISA in a timely fashion before an EIS is presented and mining 
commences, especially where several contractor areas are located close to each 
other, such as in the CCFZ.

The importance of understanding the uniqueness of contractor areas is particu-
larly important in the cases of polymetallic sulphides on mid-ocean ridges (Van 
Dover et al. 2011; Dunn et al. 2018). Contractors are able to select 100 blocks for 
mineral exploration spread over a distance of about 1000 km along a mid-ocean 
ridge segment (the greatest dimension permitted in the polymetallic sulphide regu-
lations) (Fig. 3). Only a reduced number of blocks (c. 25) are retained for more 
detailed study after a period of 10 years. Owing to the time restrictions imposed by 
the relinquishment process, contractors are drawn to focus their operations primar-
ily on resource assessment. Only limited work on environmental baseline studies 
may be undertaken until the blocks to be retained have been identified. This means 
that environmental baseline data will be generated at only a small part of the origi-
nal contract area. As a result, the ability to relate environmental data at individual 
mine sites to the wider ocean ridge environment will be limited making it difficult 
to determine the true distributions of species and habitats. Species distributions may 
appear localised when in fact they are widespread leading to a greater precautionary 
approach than would be necessary if information, notably on biological communi-
ties and their connectivity, was available from the wider area. Contractors on mid- 
ocean ridges should consider if some types of environmental data should be collected 
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at all sites during exploration and how this might assist them in their subsequent 
applications for exploitation contracts. On a larger scale, linking environmental 
information from a number of contract areas along a ridge axis might provide a 
more complete picture of the distribution of organisms and habitats at the regional 
scale, but large variations in the depth of a ridge within a basin might limit this 
approach.

All the issues described above point to the importance of collecting good envi-
ronmental baseline data for convincing Environmental Impact Statements (EISs), 
Environmental Management and Monitoring Plans (EMMPs) and Closure Plans. 
Unless the environmental baseline studies have been set up at the outset in a coher-
ent way, it is unlikely that the data generated will have the statistical power to be 
able to be used in subsequent planning and monitoring. The degree and types of 
environmental information required for an EIS will depend on the resource being 
addressed Certain environmental factors are likely to be more important than others, 
depending on the setting and how the data will be used.

Fig. 3 Chart with ISA contract areas on the Mid-Atlantic Ridge in the North Atlantic showing the 
long linear distances over which 100 individual mining blocks are distributed within each contract 
area. (www.isa.org.jm)
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4  Key Environmental Factors to Be Addressed 
in an Environmental Baseline Study

The ISA Legal and Technical Commission (LTC) makes recommendations to the 
ISA Council on issues relating to the protection of the marine environment 
(UNCLOS Article 165(e)). This includes recommending standards and protocols 
for environmental baseline studies for all three mineral resources (nodules, sul-
phides and crusts) (International Seabed Authority 2013b) (the ‘LTC 
Recommendations’). The ‘LTC Recommendations’ define the biological, chemical, 
geological and physical measurements to be made and the procedures to be fol-
lowed. Every plan of work for the exploration must not only provide environmental 
baseline data but also include a plan for monitoring to ensure that no serious harm 
is caused to the marine environment during exploration; this includes monitoring 
during and after tests of prototype mining systems. An important aim of a baseline 
study therefore is to determine the natural conditions of the contract area prior to 
test mining, including documenting natural changes in faunal succession over time. 
Studying natural change allows a better understanding of the recovery of ecosys-
tems after test mining (Jones et al. 2017).

The ‘LTC Recommendations’ (International Seabed Authority 2013b) stipulate 
that ‘the best available technology and methodology for sampling should be used in 
establishing baseline data for environmental impact assessments’. Best available 
technologies (BAT) and best environmental practices (BEP), which are not speci-
fied but implied, mean that data of sufficient quality are required for effective envi-
ronmental evaluation and the development of a representative Environmental Impact 
Statement. This includes very high-resolution GIS mapping and the generation of 
statistically significant results for environmental variables. In the latter case, for 
biological samples, statistical power may be influenced by (1) the number and size 
of samples, (2) the abundances of individual species and (3) the heterogeneity of the 
seabed at a variety of scales. All depend on the use of appropriate technologies and 
methods, which, of course, change over time as new technologies and work prac-
tices develop.

BAT and BEP have progressed significantly since the first contractors to the ISA 
started collecting environmental baseline data in 2001. In some cases sampling 
equipment used 15 years ago may not be acceptable for an EIA today. ISA work-
shop reports (e.g. International Seabed Authority 2015c) detail the latest types of 
instruments and equipment, sample collection procedures, treatment and preserva-
tion techniques, quality control, data processing methods, statistical analyses and 
reporting. Where appropriate specific procedures have been recommended, such as 
issues relating to the size category of the benthic fauna being studied (microbial 
communities, meiofauna, macrofauna, megafauna, necrophage scavengers, fish). 
The level of advice can be highly detailed, including methods of sieving sediment 
samples at sea using filtered, chilled seawater or the way in which morphological 
and genetic taxonomic identifications should be made (Glover et al. 2016).

D. S. M. Billett et al.



413

In some cases the level of detail recommended might seem to a contractor as 
being rather onerous; data collected 30 or 40 years ago using old methods and pro-
cedures might appear to be sufficient. The challenge is that, as time progresses, 
scientific research exposes the inadequacies of many old systems and procedures 
and drives change to better ways of working. While older data might be useful in 
providing a broad picture of the environment and how it might have changed over 
time, the old ways of working will not be suitable for the monitoring of impacts and 
their effects in the future, especially when each mine site and post-closure monitor-
ing might last for tens of years. Some new technologies, such as autonomous under-
water vehicles (AUVs), while appearing to be novel now, offer ways in which 
monitoring costs will be reduced significantly in the near future (BP 2016; Meyer 
2016; Send et al. 2013; Wynn et al. 2014). BP plans that all subsea inspections in 
offshore oil and gas operations will be by Marine Autonomous Systems by 2025.

Below, we consider each of the main categories of environmental data required 
for a baseline study, offering a few specific thoughts to augment details provided in 
the ‘LTC Recommendations’ Annex (International Seabed Authority 2013b) and in 
Weaver and Billett (2019 this book) on why the various elements in the ‘LTC 
Recommendations’ are required operationally.

4.1  Physical Oceanography

The ‘LTC Recommendations’ detail the standards and approaches to be used in 
physical oceanography, especially in regions where there are large lateral gradients 
(e.g. areas in proximity to geomorphological features) (Thurnherr 2011). The data 
are required to assess how plumes may spread (Weaver and Billett, this volume).

Natural sedimentation rates in the CCZ are very low, less than 10 mm per thou-
sand years (Mewes et al. 2014). In some areas mining plumes will deposit sediment 
layers orders of magnitude greater than this background level. They will smother 
organisms, clog the filter-feeding in corals and gelatinous zooplankton and cause 
alterations in sediment characteristics for seabed deposit feeders. Depending on the 
mining process, effects of plumes may be experienced up to 100 km from the mine 
site (Wedding et al. 2013). Sites considerably shallower and deeper than the mine 
site may also be affected depending on the environmental setting. The use of models 
to predict the fate of suspended matter and chemicals in plumes will be crucial in 
designing monitoring strategies (Aleynik et  al. 2017). The complex nature of 
plumes, which may be sinuous, layered and patchy, will require monitoring during 
mining with good spatial or temporal coverage to address the predictions from 
plume modelling (MIDAS 2016a, b).

Physical oceanographic models that are accepted by the international ocean 
modelling community should be used for plume dispersal studies near the seabed. 
Standard models are not specified in the ‘LTC Recommendations’ owing to the 
rapid changes occurring in model design, but it would be expected that state-of-
the- art models would be used in an EIS (MIDAS, 2016a, b). Satellite data analyses 
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are recommended for understanding synoptic-scale large-scale features at the sea 
surface (such as eddies) (Aleynik et al. 2017) and to identify large-scale natural 
events (such as El Nino cycles) (e.g. Racault et al. 2017). Physical oceanographic 
data are also important in relation to assessing larval dispersion pathways and 
genetic connectivity between populations. Studies of interannual variability in the 
direction and strength of currents near the seafloor used to drive numerical physi-
cal oceanographic models have produced high variability in the model outputs that 
could lead to highly significant effects on larval dispersal ranges and connectivity 
between populations (Amorim et al. 2017).

4.2  Geological Data

For geological data Geographic Information System (GIS) maps are required with 
high-resolution bathymetry produced at a scale appropriate to the resource and hab-
itat variability. High-resolution bathymetry, such as that obtained by AUV, can 
enable assessment of fine-scale variations (<5 m horizontally, <1 m vertically) in 
the seabed, which may be correlated with polymetallic nodule coverage (Peukert 
et al. 2018). The interaction between the geological setting and bottom currents also 
seems to be important in determining the spatial variation of nodule coverage and 
the seabed fauna (Simon-Lledó et al. 2019). The fine detail now possible from high- 
resolution mapping using an AUV platform surveying close to the seabed has 
important consequences for mining operations, not least in detecting seabed fea-
tures tens of metres in size which might be hazardous for mining equipment 
(Figs. 23 and 24 in GSR 2018). The scale of environmental heterogeneity now evi-
dent in new high-resolution bathymetric maps is also important in understanding 
biological distributions within the sediment and on nodules (Vanreusel et al. 2016).

4.3  Chemical Oceanography

For chemical oceanography the ‘LTC Recommendations’ require data to be col-
lected on metals and other hazardous substances which might be released at the 
seabed or in the discharge plume following initial processing of minerals at the sea 
surface. In the case of polymetallic sulphides, ‘fresh’ sulphide mineral surfaces will 
be exposed to seawater during mining resulting in the oxidation of the sulphides, 
especially if the sulphides are stockpiled on the seabed (Gjerde et al. 2016). The 
crushing of the ore into finer particles at the seabed to facilitate the transportation of 
the ore up a pipe to the surface vessel will increase greatly the surface area over 
which oxidation may occur. Release of metals can start very quickly on contact with 
oxygenated seawater releasing dissolved metal ions into the environment, decreas-
ing pH and lowering oxygen (Knight and Roberts 2016). In experiments chalcopy-
rites from sulphides were found to remain reactive for at least 3 days after exposure 
(Knight et al. 2018).
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Some metals that will be released, such as cadmium, antimony and arsenic, can 
be harmful in low concentrations. They are scavenged, especially onto the surfaces 
of fine particles (e.g. Simpson 1978). The processes used in dewatering the ore at 
the sea surface will release very fine particles into the environment as part of the 
discharge plume (Coffey Natural Systems 2008). Dilution of the discharge plume 
will be rapid, but the very fine particles may remain in the water column for a long 
period. Owing to bioaccumulation, metals might build up in the tissues of seabed 
and pelagic fauna over time. There is currently little information on this potential 
impact from mining. It is uncertain how these mining impacts compare with natural 
hydrothermal vent plumes and their potential toxicity to marine fauna.

4.4  Biological Oceanography

The collection and analysis of biological data are probably the greatest challenges 
to contractors. There are no published international standards to follow. To address 
this gap, the ISA organised three standardisation workshops (International Seabed 
Authority 2014, 2015c, d). The workshops recommended new protocols for the 
reporting of biological data including the use of multiple preservation methods.

As sampling progresses the importance of nodules as a substratum for attached 
fauna is becoming more evident (Gooday et  al. 2015, 2017; Kamenskaya et  al. 
2015; Vanreusel et al. 2016). For example, of the 170 morphotypes of megafauna 
identified in the eastern Clarion-Clipperton, as many as half of them occurred only 
on polymetallic nodules (Amon et al. 2016). Some taxa, such as alcyonacean and 
antipatharian corals, occur almost exclusively in areas of the seabed with nodules 
owing to the importance of the nodules as a substratum (Vanreusel et  al. 2016; 
Simon-Lledó et al. 2019). Moreover, benthic impact experiments have shown that 
attached sessile fauna recover only very slowly following simulated mining activi-
ties (Bluhm 2001; Thiel 2001; Jones et al. 2017). Environmental baseline data on 
nodule-attached fauna are scarce. Greater information will be required for manage-
ment and mitigation actions in an EIS.

Nauru Ocean Resources Ltd in response to the 2015 ISA stakeholder consulta-
tion suggested that ‘activities in the Area should be contextualised with reference to 
what is generally considered an “acceptable impact” by society on land’. It was 
stated that on land environmental work related generally to ‘higher’ forms of life, 
such as mammals, reptiles, amphibians and birds, and that impacts on ‘lower forms 
of life, such as microfauna’, were not studied in detail. It is not clear how widely 
such a view may be held in the deep-sea mining industry, but it shows a lack of 
understanding of how different and unique deep-sea ecosystems are, especially in 
contrast to those on land.

In the marine environment, as one moves from coasts to the abyss, major changes 
occur in how ecosystems are structured as depth increases. This is because the vast 
majority of species in the deep ocean, pelagic and benthic, rely for their nutrition 
on organic matter created initially through photosynthesis in sunlit surface waters. 
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The few exceptions to this rule occur in chemosynthetic environments, such as 
hydrothermal vents and cold seeps, where new bacterial production using reduced 
compounds derived from below the seabed form the basis of specialised food 
chains. However, for the majority of species that are reliant on organic matter cre-
ated by photosynthesis, organic matter is rapidly consumed and reworked by a wide 
variety of organisms as the detrital particles fall through the water column. The 
result is that only about 1% of the organic matter formed originally at the sea sur-
face reaches depths of 4000–5000 m. The lack of food in the deep sea causes large 
changes in the size and composition of the deep-sea fauna (Billett 1991; Carney 
2005). While microbial and meiofaunal biomass changes little with increasing 
depth, there are exponential decreases in the biomass and abundance of the larger 
fauna (Lampitt et al. 1986; Wei et al. 2010). The smaller fauna become much more 
important in ecosystem functioning within deep-sea ecosystems, and so particular 
regard should be paid to them in environmental baseline studies. It is possible, 
however, that larger fauna are still important in structuring deep-sea communities. 
Indeed, monitoring megafauna (the larger invertebrates) using AUVs, as a possible 
indicator of ecosystem health, may provide a good cost-effective long-term moni-
toring tool.

There is a major gap in standards and protocols for sampling and studying the 
pelagic fauna. The types of pelagic organisms present will change with increasing 
depth from the epipelagic zone (0–200 m), through the mesopelagic (200–1000 m), 
bathypelagic (c. 1000–3000  m) and abyssopelagic (>3000  m) realms (Angel 
2003). In addition, specialist organisms live in the benthic boundary layer (BBL) 
up to about 100 m above the seabed surface, known as the benthopelagic zone 
(Billett et al. 1985; Gebruk et al. 1997) (Fig. 4). Within the water column in certain 
areas of the world’s oceans, significant changes in species may occur also in rela-

Fig. 4 The benthopelagic holothurian Peniagone leander feeding on the seabed among polymetal-
lic nodules in the Clarion-Clipperton Fracture Zone. Daniel Jones, National Oceanography Centre, 
Southampton
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tion to an oxygen minimum zone (OMZ), which typically lies between about 100 
and 1000 m water depth in some areas (Karstensen et al. 2008). Many organisms 
in the mesopelagic zone undertake large diurnal migrations from depths as great as 
1500 m up into food-rich surface waters at night (Roe et al. 1984; Herring 2002) 
linking deep waters with the epipelagic zone. Within the deepwater column, a 
wide variety of gelatinous zooplankton occur which depend for their nutrition on 
capturing fine particles in large mucous nets (Robison et al. 2005). Operational 
plumes at the seabed have the potential to affect benthopelagic organisms, while 
the discharge plume following dewatering of the ore by the surface vessel could 
affect a wide variety of zooplankton, especially gelatinous zooplankton, depend-
ing on the depth of the discharge. The pelagic realm, however, is vast, and it is 
likely that pelagic organisms have wide geographic ranges at least at the ocean 
basin scale (Sutton et al. 2017).

The particle loads of the operational and discharge plumes are not the only envi-
ronmental considerations for the pelagic realm. Large volumes of cold, nutrient- 
rich, deep-sea water will be brought to the sea surface during mining operations. In 
addition, the potential introduction of high levels of nutrients into oligotrophic (low 
nutrient) waters above the thermocline may lead to changes in biodiversity, com-
munity structure, ecosystem function and food chains unless there is careful man-
agement of water flows and discharges. However, combined physical, 
biogeochemical and biological modelling of Ocean Thermal Energy Conversion 
(OTEC) plants, which will bring much larger volumes of cold deep water to the sea 
surface, show only very small effects on the productivity and composition of sur-
face phytoplankton (Grandelli et al. 2012). While at the surface, the deep water will 
warm and surface water may be mixed in; controls will be needed to ensure that 
discharges, following dewatering, into the cold deep waters do not impact ecosys-
tems owing to the sensitivity of deep-sea species to even small increases in tem-
perature (Somero 1983).

4.5  Geochemical Effects on Biological Systems

Toxicity testing in shallow water aquatic organisms is usually considered one metal 
ion at a time, in a fixed oxidation state, under standard laboratory conditions of 
temperature and hydrostatic pressure, over short time intervals using well-known 
‘indicator species’. These conditions poorly represent the environmental condi-
tions that will prevail for deep-sea mining (MIDAS 2016a). It will not be possible 
to extrapolate toxicity information and practices from shallow water areas to deep-
sea situations. Rather, individual mineral deposits at each deep-sea mine site 
should be assessed for their toxicity using deep-sea key taxa under appropriate 
temperature and pressure conditions (Hauton et al. 2017). This requires technolo-
gies to sample and retain deep-sea organisms at in situ temperature and pressure 
and the use of pressurised aquaria for laboratory experiments (Shillito et al. 2014; 
Auguste et al. 2016) (Fig. 5).
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4.6  Using the Baseline Data in Environmental Management

The issues described above and those detailed in Weaver and Billett (2019 this 
book) demonstrate the wide variety and complexity of subjects that will need to be 
addressed in an EIS and why good environmental baseline data are required. Apart 
from specialised technical nature of the various subjects identified, contractors will 
need to set this within a business context, prioritising the most important factors to 
be addressed, and how they will be mitigated within the context of the precautionary 
approach and in a cost-effective manner. To deliver a convincing EIS requires 
detailed planning of environmental baseline studies so that they deliver the right 
information and in a way that can be used for subsequent monitoring. Below we 
consider how contractors might approach good environmental management proce-
dures through (1) value-based business development models, (2) templates for EISs 
and (3) the ‘mitigation hierarchy’ now being applied by many industries.

Fig. 5 Pressurised 
aquaria, such as the 
IPOCAMP system, can 
retain deep-sea animals at 
in situ temperature and 
pressure within a 
flow-through water 
circulation chamber and be 
used for ecotoxicology 
experiments. Christopher 
Hauton, University of 
Southampton
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5  Value-Based Business Development

The International Marine Mineral Society (IMMS) brings together leading players 
in marine mining from industry, government departments and scientific institu-
tions. As part of its work, the IMMS has published a 15-page voluntary code to 
guide enterprises in their environmental responsibilities (International Marine 
Minerals Society 2011). The ISA encourages contractors operating in the ‘area’ to 
apply the IMMS Code for Environmental Management of Marine Mining 
(International Seabed Authority 2011a). Companies adopting the IMMS Code vol-
untarily commit themselves to (1) apply fit-for-purpose procedures (cf. best envi-
ronmental practice), (2) observe the precautionary approach, (3) consult 
stakeholders, (4) maintain an environmental quality review programme and (5) 
ensure transparency in their environmental activities and reporting. In many ways 
the IMMS Code foresees the development of new value-driven hybrid business 
models integrating, and giving equal consideration to, environmental, economic 
and social matters in planning, decision-making and management (Boyd et  al. 
2009; International Seabed Authority 2013c).

Major environmental accidents by land-based mining companies are reported 
annually in the press worldwide. While there are many examples of good environ-
mental management practices on land, lapses in environmental control tarnish the 
whole mining industry, including that in the deep ocean. In the deep sea, where 
best practices have yet to be developed and knowledge about how mining will 
affect ecosystems is partly lacking, there should be an emphasis on strict environ-
mental controls.

The International Council for Mining and Metals (ICMM) (https://www.icmm.
com/) have committed to ‘mining with principles’, notably the integration of sus-
tainable development in corporate strategy and decision-making processes. The 
ICMM and the IMMS Environmental Code anticipate advantages in companies 
showing management commitment to communication and implementing transpar-
ent environmental management systems.

To address shortcomings in how environmental data are collected and how deci-
sions are made by contractors, the IMMS Environmental Management Code sets 
out clear management responsibilities and commitments to integrate environmen-
tally responsible and sustainable management practices into all operations, includ-
ing (1) exploration and baseline studies, (2) the design and construction of mining 
equipment, (3) mining operations, (4) mineral processing, (5) waste disposal and (6) 
mine site rehabilitation and decommissioning. The value of integrating environ-
mental management decisions from the start is seen as vital. However, in practice 
companies at present tend to plan in sequence, firstly for resource assessment, sec-
ondly for mining equipment design and then environmental baseline studies. This 
produces particular challenges for collecting some environmental data over a large 
area and over an extended period of time (e.g. to assess natural change in deep-sea 
communities in and around a mine site). It will take a significant amount of sam-
pling and analysis time to address issues such as (1) the spatial and temporal 
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 variability of currents in and around mine sites, (2) the spatial and temporal 
 variability of biological communities and (3) the genetic connectivity of species 
across the region.

To overcome these shortcomings, the IMMS Environmental Code concluded that 
within each company or organisation, a senior executive environmental manager 
should be appointed to monitor the legal requirements on environmental matters for 
all marine mining activities, including monitoring internal environmental perfor-
mance targets and communicating these to employees and regulators. In addition, 
working together, environmental managers in different companies, could set, 
improve and update industry-led and industry-wide environmental policies and 
standards.

6  Environmental Impact Statements

The collection of quality data in environmental baseline studies is the key to the 
submission of an Environmental Impact Statement (EIS) to gain an environmental 
and social licence to operate. The EIS will be a public document, and it is likely the 
data supporting the assertions made in the document will be scrutinised very closely. 
Mitigation solutions to avoid and minimise impacts will be made. In addition, where 
significant impacts persist despite these actions, there may be restoration proce-
dures that should be followed to assist the faster recovery of the ecosystems, as, for 
instance, occurs in mining on land (see Mitigation Hierarchy below).

To assist contractors the ISA has introduced a draft template for the structure of 
an EIS as part of its ‘Draft Regulations on Exploitation of Mineral Resources in the 
Area’ (International Seabed Authority 2018a, b). The template builds on a number 
of recent initiatives including (1) a New Zealand National Institute of Water and 
Atmospheric Research (NIWA) project to develop guidelines for the preparation of 
Environmental Impact Assessments for offshore mining and hydrocarbon drilling 
(Clark et al. 2017) and (2) several ISA-sponsored workshops (International Seabed 
Authority 2012, 2017b, c).

The NIWA guidelines provide detailed descriptions of each element of an EIA/
EIS. It notes the need for rigorous environmental baseline studies in order to justify 
decisions on hard data. Where continuing levels of uncertainty exist, it details how 
they might be addressed through 1) a precautionary approach, 2) statistical and 
probability analyses and/or 3) predictive models. Where models are applied, the 
main features of the model should be described including how the model and the 
input data used to initiate and drive the model have been validated and tested against 
other models (Clark et al. 2017).

The evaluation of an EIS will include an assessment of whether the right tech-
nologies and methods have been used in gathering environmental baseline data. It 
will be important, therefore, that environmental baseline studies use the latest tech-
nologies and methods as they are developed. This poses questions whether some 
environmental data collected during the exploration phase might still have value to 

D. S. M. Billett et al.



421

the contractor if sampling and processing methodologies change over time. While 
the value of data collected tens of years ago may be of questionable quality, and may 
be of little value in future comparisons with monitoring plans during mining, all 
data will have value in developing knowledge within a contract area. Some data may 
still be of value for monitoring by using particular statistical analyses.

While the development of technologies and methods may require some environ-
mental variables to be collected again, or at least the collection of new data to vali-
date the accuracy of information gathered using old methods, the new technologies 
and methods are likely to be much more cost-effective in the long term. For instance, 
multi-robotic surveys, including robotic seabed crawlers, are now being conducted 
(Smith et  al. 1997, 2017; Schmidt Ocean Institute 2018). Environmental DNA 
(e-DNA) may become another fast, accurate and cost-effective way of monitoring 
impacts at the seabed and in the water column (Goodwin et  al. 2017; Stat et  al. 
2017). The rate at which new technologies and methods are developing, especially 
genetic analyses, indicates that specialised knowledge of best environmental prac-
tice and best available technologies with a business focus is required within contrac-
tor teams, especially during the period when environmental baseline data are being 
gathered.

An Environmental Impact Statement should evaluate the exploitation of minerals 
in relation to other ecosystem services of value to humankind. Minerals are not the 
only ocean resource. To realise all the benefits the oceans supply as part of the 
Common Heritage of Mankind (CHM), planning for the exploitation of deep-sea 
minerals should take into account the trade-offs in exploiting one resource (1) over 
another and (2) in relation to the ‘life-support’ ecosystem services. Ecosystem ser-
vices are the direct and indirect benefits that people derive from ecosystem pro-
cesses and functions (Armstrong et al. 2012; Thurber et al. 2014; Le et al. 2017; 
TEEB 2010, 2012). Valuing ecosystem services, where possible by placing mone-
tary values on them, allows for better decision-making (Hattam et al. 2015). In some 
cases potential monetary benefits, such as from biotechnological products derived 
from deep-sea fauna for medicines and other commercial applications (Yao et al. 
2010; Snelgrove 2016; Jaspers et  al. 2016; Harden-Davies 2017; Barzkar et  al. 
2018; Xu et al. 2018), are relatively easy to estimate. However, ecosystem services 
that relate to ‘life support’ for our everyday lives, such as the regeneration of nutri-
ents that drive new productivity and oxygen production at the sea surface, will pres-
ent a greater, but not impossible, challenge. ‘Life-critical’ ecosystem services 
should be valued in relation to the area of seabed impacted by deep-sea mining; the 
cumulative impacts of polymetallic nodule mining over large areas, for instance, 
may be significant in the value of ecosystem services within a region.

An evaluation of the benefits and values of ecosystem services is important 
because all deep-sea ecosystems have slow recovery rates in terms of biodiversity, 
ecosystem structure and ecosystem functioning (e.g. Jones et al. 2017; Gollner et al. 
2017; Stratmann et al. 2018a, b); ecosystem services once lost will be slow to return. 
The slow rate of recovery is related to longer generation times in many deep-sea 
species and is an adaptation to the low food inputs to deep-sea ecosystems (described 
above). Recognising that deep-sea ecosystems will recover only slowly means that 
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extra care will be needed when applying methods to avoid and minimise impacts. 
Novel restoration measures to assist the recovery of ecosystems at mine sites may 
also be required as part of mitigation measures detailed below.

7  Mitigation Hierarchy

The ‘mitigation hierarchy’ provides a structured approach to considering how min-
ing impacts might be controlled and form an important part of an Environmental 
Impact Statement. In the ‘mitigation hierarchy’, a number of elements are consid-
ered but in a strict order (Avoid → Minimise → Restore → Offset). The initial stage 
examines whether impacts can be avoided altogether and at what cost. Then, meth-
odological and engineering solutions to minimise impacts, such as limiting the 
spread of plumes, should be considered. Where impacts are unavoidable and cannot 
be minimised to an adequate level, consideration should be given to methods by 
which ecosystems might be restored, or remediated, once mining has ceased. The 
rates at which ecosystems will return to pre-impact health and the expenditure 
required for restoration may depend particularly on the extent to which impacts 
were minimised. Finally, as in many land-based assessments, and increasingly in 
coastal marine environments, where impacts lead to permanent changes and where 
restoration is not possible, contractors may offset and/or compensate for biodiver-
sity and ecosystem functioning loss through the creation of new, similar habitats at 
a nearby location. This method is usually applied where permanent changes have 
occurred in the environment, such as the construction of a port, and the replacement 
of a salt marsh habitat which would otherwise be lost. Even in coastal ecosystems, 
newly created habitats may take tens of years to approach the dynamics and biodi-
versity of the original natural habitat that has been lost. This aspect of the resilience 
of ecosystems, and of the time taken for them to return to states resembling or com-
parable to habitat lost, will be a particular challenge in the deep ocean. It will also 
be unlikely that the restored ecosystems will match exactly the deep-sea ecosystems 
that have been destroyed (Niner et al. 2018).

While the mitigation hierarchy approach is only now being considered in the 
management of deep-sea ecosystems (Niner et al. 2018; Cuvelier et al. 2018), the 
Cross-Sector Biodiversity Initiative (CSBI), including the International Council of 
Mining and Metals (ICMM), and a number of other organisations, has provided 
practical guidance already on the implementation of the mitigation hierarchy for 
extractive industries (Cross Sector Biodiversity Initiative 2015). While the exam-
ples given in the CSBI guidance document relate almost exclusively to land-based 
mining, the principles espoused for one part of the mining business are clearly trans-
ferrable to all mining sectors.
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7.1  Avoid

It has been proposed that the need for deep-sea mining might be avoided altogether 
by increasing rates of recycling of metals and stimulating investments in the devel-
opment of alternative technologies (Teske et al. 2016). However, whether this would 
meet future demand for metals, such as for renewable power generation technolo-
gies and electric vehicles, and, whether alternative technologies can be developed in 
time, is open to question. These issues are likely to be weighed by potential inves-
tors in deep-sea mining. While recycling and alternative technologies might reduce 
market demand, other factors may have a greater influence on how and when min-
eral resources in the deep ocean are exploited. The first is that the many and varied 
member states of the International Seabed Authority, and especially developing 
nations, will benefit from the generation of royalties by deep-sea mining. Secondly, 
island states, notably in the SW Pacific, now have rights to exploit mineral resources 
within their exclusive economic zones (EEZs) as national assets. These are strong 
drivers for the exploitation of minerals in the deep ocean. It is likely, therefore, that 
once the market prices of minerals are favourable, deep-sea mining will occur.

Aside from the complete avoidance of mining, many approaches are possible  
to 1) avoid mining in specific areas, such as those of conservation importance  
2) avoid specific mining practices, which are particularly harmful, or 3) or avoid 
mining at specific times, such as during breeding seasons (Cross Sector Biodiversity 
Initiative 2015). These avoidance measures may be combined in a way that is ben-
eficial for environmental management, but at the same time have little impact on the 
costs and planning of mining operations, for example, mining one area of the block 
during one season and then moving to another area for the rest of the year. Avoidance 
should be considered as early as possible in planning because it gets harder and 
more expensive to implement avoidance measures as the project develops. Avoidance 
can operate at many scales, from the setting aside of large regional areas where no 
mining is allowed to avoiding mining in small areas where particular species may 
occur in particularly high abundances within a mine contract area. Avoidance will 
be an important strategy for dealing with uncertainty and provides a tool for passive 
adaptive management, because areas set aside to avoid impacts might be reconsid-
ered for exploitation as a project progresses and more information becomes avail-
able. Spatial management measures will be important in reducing the overall 
impacts from mining on habitats, such as the loss of nodules and their importance 
as a hard substrate to support a wide variety of attached species.

An important part of the approach for avoidance is setting aside representative 
areas at a regional scale to ensure that the effects of industrial activities on regional 
biodiversity are minimised. The International Seabed Authority (2011a) introduced 
an environmental management plan for the nodule province in the Clarion- 
Clipperton Fracture Zone and is now in the process of formulating further Regional 
Environmental Management Plans (REMPs) for other regions (International Seabed 
Authority 2018d). Among the aims of the ISA REMPs are (1) to maintain regional 
biodiversity, ecosystem structure and ecosystem function across a region and (2) to 
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preserve representative and unique marine ecosystems. While localised impacts are 
unavoidable, the use of spatial management should minimise ecosystem effects at 
the regional scale, including species extinctions (Niner et al. 2018). REMPs should 
be (1) of an appropriate size to maintain viable populations, (2) not affected by min-
ing operations and (3) contain broadly the same species pool as areas that will be 
affected by mining. The challenge is that the present level of knowledge to build 
REMPs is still very poor owing to the cost, remoteness, immense spatial scales and 
the lack of expertise in deep-sea ecology in several countries (Niner et al. 2018). In 
addition, the slower rate over which processes occur in the deep ocean means that 
most current funding schemes for research are wholly inadequate for studying long- 
term changes. This is a critical element and difference; the time required for research 
and experimentation on deep-sea ecosystems is not served by most grant awarding 
schemes which are aimed primarily at land-based and shelf sea ecosystems. While 
the development of REMPs will minimise regional impacts, their introduction ini-
tially will require the very broad application of the precautionary approach owing to 
the many current uncertainties about ecosystem structure and functioning in deep- 
sea ecosystems.

The development of REMPs will be vital for many contractors if avoiding and 
minimising impacts at the regional scale are to be addressed through spatial man-
agement measures. REMPs are an important part of facilitating the environmental 
management of deep-sea mining. Their success will depend primarily on the timely 
submission of comprehensive and standardised environmental data generated by all 
contractors.

In addition to regional-scale management, avoidance of mining impacts to spe-
cific areas within a mining block is likely to comprise part of the EMMP, particu-
larly if pre-existing specific sites of scientific interest or conservation value have 
been identified. Even without these, it may be prudent to protect a range of repre-
sentative areas from mining to reduce the chances of causing serious harm to the 
environment and the loss of ecosystem services. Although set up specifically for 
monitoring, it may be advantageous to maintain PRZs in the long term as conserva-
tion areas in addition to their use as control sites for monitoring (Jones et al. 2018b).

7.2  Minimise

The nature of mining means that few impacts can be avoided altogether across the 
mining area. Consideration will then move to how specific impacts from deep-sea 
mining can be minimised, for instance, whether engineering solutions can limit the 
creation and spread of plumes during mining operations on the seabed. Exploring 
how impacts can be minimised is a vital part of EIA. An EIS should document how 
approaches for minimising impacts have been considered and costed, including bal-
ancing the cost of introducing various engineering solutions against the benefits 
derived from the ecosystems affected.
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At present, there is little evidence that the avoidance or minimisation of 
 environmental impacts has been considered in equipment design. Clearly techno-
logical solutions might lead initially to greater costs, but over the lifetime of a min-
ing project, engineering designs should reduce costs considerably for contractors, 
considering the magnitude and longevity of environmental monitoring that may be 
required and in gaining social licence for DSM activities. The proper valuation of 
ecosystem services in driving engineering innovations to minimise impacts is criti-
cal. Unless contractors include ecosystem services, and the costs associated with 
their loss or impairment, as part of their decision-taking, and as part of an ethical 
approach to ensuring the health of the oceans for the Common Heritage of Mankind, 
it is unlikely that resource and engineering managers will be stimulated to devise 
technical solutions to reduce environmental harm.

Weaver and Billett (2019 this book) detail the main impacts that will be caused 
by mining in the deep sea: (1) habitat destruction and/or modification, (2) the dis-
persal of sediment-laden plumes generated by mining systems, (3) impacts related 
to plumes released in the water column after dewatering of the ores on the ship and 
transport barges and (4) impacts related to other factors such as sound and light. 
For seafloor massive sulphide mining there is also the potential to alter the natural 
conduits and flow rates of the hydrothermal fluids. The relative importance of these 
main impacts may vary depending on the resource being considered and the 
 ecosystems affected. For issues relating to plumes, sound and light, engineering 
solutions will be important, possibly in combination with spatial management 
measures.

Niner et al. (2018) suggest that the use of shrouds on collecting and cutting sys-
tems and the development of methods to reduce the creation of fine particulate 
materials might reduce the impacts of plumes both in terms of duration and spatial 
extent. The management of plumes is probably the single most important impact 
that could be solved through design innovations of mining vehicles and equipment. 
Methods for enhancing the flocculation of particles within plumes using non-toxic 
materials may be possible (Cuvelier et al. 2018). For the mining of certain polyme-
tallic sulphides, where there is a risk that oxidation will lead to the release of toxic 
metals that are attracted to fine particulate material, careful management of how the 
sulphide is brought to the surface and then moved to transportation barges may be 
required. For instance, the MIDAS Project concluded that certain sulphide minerals 
should not be stockpiled on the seabed before being piped to the surface vessel 
(MIDAS 2016a, b). The assessment of an Environmental Impact Statement will 
require evidence that the major impacts, and alternatives for the minimisation of 
those impacts, have been considered and that the conclusions made are justified by 
experimental evidence.

For each mine site, the engineering solutions introduced to minimise impacts 
will influence the time, and therefore the cost, required to monitor sites following 
mining. In addition, the time and costs of long-term monitoring may also be reduced 
by undertaking restoration activities following mine closure, as occurs in many 
cases on land (Cross Sector Biodiversity Initiative 2015).
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7.3  Restore

The practice of restoring ecosystems has advanced so rapidly in recent years that 
‘International Standards for the Practice of Ecological Restoration  – Including 
Principles and Concepts’ have been published by the Society for Ecological 
Restoration (McDonald et  al. 2016). While the Standards have been formulated 
principally from experiences in restoring habitats on land, they are broadly appli-
cable to terrestrial, freshwater, coastal and marine environments. In the mining con-
text, restoring ecosystems following the closure of a mine is often standard practice. 
In contrast, the restoration of marine ecosystems in a fashion analogous to the res-
toration of land-based mine sites is still in its infancy (Van Dover et al. 2014). There 
are considerable challenges in the restoration of marine ecosystems as a whole and 
especially in the deep sea.

Ecological restoration is the process of assisting the recovery of an ecosystem that 
has been degraded, damaged or destroyed and seeks to ‘assist recovery’ of a natural 
or seminatural ecosystem (McDonald et al. 2016). Restoration therefore has a focus 
on helping nature to recover naturally but perhaps at a faster rate. While the aim 
might be of re-establishing an ecosystem to the state of biodiversity and functioning 
that existed prior to its impairment, ecosystems are always in a state of flux, and so 
restoration aims to reinstate natural ecological progression (Aronson et al. 2016). 
There may be a family of restorative activities operating at different levels, from 
removing impacts and allowing natural recovery to active methods, to the transplan-
tation of fauna or the use of artificial reefs to kick-start and speed up recovery.

In coastal marine ecosystems, there have been some notable failures in restora-
tion measures, which have led to the impression in some minds that restoration in 
the sea is of little utility. However, in a review of good and poor practices in shal-
low water and coastal ecosystem restoration, Mitsch (2014) concluded that some 
restoration practices have been very successful in situations where ecologists and 
coastal engineers worked together to find simple engineering approaches to kick-
start natural recovery processes. The greatest successes occurred where engineer-
ing actions assisted ‘Mother Nature and Father Time’ to rehabilitate at a faster pace 
than might otherwise have occurred. The challenge for the restoration of deep-sea 
ecosystems is that ‘Father Time’ is particularly slow (Cuvelier et al. 2018) and it is 
unclear (1) how rates of recovery in seamount, ridge and abyssal sediment ecosys-
tems might be accelerated and (2) the directions in which recovery might progress 
(Niner et al. 2018).

These unknowns are particular challenges to contractors and environmental sci-
entists alike. Does this mean that considering restoration measures should be 
ignored, or should mining companies, policymakers, regulators, sponsoring states 
and the scientific community stimulate experimental research to address them? The 
slow recovery rates of deep-sea ecosystems, and, in the case of nodule mining, the 
large areas over which mining will occur, oblige all these groups to consider how 
some elements of restoration could be included in Environmental Management and 
Monitoring Plans and Closure Plans. The scale of some mining impacts and the time 
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required for recovery of ecosystems will be of particular societal concern. The 
research required to test and verify marine ecosystem restoration methods will be 
specific to each mineral resource (cobalt crusts, sulphides and polymetallic nodules) 
and the ecosystems that will be affected (seamounts, ridges and abyssal plains, 
respectively).

The Society of Ecological Restoration (SER) has developed a set of nine 
Attributes of Restored Ecosystems to determine what is meant by ‘recovery’ 
(Society for Ecological Restoration International Science & Policy Working Group 
2004). These include (1) having a characteristic assemblage in the reference ecosys-
tem; (2) stimulating primarily, or exclusively, indigenous species; and having (3) all 
the functional groups necessary for the development and stability of an ecosystem; 
(4) a physical environment capable of sustaining reproducing populations; (5) nor-
mal ecosystem functioning; (6) abiotic and biotic interactions, flows and exchanges 
with the wider landscape; (7) impacts eliminated; (8) resilience to normal periodic 
stress; and (9) self-sustaining capability. These were developed with terrestrial sys-
tems in mind, but they are generally applicable to the deep sea.

 Cobalt Crust Mining and Restoring Ecosystems on Seamounts

Cobalt crust mining is likely to occur initially across ‘flat-topped’ guyots where 
mining systems will be easier to operate. In the western Pacific, where there are four 
exploration contracts with the ISA, the seamount summits of interest to mining 
contractors lie at depths between c. 1100 and 1600 m. Considerable work needs to 
be carried out to characterise the biodiversity of the seamounts and the degree of 
connectivity in populations across different spatial scales. Previous research on sea-
mounts in the region has indicated that the dominant large invertebrate taxa will 
include foraminiferans, sponges, corals, squids, echinoderms (sea stars, sea cucum-
bers, feather stars), crabs and sea squirts (Fukushima 2007; International Seabed 
Authority 2011b; Schlacher et al. 2013) (Fig. 6). Of these, foraminiferans have been 
found to be conspicuously abundant and diverse (Mullineaux 1987). Seamounts 
may support commercially important fish stocks depending on the depth. If whole 
seamount summits are exploited for minerals, then significant impacts will occur on 
the faunal communities, especially if a significant number of seamounts within a 
region are all mined. The restoration of faunal communities on each seamount may 
be considered to be important environmentally and ethically.

The environmental management of cobalt crust mining is likely to be approached 
through a combination of 1) spatial management, 2) engineering solutions to reduce 
impacts and 3) methods for the re-introduction of fauna to the mine site when it is 
closed. The four contractors to the International Seabed Authority for the develop-
ment of cobalt crust mining on seamounts in the western Pacific are working with 
the ISA to generate a Regional Environmental Management Plan (REMP). The cre-
ation of set aside areas, perhaps of whole seamounts, in each contractor area, is 
likely to be required for the protection and preservation of biodiversity of all taxa 
and all depths. However, it is not the only measure, and experiments on how 

Improving Environmental Management Practices in Deep-Sea Mining



428

 communities might be reintroduced to mine sites in a way that accelerates natural 
recolonisation and recovery should be conducted in parallel.

Studies of genetic connectivity and how they might guide environmental manage-
ment decisions in the deep sea are increasing rapidly. They are leading to a greater 
understanding of larval dispersal and the ways in which recruitment to the benthos 
occurs in a variety of environmental settings (e.g. Baco et al. 2006, 2016; Hilario 
et al. 2015; Zeng et al. 2017). The combination of physical oceanographic modelling 
and genetic studies is also leading to new insights in how variability in the physical 
environment might lead to interannual, and perhaps longer-term decadal, changes in 
larval dispersal characteristics (e.g. MIDAS 2016a, in this case related to hydrother-
mal vent mussels). Recolonisation on some seamounts may occur only through epi-
sodic recruitment events. Recruitment to areas impacted by mining will depend 
initially on physical oceanographic processes in association with differences in 
reproductive characteristics of species (such as egg size and dispersal capability). 
There is evidence in genetic studies of significant self- recruitment within an area 
once a small population has become established (Zeng et al. 2017). Restoration mea-
sures, therefore, might include the transplantion of  mature individuals of key species 
or, preferably, established whole communities. Natural processes would then drive 
self-recruitment at sites in need of rehabilitation.

Restoration of coral communities in coastal and shelf seas has been successful in 
reinstating some corals following bleaching events. Methods include underwater 
nurseries, mobile laboratories for the fertilisation, larval settlement and initial out-
growing of coral recruits and transplantations (e.g. van Koningsveld et al. 2017). 
Applying these methods to the deep sea might be possible using pressurised aquaria 
for maintenance of deep-sea fauna (e.g. Shillito et al. 2014) (Fig. 5) and the use of 

Fig. 6 A large sponge on the flanks of a seamount on the Mid-Atlantic Ridge at a depth of about 
800 m. National Oceanography Centre, Southampton
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remotely operated vehicles for the in situ attachment of corals. The costs of these 
activities may be high, owing to ship and technology hire (Van Dover et al. 2014), 
but costs could be driven down by using standby time in operational ROV activities, 
such as occurs in the offshore oil and gas industry (Gates et al. 2017). In addition, 
combining the skills of ecologists and engineers, as in shallow water (van 
Koningsveld et al. 2017), could lead to novel approaches for deep-sea restoration. 
For instance, cost-effective solutions are being tested using a variety of frame struc-
tures to move and reintroduce coral ecosystems into the deep sea (http://www.mer-
ces-project.eu/?q=content/wp4-field-work-activities).

Potentially, a new approach of transplanting whole artificial reefs on frames 
might prove successful if engineering solutions are developed on (1) ways to trans-
port mature artificial reef structures/frames from healthy communities in set aside 
areas to the site in need of rehabilitation and (2) methods to retain the diverse com-
munities which have colonised the artificial reef while they are being moved. Reef 
structures with sufficient rugosity and complexity (Cuvelier et al. 2018) could be 
emplaced initially in mature set aside conservation areas where colonisation by a 
wide variety of fauna is more likely to occur owing to proximity to mature individu-
als of different species. The reef structures would be cheap allowing a large number 
to be used. When a mine site is closed, the artificial reefs could be moved to the 
mine site, forming a distributed network, enhancing local recruitment. Such a 
method would accelerate recolonisation of whole, diverse communities.

Diverse communities on artificial reefs may take time to become established, and 
so innovative solutions would need to be tested and proven ahead of the submission 
of an Environmental Impact Statement. This indicates that contractors should 
address potential restoration measures early during exploration activities because 
the success of the various restoration techniques in the deep sea might not be appar-
ent for 5–10 years following deployment.

 Polymetallic Sulphide Mining and Restoring Ecosystems on Mid-ocean 
Ridges

Areas with seafloor massive sulphides (SMS) have a variety of habitats including 
hydrothermally active vents and chimneys, relict chimneys in (currently) inactive 
locations, lava flows and bedrock (Van Dover 2011; Boschen et  al. 2013, 2016) 
(Fig. 7). Detailed mapping at one SMS site has revealed considerable heterogeneity 
in the distributions of various megafaunal assemblages (Boschen et al. 2016) with 
the indication that some specific assemblages may be associated with inactive vent 
sites. The dominant species around inactive vent chimneys do have wider distribu-
tions, and further work is required to determine whether the assemblage is related to 
the inactive vents or to differences in microbiology, food supply and current flows 
which might influence local recruitment. Many of the taxa that are not specific to 
active vents appear to have wider distributions in the region. These different assem-
blages may require to be managed in different ways.
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Mining at or adjacent to active hydrothermal vents, if it occurs, will need to be 
managed carefully. Mining will have consequences for biological communities that 
are highly localised and separated by large distances along a ridge axis. Methods for 
avoiding and minimising impacts may be sufficient, including ensuring that existing 
conduits and flow rates of the hydrothermal vent fluids are maintained. However, in 
some cases, restoration of hydrothermal vent communities may be required. 
Methods may include the placing of artificial chimney structures over new seafloor 
vents to simulate and enhance the precipitation and formation of sulphide chimneys 
and their various microhabitats (Coffey Natural Systems 2008; Section 9.6.2; 
Cuvelier et al. 2018). New chimney structures at different stages of temporal devel-
opment might need to be created. Restoration actions might also include creating 
new vent fluid outlets by drilling holes to ensure fluid flow and allow for vent fauna 
to recolonise artificial chimney structures (Cuvelier et al. 2018).

Van Dover et al. (2014) developed a scenario for the restoration of hydrothermal 
vent communities using artificial chimneys at a proposed massive sulphide mine 
site to support fauna associated with actively venting (e.g. holobiont provannid 
snails) and inactive sulphide deposits (e.g. bamboo corals). A cost model that 
included the use of remotely operated vehicles (ROVs) and other autonomous vehi-
cles and the creation of artificial chimneys was produced. At least 80% of the costs 
were related to shiptime and the use of the ROV technologies. The costs of restora-
tion were estimated to be two to three orders of magnitude larger than restoration 

Fig. 7 An example of a 
seafloor massive sulphide 
deposit: the Jabberwocky 
edifice, a mineral-rich 
hydrothermal vent chimney 
about 5 m high and at 
depth of 2757 m in an area 
of the Southwest Indian 
Ocean Ridge licenced by 
the ISA. Jon Copley, 
University of 
Southampton; https://www.
youtube.com/
watch?v=y6iK19xaYJg
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actions in shallow water. As indicated above for cold-water corals, hydrothermal 
vent restoration could be reduced considerably by planning the activity in and 
around other seabed mining operations using ROV systems or by using smaller and 
less costly vessels.

The restoration of fauna normally found on rocky surfaces, such as octocorals 
(Fig. 8), and in sediments, such as enteropneusts (Jones et al. 2013; Fig. 9), in areas 
with seafloor massive sulphides should be considered separately. Rocky slope and 
sediment fauna in and around massive sulphides may have wide distributions along 
a ridge system, although they are likely to be restricted to certain depths and may be 
abundant only within a depth range of a few hundreds of metres (e.g. Billett 1991; 
Carney 2005). In addition, sediment fauna and possibly rocky slope fauna, on the 
Mid-Atlantic Ridge (MAR), have been shown to have close affinities to the fauna 
found at similar depths and latitudes on continental slopes to the west or the east of 
the MAR in the Atlantic Ocean, including fish (e.g. Alt et al. 2013; Priede et al. 
2013). It is possible that many species on mid-ocean ridges will have wide distribu-
tions on an ocean basin scale.

It is possible that the small footprint of a sulphide mine site, and the likely wide- 
ranging distributions of the rocky slope fauna, means that investment in restoration 
actions may not enhance natural unassisted recovery rates significantly. More infor-
mation is needed from baseline data and scientific studies on species distributions 
and connectivity. If particular communities are found to be unique and restricted in 
their distributions (e.g. Boschen et al. 2016), then the artificial reef and transplanta-
tion techniques described for cobalt crust mining above may be effective. Large 
clumps of ecosystem engineer species, and associated attached or sessile fauna, 

Fig. 8 The octocoral Metallogorgia sp., at a depth of 2600 m on the Mid-Atlantic Ridge, is an 
example of non-hydrothermal vent organisms that could be impacted by seafloor massive sulphide 
mining. Daniel Jones, National Oceanography Centre, Southampton
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could be transplanted away from active mining operations and potentially returned 
to the mined area as part of a Closure Plan (Coffey Natural Systems 2008, Section 
9.6.2; Cuvelier et al. 2018). The use of artificial reefs/frames is likely to be cost- 
effective solution but will require experimentation and research to demonstrate their 
utility during the exploration phase for seafloor massive sulphides.

 Polymetallic Nodule Mining and Restoring Ecosystems on Abyssal Plains

The restoration of benthic ecosystems following mining for polymetallic nodules 
may target (1) fauna attached to the nodules that may be dependent on the nodules 
as a substratum and (2) the sediments, which will be disturbed during the collection 
of the nodules. Impacts will also occur on pelagic ecosystems, especially in the 
benthic boundary layer (within c. 100 m of the seabed). It is unlikely that restoration 
actions could be devised for  pelagic ecosystems.

The removal of a large part of the hard substratum (nodules) on abyssal plains 
in polymetallic nodule provinces, especially the removal of areas with dense nod-
ule cover, is likely to have a significant environmental impact on obligate nodule- 
attached fauna (Amon et  al. 2016; Vanreusel et  al. 2016). The nodules act as 
substratum for a wide variety of taxa, including sea anemones, a wide variety of 
soft and stony corals, sponges, sea lilies, komokiaceans and xenophyophores 
(giant protozoans) (Fig.  10). As nodules grow only exceptionally slowly, their 
replacement will occur only over millennia; essentially they will be lost on eco-
logical timescales (Amon et al. 2016). Not all nodules will be mined, but the areas 
with high nodule abundance are likely to be targeted for mining, and it is possible 
that areas with high nodule abundance are important for the maintenance of 

Fig. 9 An acorn worm 
(Hemichordata, 
Enteropneusta) at a depth 
of about 2500 m on the 
Mid-Atlantic Ridge. Daniel 
Jones, National 
Oceanography Centre, 
Southampton
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 natural populations of a wide variety of taxa (Vanreusel et al. 2016). In addition, 
nodules will also become covered by sediment deposited from plumes created 
during mining operations. Owing to the large areas over which nodule mining will 
occur (c. 200 km2 area per mining machine per year; Smith et al. 2008), there may 
be a compelling need to replace hard substrata on the seafloor in order to ensure 
that species do not go extinct. While areas with nodules may be retained through 
current spatial management plans, for instance, within Areas of Particular 
Environmental Interest (APEI) (International Seabed Authority 2011a; Wedding 
et al. 2013; Lodge et al. 2014), this may not be sufficient to maintain healthy self-
replicating populations, particularly if the APEIs show environmental differences 
to the mined areas (Vanreusel et al. 2016).

A potential restoration strategy is for contractors to replace a significant propor-
tion of the nodules mined with artificial nodules of a similar size, shape, rugosity, 
porosity and (gross) chemistry to those that have been lost (Cuvelier et al. 2018). 
This poses questions as to the cost-effective materials that might be used and that 
would not be considered as pollutants of the abyssal environment. One proposal 
would be to utilise some of the waste material extracted from the nodules follow-
ing processing on land. While, for instance, the manganese in the nodules has com-
mercial worth, the amount produced from nodule processing will outweigh the 
commercial needs thus potentially leaving large volumes of manganese that could 
be used to make artificial nodules with similar composition to those which have 
been mined. Considerable research is needed on the relationship between nodule 
density and the population maintenance of obligate-attached fauna, and the materi-
als and methods by which artificial nodules might be introduced to the abyssal 

Fig. 10 The octocoral Bathygorgia sp. and associated fauna, attached to a large polymetallic nod-
ule at a depth of about 4000 m in the Clarion-Clipperton Fracture Zone, eastern equatorial Pacific. 
Daniel Jones, National Oceanography Centre, Southampton
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 environment. The reduction in sponge stalks and coral stands, an important habitat 
for some associated species (Purser et  al. 2016), may also need to be replaced 
(Cuvelier et  al. 2018) although novel deployment methods would be required. 
Artificial sponge stalks have been shown to be successful in attracting fauna 
(Beaulieu 2011). Owing to the large areas impacted, the use of artificial reef struc-
tures/frames, conditioned in advance in set aside areas, as described above for 
seamount fauna restoration following cobalt crust mining, may be required also to 
assist in connectivity across large expanses of seabed.

The restoration of sediment communities is a particular challenge owing to the 
very large areas of seabed which will be affected and the slow recovery rates of 
abyssal ecosystems. It is likely that the main actions for the protection and preserva-
tion of the marine environment will be through spatial management measures and 
the minimisation of impacts by engineering solutions. However, there may be some 
restoration actions that could be undertaken to assist natural recovery rates. These 
relate to ways in which the physical structure of the surface sediment layer (top 
5 cm of the seabed) might be reinstated to allow natural processes and recolonisa-
tion to proceed faster, bearing in mind that the principal contributors to ecosystem 
functioning will be the microbial and meiofaunal communities. These communities 
may also be the components of sediment communities that are more resilient to 
mining operations.

Where previous experiments have removed and compacted the seabed using a 
sledge 2.5 m wide, there has been very little recolonisation of the sediment by meio-
fauna (Miljutin et al. 2011). It is likely this is related to changes in the physical 
nature of the sediment (grain size, organic content and texture) (Gollner et al. 2017). 
The supply rate of particulate organic carbon (organic material, food) and its inter-
action with the seabed structure may also be important. Stratmann et al. (2018a) 
suggested that in an experimental study of the response of deep-sea megafauna to 
the large-scale disturbance of the seabed, megafaunal taxa were slow to recolonise 
the disturbance site for a period of at least 7 years following the impact, probably 
owing to the poorer food conditions and changes in the sediment particle size and 
composition. In the mining context, it is likely that sediments compacted by mining 
vehicles will be covered by a layer of unconsolidated sediment falling out from the 
plume caused by operations on the seafloor (Weaver and Billett 2019 this book). 
However, if the underlying sediment has been compacted, this may still have an 
effect on the sediment communities lying above. The design of mining systems 
might therefore consider reducing compaction to a minimum.

In some places the unconsolidated surface layer remaining after mining may be 
resuspended by near seabed currents, potentially caused by eddy systems emanat-
ing from storms at the sea surface (Aleynik et al. 2017). Sediments on the move are 
also less likely to be recolonised by the diverse species assemblages normally 
found in abyssal sediments around polymetallic nodules before mining, even 
though the microbial and meiofaunal communities may survive the mining process, 
at least initially. Restoration of the sediment fabric might therefore be considered 
important to resist resedimentation and to provide a suitable habitat for faster recol-
onisation and rehabilitation of sediment communities. Engineering solutions at the 
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time of mining may be able to assist in this process. Alternatively, stimulation of 
the microbial community and the production of exopolymers to consolidate the 
sediment surface, a natural process known in intertidal mudflats (Yallop et  al. 
2000), could be stimulated by applying a fine rain of organic particulate material 
(potentially several times) following mining. While this may lead to changes in the 
composition of the microbial community initially, it may assist the natural long-
term sediment community to re-establish itself. Abyssal sediment communities are 
not immutable over time and respond to natural pulses in organic inputs (e.g. Billett 
2001, 2010; Ruhl 2007, 2008; Smith et al. 2009). Over time, sediment communities 
will stabilise, although whether the original assemblages will be replicated is 
unknown. A state of biodiversity and ecosystem functioning similar to that which 
existed prior to mining may, however, be set on course and at a faster rate than 
would be achieved by making no interventions. In order to determine if any unin-
tended consequences might occur, it is vital that research is undertaken during the 
exploration phase, possibly using ongoing benthic impact experiments to test 
potential restoration measures.

7.4  Offset/Compensate

Offsetting and compensation for biodiversity and habitat loss through man’s impacts 
is the last consideration of the mitigation hierarchy, once all approaches in avoiding 
minimising and then restoring ecosystems have been exhausted. In the deep ocean, 
compensation/offsetting should aim to provide a net gain for biodiversity (Niner 
et al. 2018). This can be achieved in theory in several ways: 1) ‘like for like’ averted 
loss of biodiversity through the protection of a similar habitat to that mined; 2) ‘like 
for like’ habitat restoration to create/restore new, additional and equivalent biodiver-
sity of a similar type in a different location to that lost; 3) ‘out of kind’ habitat resto-
ration to create new biodiversity of a different type, such as in shallow water; and  
4) ‘additional actions’ that do not seek equivalence or provide biodiversity gains but 
compensate in another way, such as capacity building (Niner et al. 2018). Niner et al. 
(2018) argue that all of these strategies have major barriers to application in the deep 
sea. For example, in the deep sea, ‘like for like’ offsetting may only be possible in 
relation to seamounts and cobalt crust mining, where the restoration of seamount 
ecosystems impacted by bottom trawling in the past might be considered. However, 
as Niner et al. (2018) point out, actions taken by one international agency within the 
activities regulated by another may not be successful. A solution for cross-sector 
environmental management might be arranged through the Memoranda of 
Understanding the ISA has with other UN bodies. Another potential problem is that 
generally there is little information on the communities that occurred on seamounts 
prior to being impacted by bottom trawling. Methods using artificial reefs and frames 
deployed on healthy seamount ecosystems or set aside areas at the same depth and 
within the same region as those being mined, as described for cobalt crusts above, 
may be suitable in this case. This indicates the importance of set aside areas being 
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created before the exploitation of minerals and for the potential restoration measures 
to be investigated during the exploration phase. The many barriers to compensation 
in the mitigation hierarchy suggest that, while continued research is important, it 
may not be a desirable strategy for most mining operations.

8  Conclusions

Other potential restoration measures suggested by the MIDAS Project (MIDAS 
2016a, b) have been reviewed by Cuvelier et al. (2018) and may offer additional 
solutions to improving the rate at which deep-sea ecosystems might recover follow-
ing mining. However, all the methods require rigorous testing and experimentation 
in order to avoid unintended consequences and to test their practicality and cost- 
effectiveness. It is surprising, therefore, that very little attention has been given to 
identifying potential restoration measures in the deep sea. Owing to the time 
required to measure significant changes between restoration actions and natural pro-
cesses, experiments are required sooner than later during the exploration phase in 
order to be included in Environmental Impact Statements. Good, cost-effective and 
simple restoration actions have the potential to lead to considerable cost savings for 
contractors over the life time of a mining project and will be important for the main-
tenance of important ecosystem services in the deep sea. Realising the need for 
restoration and its costs may also play an important role in cost-benefit analyses of 
engineering solutions to minimise impacts while mining and so reduce the needs for 
subsequent restoration (Durden et al. 2017). Deciding on environmental trade-offs 
in deep-sea mining, especially in relation to biological factors, will be complex, 
including morphological taxonomy, genetics, connectivity, ecotoxicology, bioac-
cumulation, ecosystem functioning and ecosystem services. It will be important for 
contractors to have environmental business- focussed decision takers within their 
organisations at a senior level who understand these complexities and to make best 
use of ships, technologies, methods, people and time.

Key recommendations for improving environmental management practices are:

• Contractors should appoint a senior environmental manager at the start of the 
exploration phase.

• Mining equipment should be designed at the prototype stage to avoid and mini-
mise environmental damage and reduce long-term monitoring costs.

• Contractors should use the latest best available technologies and best environ-
mental practices.

• Contractors should plan environmental management using the ‘mitigation 
hierarchy’.

• Contractors should work together to produce industry standards and protocols.
• All contractor environmental data should be archived and submitted to the ISA 

for the development of Regional Environmental Management Plans (REMPs).
• Contractors should sponsor some expeditions focussed primarily on environ-

mental management issues.
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• Contractors should publish their annual reports and data on environmental base-
line surveys and monitoring studies online.

• Experimentation on, and planning for, ecosystem restoration should be under-
taken during exploration activities.
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The Development of Environmental 
Impact Assessments for Deep-Sea Mining

Malcolm R. Clark

Abstract The chapter provides an account of general Environmental Impact 
Assessment (EIA) processes and applications, and their role in the developing 
exploitation of deep-sea mineral resources. It includes aspects such as definitions, 
the position of EIA as part of a larger process, the structure and content of an EIS 
and the role of risk assessment in the EIA and considers some of the key elements 
specific to deep-sea mining that need to be addressed as potential mining progresses 
from exploration to future exploitation. Elements identified by the ISA, and exam-
ples from national assessments, are also reviewed briefly to determine what will be 
required in future.

Keywords EIA format · EIA process · EIS components · Deep-sea mining

1  Introduction

Environmental Impact Assessment (EIA) is an integral component of the planning, 
development and management of many human activities. It is a process that is well 
established in many national jurisdictions and for many industrial developments 
(Petts 1999; Husky Oil 2001 Glasson et al. 2012). However, the nature and extent of 
the process and form of environmental management, including EIAs, is not yet fully 
developed for deep-sea mining (Durden et al. 2017; Ellis et al. 2017).

The requirement for an EIA is embodied in the national legislation of many 
countries and regions (Government of the USA 1970; Government of Canada 2012; 
New Zealand Government 2012) and also in the evolving guidelines for the man-
agement of seabed mining in “the Area” under the jurisdiction of the International 
Seabed Authority (ISA). The UN Convention for Law of the Sea (UNCLOS) has 
general provisions for States to protect and preserve the marine environment from 
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activities (Articles 145, 192), and more specifically Article 206 states that when 
planned activities could cause significant and harmful changes, the potential effects 
of activities should be assessed and reported. Contractors, sponsoring States and 
other interested States or entities are also required during exploration to cooperate 
with the ISA in the establishment and implementation of programmes for monitor-
ing and evaluating the impacts of deep seabed mining on the marine environment 
(ISA 2013a). The need to assess environmental impacts requires the development 
and implementation of a robust EIA process.

This chapter is structured to describe key elements of EIA, starting with its defi-
nition, then moving on to describe the main components of the process and the 
scope, structure and content of the EIA report. The chapter concludes with address-
ing some of the main issues that need to be considered for deep-sea mining, utilizing 
experience from several national EIAs that can be applied in current efforts by, for 
example, the ISA, to develop and implement best practice in environmental assess-
ment and management.

2  What Is an EIA?

There are many definitions of EIA, but a commonly used one is that of the 
International Association for Impact Assessment (IAIA) (Senécal et al. 1999) which 
defines an EIA as “the process of identifying, predicting, evaluating and mitigating 
the biophysical, social, and other relevant effects of development proposals prior to 
major decisions being taken and commitments made.” Following on from this, the 
IAIA describes four key objectives of an EIA:

 (i) To ensure that environmental considerations are explicitly addressed and 
incorporated into the development decision-making process

 (ii) To anticipate and avoid, minimize or offset the adverse significant biophysical, 
social and other relevant effects of development proposals

 (iii) To protect the productivity and capacity of natural systems and the ecological 
processes which maintain their functions

 (iv) To promote development that generates less destruction and optimizes resource 
use and management opportunities

EIAs are required for a wide range of activities within a legislative and policy con-
text. While beyond the scope of this chapter, each of these will have reference to the 
goals of environmental management and the role of EIA within that particular 
framework, whether national (Wood 2003); regional, e.g. Pacific Islands (Secretariat 
of the Pacific Community 2012); or international, e.g. Law of the Sea Convention, 
Convention on Biological Diversity (Jaekel 2017).
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3  EIA as a Process

EIA is not a single report but part of a wider process that involves the carrying out 
of studies to define the existing environment before exploitation occurs and the 
assessment of impacts and an evaluation of effective mitigation measures.

Initiation or submis-
sion of proposal

Screening

Impact assessment
required

Initial environmental
examination

No impact assess-
ment required

Scoping

Assessing
(impact analysis /

predictions; impact
significance)

Public involvement *

Public involvement *

* Public involvement should ideally
occur at all stages of the impact
assessment

Mitigation
(Redesign; planning

for impact
management)

Reporting or the 
environmental

impact statement
Resubmit

Redesign

Not approved Approved

EIA audit
Monitoring

(impact management)

Decision-making

Reviewing
(document quality;
stakeholders’ input;

proposal
accountability)

Fig. 1 Example of an EIA process flowchart. (Reproduced with permission from RAMSAR 
2010)
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There are numerous flowcharts and diagrams outlining variations of this sequence 
(Collins et al. 2013; ISA 2017; Bradley and Swaddling 2018; Durden et al. 2018). 
There is nothing exceptional to deep-sea mining in the process as such, but many 
specific issues come under each step, tailored for the resource and the legislation/
policy of the regulatory body. However, a key issue for a developing resource such 
as deep-sea minerals is the ongoing interaction of policy, review and engagement of 
interested parties (Fig. 1).

The EIA process is part of a larger picture, and these components are not inde-
pendent or constant. There are tiers and layers of systems and tools that influence, 
and are influenced by, the EIA process. Policy initiatives, strategic or regional envi-
ronmental strategies and assessments and other individual projects all need to be 
integrated through the process (Fig. 2). An individual project EIA might be nested 
under multiple higher level strategic or regional plans and can also involve multiple 
scales of time and space (Glasson et al. 2012).

3.1  EIA Process Components

The main components of the process include:

Screening: to determine whether a project requires an EIA, and if so at what level.
Scoping: to identify at an early stage the issues and impacts that are likely to be 

important and to be emphasized in the EIA.

Fig. 2 A schematic of various drivers and plans associated with deep-sea mining, highlighting the 
interplay between different processes including EIA. (From Jones et al. 2019)
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Examination of alternatives: to establish the most feasible and environmentally 
sound approaches for achieving the project objectives. This includes description 
of the project methods.

Environmental baseline: to describe the current status of the environment in the 
absence of the project.

Impact analysis: to identify and predict the likely environmental (and social plus 
other related) effects.

Mitigation and impact management: to evaluate measures necessary to avoid, mini-
mize or offset predicted adverse effects.

Evaluation of significance: to determine the relative importance and acceptability of 
residual impacts.

Stakeholder consultation and participation: to incorporate a wide range of views of 
interested and affected parties and public, to ensure the EIA is comprehensive, 
complete and has a balance between social and scientific evidence.

Preparation of EIA/EIS reports: to document clearly the impacts of the project, 
proposed measures for mitigation, significance of effects and concerns raised by 
consultation (see Box 1 for EIA/EIS).

Review: to determine the content of the EIA/EIS report provides a satisfactory 
assessment of the project and can contribute to the decision-making process.

Decision-making: to be considered by the relevant authorities and approve/reject 
and establish terms and conditions for implementation of the project.

Follow-up and audit: to monitor the project and ensure conditions are met, impacts 
are monitored, and the effectiveness of mitigation and management measures 
can be assessed.

Box 1 Terminology
The terms EIA (Environmental Impact Assessment) and EIS (Environmental 
Impact Statement) often cause confusion. Some countries do not use EIS at all 
and simply have EIA report/s, whereas for others the EIS is the key output of 
the EIA. At times they are used interchangeably. Confused?

Based on the terms used in NEPA and by the ISA in developing its exploi-
tation regulations, the following explanation may help.

• EIA is the process of undertaking the assessment of environmental impacts, 
determining the significance of a project’s environmental outcomes and 
looking at alternatives to reduce impact.

• EIS is the formal documentation (i.e. the final EIA study report) which 
brings together all the parts of the EIA which describe the environmental 
impacts, and the measures that can be taken to reduce them where possible, 
and residual impacts that cannot be avoided.
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Typically, these are grouped into five “clusters”:

 1. Screening
 2. Scoping
 3. EIA (alternatives, baseline, impact analysis, mitigation and management, evalu-

ation of significance, preparation of EIA/EIS report)
 4. Decision-making (which includes EIA review)
 5. Follow-up and Audit (often part of an Environmental and Monitoring 

Management Plan)

Preconditions for, and all steps to be taken during, an EIA process prior to per-
mitting mining tests or operations need to be defined at the outset, including the 
overall scope of the EIA, roles, timelines, scoping procedures, public participation 
and review, as well as setting performance criteria for environmental reporting and 
assessment. Funding and institutional mechanisms and procedures need to be clari-
fied in order to ensure an independent EIA.

Importantly, the various stages are a continuum, and they may overlap between 
regulations. This is an issue for the ISA where there are separate Exploration and 
Exploitation regulations, yet screening and scoping stages should occur at the start 
of exploration, with separate EIAs at the stage of test mining/component testing, 
and then a full EIA is related to the application for an exploitation license.

A review by Sadler (1996), although almost 20 years old, still serves as a good 
example of some of the good, the bad and the ugly features found in EIAs that 
should be checked during any proposed EIA process and structure (see Box 2).

Box 2 EIA Process: The Good and the Bad (Adapted from Sadler 1996)
Best-case performance:

• Facilitates informed decision-making by providing clear, well-structured 
and quantitative analysis of the effects and consequences of proposed 
actions

• Assists the selection of the best practicable and environmentally friendly 
techniques and approaches

• Screens out environmentally unsound options and enables a review of fea-
sible options

• Encompasses all relevant issues and factors, including cumulative effects, 
social issues, etc.

• Directs (but not dictates) evaluation processes and development of terms 
and conditions on the project

• Uses best available techniques and methods to determine significance of 
effects

• Includes adaptation and feedback mechanisms to inform future 
developments
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4  The Structure of EIAs

4.1  Scope

The “ideal” EIA process will become incorporated into integrated ecosystem 
approaches across a range of sustainable development themes which include triple- 
bottom line, integrated and sustainability assessments (Hacking and Guthrie 2008). 
However, this starts to become a very complicated matrix of components that is 
good as a concept and theory but in practice is very difficult for a single project- 
level EIA to address, let alone in the deep-sea environment with a developing indus-
try. Nevertheless, in recent years there has been a trend to widen the scope of EIAs 
beyond simple ecological impacts and encompass a wider range of decision-making 
tools operating at different levels (Jay et  al. 2007; Hacking and Guthrie 2008; 
Morgan 2012). Although this is often more a case of “stretching” an EIA to include 
other types of assessments than real integration of assessments (Hacking and 
Guthrie 2008), it is appropriate because an EIA has a role to identify environmental 
limits and constraints on the project as a whole, not just its impacts on the environ-
ment. The trend to broader assessments beyond just biophysical elements is seen, 
for example, in New Zealand where the expectation is that an “Impact Assessment” 
will include a “whole of environment” approach (Clark et al. 2017) with a balanced 
consideration of both biophysical and socio-economic impacts (including cultural). 
This approach can lead to a triangular “integrated assessment” (biophysical, soci-
etal, economic assessments), which includes using EIA to identify environmental 
limits and constraints on the project rather than just identifying the projects’ impacts 
on the environment (Glasson et al. 2012; Clark et al. 2017). However, the scope of 
the EIA content needs to be balanced, and there may still be links to more extensive 
socio-economic and cultural assessments as separate reports.

Worst-case performance:

• Is inconsistently applied to, or leaves out, components of the project 
activities.

• Operates as a “stand-alone” process that is poorly linked to the project 
cycle as a whole.

• Has weak, or no, follow-up processes for monitoring and assessment.
• Does not consider cumulative effects or social and other risk factors.
• Consultation and engagement (including public) is weak or non-existent.
• EIA reports are voluminous and poorly organized, with inadeqcuate 

summaries.
• Information is not directed at helping decision-making.
• Understates environmental impacts and mitigation measures are 

insufficient.
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A number of existing EIA templates for deep-sea minerals mining (Swaddling 
2016; Clark et al. 2017; ISA 2017) currently include “social impact assessment” as 
well as consideration of cultural and economic factors, although these are less 
developed and extensive than environmental impacts.

In a similar way, linkages between the EIA and Environmental Monitoring and 
Management Plan (EMMP) vary between countries. Some require this as part of the 
overall EIA (such as New Zealand which combines EIA and EMMP under an 
Environmental Assessment), whereas others have it separate. It may be required 
close to the time of the EIA (e.g. ISA draft regulations) or later (e.g. Papua New 
Guinea-Nautilus). However, the main issue is that the EIA and EMMP are part of 
the overall project management system and both together are required in order for 
managers to evaluate the overall project.

The geographical scope of an EIA needs to comply with the regulations as well 
as environmental goals of the project. Within national waters, this is generally 
straightforward as many countries have a single unified management agency. In 
some cases, however, there may be a need for an EIA to cover several types of leg-
islation when impacts could cross territorial sea-EEZ boundaries, or affect different 
industries (e.g. mining and fishing) (Clark et al. 2017; Ellis et al. 2017), or multiple 
EEZs such as when impacts from a mining operation in one jurisdiction could 
spread into another, and require cooperation between countries (Secretariat of the 
Pacific Community 2012). EIAs associated with seabed mining in the Area under 
the jurisdiction of the ISA should not be limited to just the Area, as transport of 
products or processing will involve other countries. In this case there may need to 
be several EIAs with a differing emphasis to satisfy the requirements of the country 
or regulatory body. However, each EIA should cover the full project, so the decision- 
making processes are linked (ISA 2017).

4.2  EIS Format

EIAs can come in all shapes and sizes, as different contractors, consultants and 
institutes have their own way of doing things. However, a degree of higher level 
structural standardization can make the task of contractors and the reviewing regu-
latory body much easier, because the former know what they need to provide, and 
the latter know what to expect.

The ISA developed a provisional EIS template for deep-sea mining activities 
(ISA 2012), partly based on the structure of an Environmental Impact Statement 
prepared for Seafloor Massive Sulphide (SMS) mining off Papua New Guinea 
(Coffey Natural Systems/Nautilus Minerals Ltd 2008). The ISA template has since 
been modified by Swaddling (2016), and it was also used in developing guidelines 
for EIAs that could bridge the international template and the requirements of the 
EEZ Act in New Zealand (Clark et al. 2014, 2017). The 2012 ISA version was fur-
ther modified on the basis of these other initiatives in 2016 (ISA 2017) which 
formed the basis for the template included in the draft ISA regulations for exploita-
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tion (ISA 2018). The key objective of the template is to act as a guide for contractors 
to achieve consistency in the type of EIA information that would need to be pre-
sented. This is also an aid to ensuring that exploration activities can collect the 
necessary information to carry out the EIA. The high-level heading structure (see 
Box 3) has many subheadings to help ensure the report covers the key elements that 
need to be assessed. However, it is important to stress that the EIA process is 
intended to result in a report that is focused on the significant effects, and these need 
to be emphasized in the final report over activities and impacts that are of less 
concern.

The template has deliberately been developed at a high level, so it does not rap-
idly become complex and complicated with trying to pre-empt the wide range of 
environmental situations covered by a variety of mineral resource types. In order to 
check that the content suggested by the headings was appropriate, earlier versions 
of the template have been reviewed at a workshop involving a range of scientists, 
managers, industry and environmental groups from Pacific Island countries 
(Swaddling 2016) and government agencies and industry in New Zealand (Clark 
et al. 2017). In addition the proposed ISA template structure (ISA 2017) was used 
by two contractors applying to the ISA for a permit to undertake nodule mining col-

Box 3 First Level Headings from the ISA’s EIS Template
Table of Contents

Executive summary

 1. Introduction
 2. Policy, legal and administrative context
 3. Description of the proposed development
 4. Description of the existing physico-chemical environment
 5. Description of the existing biological environment
 6. Description of the existing socio-economic environment
 7. Assessment of impacts on the physico-chemical environment and pro-

posed mitigation
 8. Assessment of impacts on the biological environment and proposed 

mitigation
 9. Assessment of impacts on the socio-economic environment and proposed 

mitigation
 10. Accidental events and natural hazards
 11. Environmental management, monitoring and reporting
 12. Consultation
 13. Product stewardship
 14. Glossary and abbreviations
 15. Study team
 16. References
 17. Appendices
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lector trials in the Clarion Clipperton Zone planned for 2019. The EIAs were sub-
mitted in 2018, and from both contractor and reviewer comments, the template 
headings and subheadings were found to be useful in guiding the nature and extent 
of data and analyses required for the task.

The effectiveness of EIAs has been found to be limited when they have too much 
focus on overly descriptive baseline work and not enough emphasis on key impacts 
of the activity (Glasson et  al. 2012). Often it is difficult to wade through long- 
winded accounts of the environment that lack a good interpretation of the relevance 
to impacts from the proposed activities. In the development of EIA/EIS templates to 
date, there is a consistent approach that key impacts from offshore mining activities 
should be structured by “receptor” and depth range to enable an understanding of 
the source and nature of impacts caused by the various components of the operation 
at the surface or seafloor and help to focus the EIA on key impacts and potential 
mitigation measures.

The main principles and criteria of an EIA are often not fulfilled, and it is rela-
tively straightforward for an applicant to keep in mind the basics of environmental 
assessment and check points off as they review their application. An EIA/EIS should 
be (after Senécal et al. (1999):

• Purposive: be informative for decision-making
• Rigorous: apply best practicable science
• Practical: result in useful information and outputs
• Relevant: provide useable information
• Cost-effective: achieve EIA objectives within acceptable resource and time 

limits
• Efficient: process should minimize cost burdens
• Focused: concentrate on significant issues
• Adaptive: adjustable to the specific situation but not compromise the process
• Participative: inform and involve interested and affected parties
• Interdisciplinary: involve multiple techniques and experts across a range of fields
• Credible: a professional process, subject to independent checks/verification
• Integrated: interrelationships of social, economic and biophysical aspects
• Transparent: an open and informative process
• Systematic: consider all relevant information and options

4.3  EIA Guidelines

Given the variability in environmental characteristics between deep-sea mineral 
resource types and locations, there is a careful balance required between EIA guide-
lines being highly prescriptive (which may not fit certain situations) and being too 
general (where adequate standards aren’t clear). Countries often produce guidance 
documents to help companies develop their EIAs (US Department of Energy 2004). 
Clark et al. (2017) provide more explanation on what should be included under the 
ISA template headings, provide links to several relevant data and information 
sources and advice on a number of general issues across EIAs (such as uncertainty, 
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cumulative impacts, adaptive management). It has a focus on New Zealand legisla-
tive requirements but is intended also to apply more internationally. However, EIAs 
are not “one size fits all”, and every situation is going to be different in the studies, 
data and information required to compile a robust assessment. This will be a chal-
lenge as the ISA, in particular, plans to develop standards and guidance for contrac-
tors as part of the proposed exploitation regulations (ISA 2018). However, such 
outputs will be a substantial step forward in trying to define and develop best envi-
ronmental practices.

5  Future Challenges for Deep-Sea Minerals Mining EIA

There is a growing literature on potential impacts of deep-sea mining (Boschen 
et al. 2013; Gollner et al. 2017; Miller et al. 2018), and together with experience 
from several seabed mining license application EIAs (Coffey Natural Systems/
Nautilus Minerals Ltd 2008; Chatham Rock Phosphate 2014), some elements that 
are needed to improve EIA or their uptake in the context of the developing ISA 
exploitation regulations have been identified (Lallier and Maes 2016; Clark 2017; 
Durden et al. 2018; Clark et al. 2018). A number of these are in progress within 
countries or the ISA, especially those of process, and so these are not covered below 
as any comments could rapidly be outdated. However, issues regarding the technical 
content of the EIA are longer-term, and some of these are briefly outlined.

5.1  Data Shortcomings

The deep sea is a remote, difficult, dynamic and expensive environment to sample 
(Clark et al. 2016). Given the complexity of the environment, and a poor under-
standing of spatial and temporal scales of faunal organization and environmental 
drivers (Ramirez-Llodra et al. 2010), it is likely that there will always be a con-
strained understanding of ecosystem structure and function. Even in coastal or ter-
restrial situations, many EIAs suffer from incomplete data or information that is 
inadequate to fully assess the impacts of activities on one or more receptors. A long 
list is possible of issues that EIAs can have in the deep sea, and in practical terms, 
there may be little one can do about some of them. Scientists and managers have to 
be prepared to work with a data-limited situation. However, common and avoidable 
problems relate to:

• Lack of standardization of data or sampling procedures
• Poor integration of all available data
• No assessment of what is an adequate baseline dataset
• Inadequate baseline survey design (often not enough thought)
• Insufficient regional setting for studies done at a smaller-scale site of interest
• Insufficient assessment of potential cumulative impacts
• Limited expression or acknowledgement of uncertainty

The Development of Environmental Impact Assessments for Deep-Sea Mining



458

5.2  Adequate Environmental Baseline Information

Baseline data collection and short-term monitoring studies are important aspects of 
exploration activities, as they underpin the preparation of an EIA, prior to any appli-
cation for a full mining permit. It is expected that some information will be available 
from an area before any exploration occurs, and desktop studies will form the basis 
of initial screening and scoping of the project. However, available data will invari-
ably be inadequate to describe and characterize the receiving environment of any 
likely mining site. Hence baseline surveys and targeted scientific studies will be 
needed to provide information on the pre-mining state of the environment, as well 
as some monitoring of conditions over time to understand temporal variability of 
key environmental factors. Such studies will need to cover a wide range of research 
aspects and be carried out using current “best practice” approaches and methods. 
The ISA has published two reports that describe and give some advice on the sorts 
of studies, type of data and nature of sampling required for both baseline measure-
ments and ongoing monitoring. These cover manganese nodule (ISA 1999), sea-
floor massive sulphide and cobalt-rich crust resources (ISA 2007), with an additional 
report on sampling standardization (ISA 2002). Many of these recommendations 
have subsequently been amalgamated (ISA 2013b). Protocols and standards for 
baseline studies specific to deep-sea mining have also been reviewed as part of the 
European MIDAS project (Billett et al. 2015) and a further review and recommen-
dations done in the Southwest Pacific (Swaddling et al. 2016). ISA recommenda-
tions for assessment of possible environmental impacts (ISA 2013b) are currently 
being reviewed and updated by the ISA’s Legal and Technical Commission.

Every location, resource type and habitat can have different characteristics. 
Hence baseline studies to support EIAs have to be flexible to ensure they are fit for 
purpose. However, in collecting data during exploration to support the baseline defi-
nition, and subsequent monitoring, there should be a level of consistency so that 
core deep-sea ecological information demands are met, and these are comparable 
and can be combined between contractors to form a regional picture. The key 
aspects include:

• What parameters should be measured from the outset, and how.
• What is measured to acceptable standards (accuracy and precision).
• What are the key ecological indicators that need to be assessed in transitioning 

from baseline data to measuring/monitoring future changes under the EMMP.
• What level of change might be acceptable in terms of mitigation (against generic 

ecological limits and thresholds, not management targets).

There are two “categories” of impacts that assessment and monitoring must 
consider:

• Operational: including mining or drilling location and rate, volumes discharged, 
hazardous discharge events and quantity of mined material removed

• Effects: including physical (e.g. water column turbidity, sediment deposition on 
seafloor), chemistry (e.g. analytical suite of contaminants, zone of initial mix-
ing for guideline comparisons, relevant water and sediment quality guidelines, 
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bioaccumulation assessment) and biological monitoring (e.g. sentinel species, 
survey approaches)

The second, which is focused on environmental aspects, can build on available 
environmental assessment guidance (ISA 2013b) and more recent work. The main 
aspects to be included and parameters to be measured, for both baseline and moni-
toring survey programmes, are described in guidelines on scientific research devel-
oped by the SPC-EU DSM project and NIWA (Swaddling et al. 2016). This report 
covers survey design, sampling equipment and “best scientific practices” for deep- 
sea sampling relevant to marine minerals. A summary table from that report on 
recommended scientific studies, their rationale and methods is reproduced as 
Appendix 1, which provides a starting point for determining the studies that need to 
be conducted for assessing and monitoring impacts and environmental changes.

However, while the “why” and “how” are tractable, the “what” is more problem-
atic. Science needs to address questions such as what are the key indicators of sys-
tem health; can we measure with enough precision to detect change; what is an 
acceptable level of change; how can we address ecosystem-level responses; etc. 
These are simple questions to ask but very difficult to answer. Some progress is 
being made (Levin et al. 2016; Le et al. 2017), but it will be an important part of the 
EIA and EMMP process to have robust feedback mechanisms and a flexible 
approach (e.g. adaptive management) as part of the system to ensure that we learn 
from the initial mining activities to improve future assessment and management and 
avoid unnecessary risk. Knowledge uncertainty will need to flow through into mea-
sures to be adopted in the environmental management process (see below).

The role of test mining under the ISA exploration regulations is also uncertain in 
the EIA process. However, such testing could be an important element of the transi-
tion from exploration to exploitation, as without it there can be only limited under-
standing of the likely nature and extent of impacts because the spatial scale of most 
potential mining operations is very large relative to exploration. Such scaled-up 
trials will not provide all the solutions to address the long-term sustainability of 
deep-sea ecosystems in the mined region but will start to provide a more realistic 
and scale-relevant assessment of impacts.

5.3  Uncertainty

There are numerous technical/scientific challenges for any deep-sea EIA.  The 
underlying cause of this difficulty is the nature of the environment. The deep sea is 
difficult to access because of its remoteness and depth. Ecosystems are open, both 
horizontally and vertically, and community definition and boundaries are difficult to 
establish. Many ecological processes are slow, and hence natural variability can take 
a long time to measure. Given these, and other issues, data will invariably be limit-
ing for an EIA in comparison with terrestrial or many coastal marine environments. 
This makes the issue of expressing uncertainty and confidence particularly 
important.
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As there are many kinds of uncertainties, it can be helpful to define different 
sources of these uncertainties so that they can be better understood and managed. 
These can be defined in several groups (Clark et al. 2017):

• Knowledge uncertainty arises where there is incomplete understanding of pro-
cesses, interactions or system behaviours.

• Unpredictability arises from chaotic (often random) components of complex sys-
tems or of human behaviour.

• Structural uncertainty arises from inadequate models, ambiguous system bound-
aries or over simplification or omission of processes from models.

• Value uncertainty arises from missing or inaccurate data, inappropriate spatial or 
temporal resolution or poorly known model parameters.

• Uncertain interpretations arise when values or terms are interpreted differently 
by different user groups.

These types of uncertainties may all be relevant to assessing what effect an 
impact may have. Many of the techniques used in preparing an EIA, such as models 
used to make predictions, will have the potential for associated uncertainty, as do 
monitoring programme measurements and information due to precision of instru-
ments, or if new and less proven technologies are used.

Rouse and Norton (2010) proposed managing scientific uncertainty by making 
three steps very clear:

 1. Identify sources of uncertainty.
 2. Reduce uncertainty where possible.
 3. Acknowledge and manage the residual (unavoidable) uncertainty.

Scientists conduct the first two steps in the context of their disciplines using a 
variety of statistical or probabilistic techniques. However, for an EIA as equally 
important is acknowledging, stating and quantifying residual uncertainty as much 
as possible, as that will be a key consideration for regulators and managers.

5.4  Cumulative Impacts

Policy and regulatory requirements in many countries include that EIAs identify, 
analyse and evaluate cumulative effects. However, although they have long been 
recognised as an important component of EIAs, they are poorly assessed as a rule 
(Burris and Canter 1997). There are many stressors caused by anthropogenic activi-
ties that can affect the marine environment in a number of ways, and there is a large 
body of literature dealing with this field of research (Glasson et al. 2012; Solan and 
Whiteley 2016). Results of numerous studies indicate that interactions between 
stressors can be variable and hard to predict (Crain et al. 2008; Darling and Cote 
2008). Nevertheless, cumulative effects should be explored as much as possible 
given available data and considered early on during the exploration phase so appro-
priate information can be collected.
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The assessment of cumulative impacts needs to consider three key elements:

 1. Multiple sources of impact (either different types of mining operation or differ-
ent sectors)

 2. Additive or interactive processes (repetition leading to accumulation of impacts)
 3. Different types of cumulative effects (e.g. direct physical, indirect, natural)

There is now increasing guidance on what to describe and evaluate (Smit and 
Spaling 1995; Crain et  al. 2008; Ban et  al. 2010). The potential for cumulative 
impacts needs to be considered at the start of exploration, so the baseline studies can 
contribute to this aspect in a meaningful way as part of the EIA.

6  The Role of Ecological Risk Assessment (ERA)

An important component of the EIA process is to ensure the EIA focuses on the 
main sources of impact and does not spend undue time on elements of little risk. 
There are many approaches and methods to ERA (IEC-ISO 2009), and this ISO 
standard provides a useful resource to plan for a realistic and practical two-stage 
risk assessment process for deep-sea mining:

 1. At the beginning of the exploration phase, given the often-limited amount of 
information available, a qualitative (Level 1) assessment should be carried out. 
This type of assessment commonly uses an expert panel to consider the likeli-
hood of an impact occurring and the consequences if it does (Fletcher 2005; 
MacDiarmid et al. 2012). The results of this risk assessment should guide data 
collection during exploration activities. As part of the EIA process, a level 1 risk 
assessment identifies the main issues as part of the Screening and Scoping stages.

 2. A more quantitative assessment will be required before progressing to a mining 
license application stage. A semi-quantitative level 2 assessment (Hobday et al. 
2011) at the stage of preparing the EIA applies a more rigorous evaluation with 
data collected through the exploration phase on those aspects identified as high 
risk. This upgraded ERA is an important check to ensure the EIA is focused on 
the activities and aspects of impact that pose most risk to the environment.

Other options that embed a risk assessment of some form include environmental 
assessment scoping reports or environmental hazard and impact identifications 
(ENVID) to identify both accidental events and planned operational procedures 
related to a mining operation that can impact the environment (Recommended 
Practice DNVGL-RP-O601, 2016).

7  Concluding Remarks

The importance of environmental assessment is well recognised with any project 
development, but in particular for the deep sea given the increasing interest in the 
potential use of seabed minerals for future technologies, and our poor 
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 Appendix 1: Summary Table of Recommended Scientific 
Methodologies, Including the Aspects to Be Covered  
During the Survey Programme, Parameters to Be Measured 
and Appropriate Methods to Consider Given the Local 
Environmental Conditions (From Swaddling et al. 2016)

understanding of ecosystem structure and function. The process of EIA is estab-
lished, and there is a lot that can be used from existing terrestrial and coastal sys-
tems and applications. There is, without doubt, more development required, 
especially by the ISA in the Area, but there is no need to reinvent the wheel and the 
process, and administrative issues are likely to be tractable in the short-medium 
term. However, technical and scientific issues are potentially more challenging as 
they face limited baseline knowledge on the environment and currently a poor 
understanding of the spatial and temporal scale of potential impacts. Nevertheless, 
considerable scientific resources are being applied to deep-sea science and evaluat-
ing human impacts, which will help fill some of the existing knowledge gaps. 
Integrated into a robust EIA process, we can look forward to ongoing and produc-
tive development of a balanced environmental management system.
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1  Introduction

Despite resounding scientific evidence that seabed mining could cause significant, 
adverse harm to the marine environment and resulting impacts on people, commer-
cial interest in harvesting these mineral resources continues to grow. In order to 
counteract the undesired consequences of this activity, it is necessary to design a 
robust and precautionary legal framework, both in areas within and beyond national 
jurisdiction. Although there are different rules, authorities and regimes assigned to 
these two ocean spaces, ensuring similar levels of environmental protection in both 
is critical. The seas, its inhabitants and its ecosystems do not recognize the bound-
ary lines and zones as demarcated by nations (Tanaka 2015). Furthermore, the mul-
titude of environmental stressors constantly foisted on the oceans and their impacts 
are felt all across the ocean space, not just locally (Halpern et al. 2015).

It is becoming increasingly clear that deep seabed mining will impair the natural 
function of the deep ocean in climate regulation, while also severely impacting the 
integrity of the seabed and its rich biodiversity (Wedding et al. 2015; Van Dover 
et al. 2017), leading to potentially dire consequences for coastal communities and 
humans in general. The conduct of such activity is therefore a matter of common 
concern to humankind (Hunter et al. 2018), in which another related norm – the 
“polluter-pays principle”, requiring the entity responsible for environmental harm 
to pay for the damage (Beder 2006) – should be construed concurrently. While the 
international community is currently taking steps to develop comprehensive regula-
tions pertaining to mineral mining in areas beyond national jurisdiction – including 
measures to protect the marine environment – the regulation of exploitation of natu-
ral resources in areas within national jurisdiction has been left to individual coastal 
states entirely without any predetermined stipulations (Markus and Singh 2016). 
This is a matter of concern as the first large-scale commercial deep seabed mining 
effort in areas within national jurisdiction  – specifically the territorial waters of 
Papua New Guinea – appears likely to commence in 2019 (Miller et al. 2018).

Centred on the protection of the marine environment, this chapter will explore 
the international and national regulation of deep seabed mining activities. We will 
begin by introducing and discussing the international obligation to protect the 
marine environment in both areas beyond national jurisdiction and areas within 
national jurisdiction. Through this analysis, the zonal practice in the law of the sea, 
in which separate regimes co-exist and operate within predetermined mandates, will 
become apparent. Next, we will examine the international deep seabed mining 
regime for areas beyond national jurisdiction. In this context, we will introduce the 
International Seabed Authority (ISA), the international organization designated to 
govern the mineral resources of the international seabed and the regulatory frame-
work that surrounds it. Following that, we will turn our attention to deep seabed 
mining activities within national jurisdiction. Here, we will inspect the deep seabed 
mining regulatory approach within the domestic legal setting of several Pacific 
Island countries (Papua New Guinea, Tonga and the Cook Islands) as well as that of 
New Zealand and Japan. These countries have been selected based on a high 
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 possibility of large-scale commercial mining taking place within their jurisdiction 
in the near future, as well as past engagement with seabed mining actors. Finally, 
while the chief purpose of this chapter is to provide a descriptive overview of the 
two deep seabed mining regimes, we will nevertheless end by identifying some gaps 
that exist between the two regimes based on the current state of affairs and offer a 
suggestion to bridge them.

2  The Obligation to Protect the Marine Environment 
and the Regulation of Deep Seabed Mining Activities

The UN Convention on the Law of the Sea 1982 (UNCLOS) is the starting point for 
all discourses pertaining to the modern law of the sea. It provides a general legal 
framework with an overarching aim of harmonizing domestic and global uses of the 
oceans as well as balancing competing uses of the marine environment, while 
simultaneously striving to protect and preserve the marine environment. As a legally 
binding instrument under international law with widespread acceptance, UNCLOS 
functions to regulate how states (and by extension, entities subject to their sover-
eignty or control) carry out activities in marine spaces both within and beyond their 
jurisdiction. In terms of state action and the protection of the marine environment, 
Harrison (2017) eloquently explains how UNCLOS serves as the foundational basis 
for, inter alia, jurisdictional mandate, general principles, substantive rules and pro-
cedural rules vis-à-vis human endeavours at sea and the protection of the marine 
environment. Thus, UNCLOS stipulates which states (or international organiza-
tions, as the case may be) are seized with jurisdiction to take measures to protect the 
marine environment; the general principles which expound the responsibility or 
obligation to do so; descriptive rules of what is expected of them in performing their 
responsibilities or obligations; and the procedural steps that must be taken in order 
to fulfil the same.

UNCLOS declares that all “problems of ocean space are closely interrelated and 
need to be considered as a whole” (UNCLOS Preamble). As seabed mining is slated 
to join the multitude of activities carried out in the ocean space, it is essential to 
ensure that it is properly regulated and subjected to good management practices, 
irrespective of where it is carried out (Verlaan 2018). However, the designation by 
UNCLOS of separate jurisdictional mandates for different ocean spaces (i.e. mari-
time areas or zones) creates a situation where a specific activity like deep seabed 
mining may be subject to wholly disparate and incoherent rules and standards from 
one zone to another. This poses a significant problem because lenient, compromis-
ing measures adopted in one zone will nullify stringent, ironclad measures adopted 
in the other, not least due to the risk of transboundary harm and aggregate ocean 
impact from the intended activity. Further, activities carried out in different areas 
within national jurisdiction also stand to be subject to various national legislations 
in their respective territories that are not necessarily harmonized with each other. 

Protection of the Marine Environment: The International and National Regulation…



474

This section will consider the jurisdictional mandate in relation to deep seabed min-
ing activities, as well as the ensuing obligation to protect the marine environment.

2.1  Jurisdictional Mandate

UNCLOS creates several maritime zones, namely, internal waters, territorial sea, 
contiguous zone, exclusive economic zone, continental shelf, high seas and the 
international seabed (i.e. “the Area”), each of which is associated with different 
forms of prescriptive and enforcement jurisdictions (Churchill and Lowe 1999; 
Harrison 2011; Tanaka 2015; Rothwell and Stephens 2016; Kaye 2016). A coastal 
state’s sovereignty extends beyond its land territories and internal waters up to a 
maritime zone defined as the territorial sea (up to 12 nautical miles from its 
baselines).1 In the exclusive economic zone or EEZ (declared up to 200 nautical 
miles from its baselines) and continental shelf (extending up to 350 nautical miles 
or even more from its baselines)2, a coastal state possesses sovereign rights to 
exploit living and nonliving natural resources within those areas. The high seas is 
specifically referred to as the maritime area beyond the exclusive economic zone,3 
whereas the international seabed (or “the Area”) covers the area of the seabed that 
is not subject to national jurisdiction (i.e. beyond the continental shelf of coastal 
states). In relation to mineral mining on the seafloor, the zonal approach under 
UNCLOS gives rise to two separate seabed regimes: areas beyond national jurisdic-
tion (the Area) and areas within national jurisdiction (chiefly, the continental shelf).

In terms of the jurisdictional framework for the international seabed, Article 1(1) 
of UNCLOS provides the following definition: “the ‘Area’ means the seabed and 
ocean floor and subsoil thereof, beyond the limits of national jurisdiction”. In other 
words, the Area begins where national claims to the continental shelf end. Presently, 
the exact extent of the Area has not been finalized due to the fact that national claims 
for extended continental shelves have yet to be determined with finality (Franckx 
2010). However, there is a general understanding pertaining to the rough estimate of 
the Area (Chircop 2011). A whole chapter and annex of UNCLOS (namely, Part XI 

1 The contiguous zone is a maritime area contiguous to the territorial sea, in which a coastal state 
may exercise a number of sovereign acts in matters pertaining to its domestic customs, fiscal, 
immigration and sanitary laws.
2 As opposed to the exclusive economic zone, which must be declared, sovereign rights over the 
continental shelf exist as of right for up to 200 nautical miles since it is seen as an extension of land 
(Kaye 2016: 11). Rules of delimitation apply if there are overlapping claims from neighboring 
states, and as such a coastal state’s continental shelf may be less than 200 nautical miles. A coastal 
state may, under certain conditions pursuant to Article 76 of UNCLOS, extend its continental shelf 
zone for up to 350 nautical miles from its baselines.
3 It should be noted, however, that certain freedoms enjoyed at the high seas (beyond the rights to 
exploit natural resources and several others) may also be enjoyed within exclusive economic 
zones, such as navigation, overflight and the laying of submarine cables (see UNCLOS, Articles 58 
and 86).
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and Annex III) as well as the 1994 Agreement relating to the Implementation of Part 
XI of UNCLOS are dedicated to the Area and its resources. Article 134(2) pro-
claims that Part XI governs the conduct of “activities in the Area”, which is defined 
under Article 1(3) as “all activities of exploration for, and exploitation of, the 
resources of the Area”. The use of the term “resources” in this context is further 
clarified as “all solid, liquid or gaseous mineral resources in situ in the Area at or 
beneath the seabed, including polymetallic nodules”. Hence, it is clear that living 
resources do not fall within the ambit of Part XI. Accordingly, the existing legal 
framework for the Area is synonymous with the international seabed mining regime. 
Article 137(1) of UNCLOS firmly states that “no State shall claim or exercise sov-
ereignty or sovereign rights over any part of the Area or its resources” and goes on 
in Article 137(2) to assert that “all rights in the resources of the Area are vested in 
mankind as a whole, on whose behalf the Authority shall act”. As explained in 
Article 1(2) of UNCLOS, the “Authority” here refers to the International Seabed 
Authority (ISA). Accordingly, the ISA possesses the mandate to exercise jurisdic-
tion over activities in the Area.

As for the national seabed area (i.e. the continental shelf), coastal states clearly 
possess the requisite mandate over mineral resources. Article 77(1) of UNCLOS 
prescribes that the “coastal State exercises over the continental shelf sovereign 
rights for the purpose of exploring it and exploiting its natural resources” and in 
Article 77(4) qualifies “natural resources [… to] consist of the mineral and other 
non-living resources of the seabed […]”. This is also the case when a coastal state 
extends its outer continental shelf as permitted by Article 76; however, the coastal 
state is required to make payments or contributions in kind to the ISA for all mineral 
exploitations beyond 200 nautical miles in those instances. Accordingly, the coastal 
state is clearly seized with jurisdictional mandate over mineral exploitation in its 
delineated (or delimited, as the case may be) continental shelf.

The following sub-sections will discuss and compare the two separate regimes in 
the context of the protection of the marine environment. As will be seen, jurisdic-
tional mandate over resources also connotes the obligation to protect the marine 
environment in the area concerned.

2.2  Obligation to Protect the Marine Environment

Starting with the international seabed, Article 145 of UNCLOS is instructive on the 
general obligation to protect the marine environment from the harmful effects aris-
ing from the conduct of activities in the Area. It stipulates the following:

Article 145: Protection of the marine environment
Necessary measures shall be taken in accordance with this Convention with respect to 

activities in the Area to ensure effective protection for the marine environment from harm-
ful effects which may arise from such activities. To this end the Authority shall adopt appro-
priate rules, regulations and procedures for inter alia:
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 (a) the prevention, reduction and control of pollution and other hazards to the marine environ-
ment, including the coastline, and of interference with the ecological balance of the marine 
environment, particular attention being paid to the need for protection from harmful effects of 
such activities as drilling, dredging, excavation, disposal of waste, construction and operation 
or maintenance of installations, pipelines and other devices related to such activities;

 (b) the protection and conservation of the natural resources of the Area and the prevention of dam-
age to the flora and fauna of the marine environment.

Article 17(2)(f) of Annex III to UNCLOS goes further and prescribes that “rules, 
regulations and procedures shall be drawn up in order to secure effective protection 
of the marine environment from harmful effects directly resulting from activities in 
the Area or from shipboard processing immediately above a mine site of minerals 
derived from that mine site, taking into account the extent to which such harmful 
effects may directly result from drilling, dredging, coring and excavation and from 
disposal, dumping and discharge into the marine environment of sediment, wastes 
or other effluents”.

Premised on these two key provisions, it is obvious that the ISA has the obliga-
tion to take necessary measures, including the adoption of rules and regulations, to 
protect the marine environment from the harmful effects arising from the conduct of 
mineral exploitation. This clearly includes coverage of not just the physical seabed 
but also the ocean surface (particularly from shipboard processing and the discharge 
of waste) and the water column above the mine site (especially plume and sediment 
dispersal).

Further to that, Article 209(1) reaffirms that “international rules, regulations and 
procedures shall be established in accordance with Part XI to prevent, reduce and 
control pollution of the marine environment from activities in the Area. Such rules, 
regulations and procedures shall be re-examined from time to time as necessary”. It 
goes on further, in Article 209(2), to require states to “adopt laws and regulations to 
prevent, reduce and control pollution of the marine environment from activities in 
the Area undertaken by vessels, installations, structures and other devices flying 
their flag or of their registry or operating under their authority, as the case may be. 
The requirements of such laws and regulations shall be no less effective than the 
international rules, regulations and procedures referred to in paragraph 1”.

The 2011 Advisory Opinion on the Responsibilities and Obligations of States 
Sponsoring Persons and Entities with respect to Activities in the Area by the Seabed 
Disputes Chamber of the International Tribunal for the Law of the Sea (Advisory 
Opinion 2011) sheds further light into this topic. The Seabed Disputes Chamber 
opined that sponsoring states (i.e. states that back private entities to conduct activi-
ties in the Area) must meet certain direct and due diligence obligations pertaining to 
marine environmental protection. This includes adhering to the precautionary prin-
ciple, ensuring the carrying out of proper environmental impact assessments and the 
continuous monitoring of mining activities and its environmental impacts during 
and after its conclusion, facilitating the adoption of best environmental practices in 
conducting mining activities and assisting the ISA in carrying out its functions.
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With respect to seabed mining in areas within national jurisdiction, reference to 
the exclusive economic zone regime is necessary. In particular, Article 56 of 
UNCLOS stipulates the following:

Article 56: Rights, jurisdiction and duties of the coastal State in the exclusive economic 
zone

 1. In the exclusive economic zone, the coastal State has:

(a) sovereign rights for the purpose of exploring and exploiting, conserving and managing the 
natural resources, whether living or non-living, of the waters superjacent to the seabed and 
of the seabed and its subsoil, and with regard to other activities for the economic exploita-
tion and exploration of the zone, such as the production of energy from the water, currents 
and winds;

(b) jurisdiction as provided for in the relevant provisions of this Convention with regard to:

(i) the establishment and use of artificial islands, installations and structures;
(ii) marine scientific research;
(iii) the protection and preservation of the marine environment;

(c) other rights and duties provided for in this Convention.

 2. In exercising its rights and performing its duties under this Convention in the exclusive eco-
nomic zone, the coastal State shall have due regard to the rights and duties of other States and 
shall act in a manner compatible with the provisions of this Convention.

 3. The rights set out in this article with respect to the seabed and subsoil shall be exercised in 
accordance with Part VI.

Thus, Article 56 clearly confers jurisdiction on the coastal state to conserve and 
protect the marine environment. This is not limited only to the physical seabed (i.e. 
continental shelf) but also to the surface ocean and water column (i.e. exclusive 
economic zone). Further to that, Part XII of UNCLOS, in particular Articles 192 and 
193, is pertinent. Article 192 lays down the general obligation of states to “protect 
and preserve the marine environment”. Article 193 asserts that states have the “sov-
ereign right to exploit their natural resources pursuant to their environmental poli-
cies and in accordance with their duty to protect and preserve the marine 
environment”. This includes, as stipulated under Article 194(3)(c), taking measures 
to minimize “pollution from installations and devices used in exploration or exploi-
tation of the natural resources of the seabed”.

Akin to the position under the international seabed regime, coastal states are also 
required pursuant to Article 204 of UNCLOS to continuously monitor the environ-
mental harm of activities that they permit and under Article 206 to ensure that envi-
ronmental impact assessments are carried out prior to the conduct of seabed mining 
activities. Finally, reference to Article 208, which deals with “pollution from seabed 
activities subject to national jurisdiction”, is essential. Articles 208(1) and (2) pro-
vide that coastal states “shall adopt laws and regulations to prevent, reduce and 
control pollution of the marine environment arising from or in connection with sea-
bed activities subject to their jurisdiction” and “shall take other measures as may be 
necessary to prevent, reduce and control such pollution”, respectively. Article 
208(3) goes on to stipulate that “such laws, regulations and measures shall be no 
less effective than international rules, standards and recommended practices and 
procedures”, while Article 208(4) specifies that states shall “endeavour to harmo-
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nize their policies in this connection at the appropriate regional level”. Additionally, 
Article 208(5) instructs that “states, acting especially through competent interna-
tional organizations or diplomatic conference, shall establish global and regional 
rules, standards and recommended practices and procedures to prevent, reduce and 
control pollution of the marine environment referred to in paragraph l. Such rules, 
standards and recommended practices and procedures shall be re-examined from 
time to time as necessary”.

As will be seen later on in the section dedicated to the national framework of 
deep seabed mining, the requirements imposed by Articles 208(3), (4) and espe-
cially (5) have not been satisfactorily met, thereby resulting in a concern arising 
from the uncertainty of the conditions in which domestic seabed mining activities 
will take place.

The following section will discuss the international framework for deep seabed 
mining in the Area, which is rapidly developing due largely to intensified regulatory 
efforts and discussions at the ISA.

3  The International Regulation of Deep Seabed Mining 
Activities

This section attempts to clarify the existing framework pertaining to deep seabed 
mining in the Area and present a comprehensive overview of the international regu-
lation of deep seabed mining activities. First, it will look at some fundamental fea-
tures pertaining to the Area, including its “common heritage of mankind” status. 
Second, it will explore the institutional setting pertaining to activities in the Area 
and introduce the principal actors involved in it. Third, it will briefly examine the 
regulatory framework surrounding deep seabed mining activities. Finally, this sec-
tion will provide an outlook of the activities in the Area in light of other competing 
uses in the Area.

3.1  The Area and Its Salient Features

Central to the discourse of deep seabed mining in the international seabed is Article 
136 of UNCLOS, which declares that the Area and its mineral resources are the 
common heritage of mankind. The significance of this provision is further reflected 
through Article 311(6), whereby state parties have agreed that there shall be no 
derogation from the basic principle of the common heritage of mankind. At its very 
core, the common heritage of mankind principle affirms the following:

 1. There shall be no exercise of sovereignty in the Area (Article 137(1)).
 2. Resources of the Area are vested in mankind as a whole and shall be managed 

solely through the ISA (Article 137(2)).
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 3. Activities in the area shall be carried out for the benefit of mankind (Article 
140(1)).

 4. The Area shall be used only for peaceful purposes (Article 141).

Furthermore, as seen earlier from Article 145, the principle also entails the effective 
protection of the marine environment from harmful effects arising from activities in 
the Area. Alongside the protection of the marine environment, the common heritage 
of mankind principle further integrates the concepts of intergenerational equity and 
sustainable development into the international seabed mining discourse (Jaeckel 
et al. 2017). As such, the need to preserve the marine environment and to conserve 
mineral resources for future generations is an integral pillar of the common heritage 
of mankind. Another implication of the common heritage of mankind principle is 
the benefit sharing regime. Article 140(2) requires the Authority to provide for the 
“equitable sharing of financial and other economic benefits derived from activities 
in the Area through any appropriate mechanism, on a non- discriminatory basis”. 
The equitable dimension in the distribution of benefits arising from such activities 
is a critical element to the common heritage of mankind principle because the min-
eral resources of the seabed are non-renewable and will deplete on exploitation 
(Lodge et al. 2017). Thus, the ISA is essentially tasked to develop the resources of 
the Area, manage it in a rational and orderly manner and adopt measures to optimize 
revenues and increase the availability of minerals on the one hand (Article 150 of 
UNCLOS, Article 13 of Annex III to UNCLOS, 1994 Implementation 
Agreement) - and to protect the marine environment from the consequential harmful 
effects, conserve resources for future generations and equitably distribute benefits, 
on the other. This provides the suitable backdrop for the subsequent analysis on the 
institutional setting pertaining to activities in the Area.

3.2  Institutional Setting

As can be gleaned from the above, the ISA is the sole body responsible for the gov-
ernance of the deep seabed mineral resources in the Area (Lodge 2012). Article 
139(1) of UNCLOS distinctly provides that only the ISA may permit states or their 
sponsored entities to conduct activities in the Area. In order to commence explora-
tion or exploitation of mineral resources in the Area, the said interested parties 
would first need to submit a plan of work for approval and subsequently enter into 
a contractual relationship with the ISA. In this regard, Article 153(3) is relevant, 
stating that “activities in the Area shall be carried out in accordance with a formal 
written plan of work drawn up in accordance with Annex III and approved by the 
Council after review by the Legal and Technical Commission. In the case of activi-
ties in the Area carried out as authorized by the Authority by the entities specified in 
paragraph 2(b), the plan of work shall, in accordance with Annex III, article 3, be in 
the form of a contract”. At present, a significant majority of exploration contracts 
involve the ISA and sponsored entities (as opposed to states).
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As a starting point, it is useful to mention that private entities may not engage in 
any form of activity in the Area without a certificate of sponsorship from a sponsor-
ing state. A state, conversely, may engage in activities directly through a contract 
with the ISA if it so chooses. The rationale behind this is obvious: private contrac-
tors are typically not considered subjects of international law (Advisory Opinion 
2011).4 Hence, while a contractual relationship between the ISA and private con-
tractors is necessary for there to be an enforceable recourse under the domestic laws 
of the sponsoring state, the sponsoring state, a subject of international law, remains 
responsible for violations (or wrongful acts) under international law (Advisory 
Opinion 2011). It is critical to note that although there shall be no exercise of sover-
eignty in the Area, the concept of state sponsorship is an act of sovereignty. A state 
that chooses to sponsor an entity will incur significant legal responsibilities under 
international law (Geddis 2017). In this context, a state has the autonomy to decide 
whether it wishes to sponsor an entity or not. With respect to the prerequisite condi-
tion for sponsorship, Article 153(2)(b) of UNCLOS requires that such private enti-
ties either possess the nationality of the state in concern or are effectively controlled 
by the state or their nationals (Advisory Opinion 2011).

It will be recalled that Article 209(2) requires states to enact domestic “laws and 
regulations to prevent, reduce and control pollution of the marine environment from 
activities in the Area undertaken by vessels, installations, structures and other 
devices flying their flag or of their registry or operating under their authority, as the 
case may be”. This includes providing recourse for damages arising from a contrac-
tual breach as well as enforcement procedures (Advisory Opinion 2011). Failure to 
address these matters in an adequate manner may be viewed as a violation of inter-
national law. As observed in the 2011 Advisory Opinion, it is incumbent on spon-
soring states to enact such national laws in order to give effect to Part XI of 
UNCLOS. A number of countries (both developed and developing) with an interest 
in deep seabed mining in the Area, such as Germany, the United Kingdom, China 
and Singapore, have already done this (Geddis 2017; Jin and Zhang 2017; Egede 
2018; Sun 2018).

Another key topic that deserves closer examination is the institutional structure 
of the ISA. In order to understand the theme of the proceeding sub-section (i.e. the 
regulatory framework of international deep seabed mining or “DSM”), it is essential 
to comprehend the operation of the ISA. Several basic points surround this premise. 
First, Article 156(2) declares that all state parties to UNCLOS are automatically part 
of the ISA. Second, as provided for in Article 157(1), the ISA, in the form of an 
international organization, is the vessel for state parties “to organize and control 
activities in the Area, particularly with a view to administering the resources of the 
Area”. Third, pursuant to Articles 158(1) and (2), there are three principal organs of 
the ISA, namely, the Assembly, the Council and the Secretariat, and a yet-to-be- 
established independent organ called the Enterprise.5 Fourth, Article 159(1) 

4 However, it is acknowledged that there is a growing trend to recognize the role of non-state actors 
in the realm of international law, especially pertaining to human rights.
5 Although UNCLOS foresees the establishment of the Enterprise as the independent arm of the 
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 stipulates that all state parties are equal members of the Assembly, which is further 
determined as the supreme organ of the ISA under Article 160(1). Fifth, in accor-
dance with Article 15 of Section III of the 1994 Implementation Agreement, the 
Council consists of 36 members of the ISA that are elected by the Assembly. With 
reference to Article 162(1), the Council, as the executive organ of the ISA, is essen-
tially the decision-making branch of the ISA. Sixth, despite its elevated position, the 
Council “does not act alone in formulating environmental regulations for the Area”; 
in this regard, the Legal and Technical Commission, a subsidiary organ to the 
Council, has “particular responsibility for the protection of the marine environ-
ment” (Lodge et al. 2014). Seventh and finally, the Secretariat is responsible for the 
day-to-day operation of the ISA. While central to the routine administration and 
functional operation of the ISA, it is useful to recall that the member states – not the 
Secretariat  – are principally and collectively responsible for the management of 
deep seabed resources. The following sub-section will discuss the regulatory frame-
work for international seabed mining.

3.3  Regulatory Framework

In essence, the regulatory framework for DSM activities in the Area emanates 
quintessentially from the rule-making feature of the ISA, as discussed above in sec-
tion 3.2. As mentioned, the ISA is obligated to protect the marine environment from 
the harmful effects of activities in the Area. To this end, Articles 145 and 209 require 
the ISA to take necessary measures through the adoption of rules and regulations. 
Thus, UNCLOS simply lays down the jurisdiction mandate (see Sect. 2.1 above) 
and provides the general framework for the protection of the marine environment 
(see Sect. 2.2 above), leaving it to the ISA to develop its own specific set of rules 
and regulations to precisely govern activities in the Area. This is a unique feature of 
international law, whereby an organization is assigned full power to create regula-
tions that automatically bind member states with no possibility of opting-out 
beforehand (Harrison 2011; Jaeckel 2017). However, this can be reconciled with 
the fact that the Assembly, the supreme organ of the ISA in which all member states 
are represented, participates in the rule-making function of the ISA at the top of the 
order (as explained above in Sect. 3.2). This practice enables rule-making to be car-
ried out in a fairly prompt fashion and allows for periodical revision without having 
to convene a diplomatic conference to amend or modify the parent treaty (Boyle 
and Chinkin 2007).

The exercise of this rule-making function will eventually result in the collation 
of a comprehensive dossier known as the “Mining Code”, effectively “covering all 
aspects of mining activities – including prospecting, exploration and exploitation – 

ISA, particularly responsible to carry out seabed mining activities on behalf of mankind, the 1994 
Implementation Agreement has effectively put this on hold.
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and subjecting each of them to specific environmental requirements” (Markus and 
Singh 2016). To date, three separate sets of regulations covering the exploration of 
polymetallic nodules, polymetallic sulphides and cobalt-rich crusts, respectively, 
have been issued alongside numerous guidelines, while a combined set of exploita-
tion regulations encompassing all forms of minerals is currently in the final draft 
stages. This includes specific regulations for the environment as well as model con-
tractual terms. Given constant developments and the advanced draft stage of the 
exploitation regulations, an in-depth analysis therein is beyond the scope of this 
chapter; however, an overview of the current work-in-progress can be found else-
where (Brown 2018). As the bulk of deep seabed mining activities will involve pri-
vate entities, the regulations and contractual terms will play a critical function, 
forming the foundational basis for these actors’ obligations and responsibilities, 
consequently enforceable pursuant to domestic law.

3.4  The International Regulation of Deep Seabed Mining 
from the Environmental Protection Perspective: 
An Outlook

As a starting point for this overview analysis, it is necessary to acknowledge the 
general framework for the protection of the marine environment from the harmful 
effects of activities in the Area under UNCLOS. In this regard, UNCLOS permits 
the ISA to design a suitable regulatory regime that balances the development of 
ocean mineral resources on the one hand and the protection of the marine environ-
ment on the other. While benign effort is being exerted towards addressing the 
potential harmful effects of such activities, certain gaps do appear. For instance, 
apart from the apparent harm to the seabed and its immediate vicinity, other types 
of potential harm to the marine environment such as shipboard processing of the 
recovered minerals and the discharge of incidental wastes appear to have been side-
lined. Similarly, the onshore processing of minerals obtained from the international 
seabed, even though beyond the jurisdiction of the ISA, is largely ignored from the 
current discourse (Markus and Singh 2016). Both these aspects are related concerns 
as they should be taken into account in determining whether mining the interna-
tional seabed is feasible and sustainable to begin with. Apart from that, lacklustre 
knowledge generation attitudes and the absence of a unit dedicated solely to envi-
ronmental matters (Jaeckel et  al. 2017) are an impediment that could easily be 
resolved. The suitability of using incentives to advance and encourage the adoption 
of environmentally sound technologies should also be examined (Lodge et al. 2017). 
Additionally, introducing more intermediate steps between the initial application 
for approval of a plan of work and the ultimate decision would further support the 
protection of the marine environment. For instance, the carrying out of a proper 
pilot mining test and a comprehensive feasibility study indicating positive, net ben-
efit outcomes should be made a prerequisite to approval (Christiansen et al. 2018).
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Another critical point to note is that the jurisdiction of the ISA, including its 
environmental mandate, is restricted to activities in the Area. As such, the ISA does 
not, strictly speaking, possess the general mandate to protect the international sea-
bed from non-mining activities. In fact, Article 145 of UNCLOS clearly states that 
“necessary measures shall be taken […] with respect to activities in the Area to 
ensure effective protection for the marine environment from harmful effects which 
may arise from such activities”. Apart from that, Article 147(1) stipulates that activ-
ities in the Area must accommodate other uses of the Area, such as navigation, the 
conduct of marine scientific research and the laying of submarine cables. In this 
regard, there is clear overlap between the ISA’s jurisdiction over the conduct of 
activities in the Area and the mandate exercised by other international organiza-
tions. For instance, while shipboard processing of minerals immediately above the 
mining site falls within the jurisdiction of the ISA, the discharge of waste from ships 
and dumping at sea generally fall under the purview of the International Maritime 
Organization (IMO). Specifically, the IMO has the mandate to administer the 
International Convention for the Prevention of Pollution from Ships 1973/78 
(MARPOL) and its six annexes, as well as to oversee the implementation of the 
Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other 
Matter 1972/1996 (London Convention/London Protocol or LC/LP). Thus, there 
are still some grey areas with respect to power to regulate and enforce regulations 
particularly beyond the immediate mining site in the Area, i.e. related conduct in the 
high seas (Verlaan 2018). Moreover, the transportation and onshore processing of 
these minerals, a subject matter of significant environmental concern, is beyond the 
ISA’s scope of regulatory control and is, respectively, deferred to international ship-
ping rules, in the case of transportation, and domestic legislation, in the case of 
onshore processing (Markus and Singh 2016).

Furthermore, growing interest in marine genetic resources of the Area and the 
imminent possibility of a new instrument to govern living resources may also pres-
ent a new challenge for the governance of activities in the Area. Likewise, emerging 
scientific developments pertaining to the function of the deep ocean in climate regu-
lation and the ecosystem services provided by its biogeochemical components 
should feature more widely in the decision-making processes at the ISA. Increased 
cooperation in an area in which governance is widely fragmented and diverse proves 
to be the indispensable ingredient to further the protection of the marine environ-
ment with respect to the Area (Singh and Jaeckel 2018). In this regard, it is encour-
aging to note that the ISA has in fact signed several agreements of cooperation or 
memoranda of understanding with the International Maritime Organization (IMO), 
the Intergovernmental Oceanographic Commission (IOC) and the International 
Cable Protection Committee (ICPC).6 The extent of the effectiveness of such instru-
ments in practice, however, has yet to be thoroughly studied.

6 See website of the ISA, in particular: https://www.isa.org.jm/files/documents/EN/Regs/IMO.pdf; 
https://www.isa.org.jm/sites/default/files/documents/EN/Regs/ISA-IOC-MOU.pdf; and https://
www.isa.org.jm/sites/default/files/documents/EN/Regs/MOU-ICPC.pdf.
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Be that as it may, it is evident that interest in ocean mineral resources is not only 
confined to the Area. As mentioned earlier, early large-scale commercial mining of 
the seabed is anticipated to take place in areas within national jurisdiction. This real-
ity necessitates the examination of the national regulation of deep seabed mining 
activities from the marine environmental protection perspective.

4  National Regulation of Deep Seabed Mining Activities

This section examines national regulatory regimes as they currently exist for 
deep  sea mining in areas of national jurisdiction (typically within the EEZs of 
coastal states). Although much of the DSM discourse has focused on mining in the 
Area, many countries also possess significant seabed mineral resources within their 
own EEZs and have started to move forward with plans to mine their seabed. Pacific 
Island nations, Japan, New Zealand, Australia, Mexico and Namibia are some of the 
countries known to be exploring or pursuing various forms of seabed mining within 
their national waters. Some of these jurisdictions lack discrete seabed mining legis-
lation, relying instead on existing land-based mineral regimes to govern seabed 
resources. Others have new legislation designed specifically to address DSM.

The following discussion provides a summary overview of the regulatory frame-
works of several Pacific Island nations where national DSM is likely, including 
Tonga, the Cook Islands and Papua New Guinea (where the world’s first deep-sea 
commercial mine is slated to begin production between 2019 and 2020) – as well as 
a brief look at the regulatory regime of New Zealand, currently considering a phos-
phate deep-sea mining project in its waters, and Japan, which became the first coun-
try to mine its deep seabed in 2017. The overview focuses primarily on states with 
active deep-sea mineral exploration, excluding shallow seabed or sand mining 
operations.7

4.1  General State Obligations

As discussed above, UNCLOS imposes broad obligations on states to protect the 
marine environment under their jurisdiction, including establishing laws and regula-
tions “to prevent, reduce and control pollution of the marine environment arising 
from or in connection with seabed activities subject to their jurisdiction” (Article 
208 (1)(2)), in line with international standards (Article 208(3)). Article 214 specifi-
cally obligates the enforcement of such domestic legal regimes, established for the 
purposes of regulating pollution arising from seabed activities.

7 In general, our definition of DSM entails harvesting mineral deposits in the deep sea at depths 
ranging from approximately 400–6000 m below sea level (Hunter et al. 2018; Miller et al. 2018).
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In addition to the obligations imposed by the UNCLOS, all states are under a 
wide array of legal obligations with respect to established international environmen-
tal law principles, such as the obligation to avoid transboundary harm, the precau-
tionary approach, biodiversity commitments and the need for independent and 
robust environmental impact assessments (EIAs) and environmental monitoring. To 
the extent that DSM may cause climate-related impacts (Levin et al. 2016), states 
are also bound by their commitments to international climate change instruments, 
including the UNFCCC, the Kyoto Protocol and the Paris Agreement.

Outside the realm of environmental protection, extractive activities which impact 
human health and other basic human rights (such as the right to work, the right to a 
livelihood and an adequate standard of living, the right to health, the right to hous-
ing and property rights) will trigger further protections under various binding inter-
national human rights treaties, widely ratified by most states, including the countries 
assessed below. Furthermore, indigenous peoples, who are disproportionately 
impacted by extractive activities – including by impending seabed mining plans, 
particularly in the Pacific region  – should be consulted and their free, prior and 
informed consent (FPIC) obtained with respect to future development activities 
threatening to impact them on their traditional territories, regardless of where the 
actual activity occurs (Szablowski 2011; Anaya 2015). Given that much seabed 
mining could occur in or near the waters of Pacific Islands as well as other countries 
with indigenous populations, FPIC should be sought in the seabed mining context 
(Hunter et al. 2018; Aguon and Hunter 2019).

To a large degree and as evidenced below, most of these relevant principles have 
not yet been incorporated into domestic DSM regimes (and are also largely absent 
from current ISA regulations). Basic environmental principles, where included, lack 
specific requirements or obligations laid on either contractors or states. Coverage of 
human impact and specific mechanisms for consultation, consent or remedies gen-
erally remain absent. In short, domestic DSM regimes tend to share the same char-
acteristics of the international regime, weighted towards facilitating exploitation 
and a contractual regulatory regime, rather than towards preventing potential 
impacts or environmental degradation. Below we explore some of the geopolitical 
realities that have produced this state of affairs in the Pacific Island region.

4.2  The Pacific Context

As the world’s largest ocean, the Pacific is home to a high concentration of prospec-
tive mineral sites due to geothermal activity around the “Ring of Fire”, as well as 
other geophysical features. In addition to the Clarion-Clipperton Fracture Zone 
(CCFZ) and other sites in the Area, the seabed areas of New Zealand, Japan and 
various Pacific Island (PI) nations8 have garnered the attention of those seeking 
access to mineral deposits.

8 In this chapter, PI nations refer generally to the 14 member countries of the SPC-EU DSM Project 
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Generally speaking, PI nations have limited experience with mining. Where ter-
restrial mines exist in the region, they have often been associated with disastrous 
environmental, social and cultural impacts. Although many PI governments are 
interested in possible revenue accruing from mineral deposits, they are ill-equipped 
to effectively monitor DSM, enforce regulations and collect taxes and other levies 
from large multinational companies. Many PI nations lack coast guards or ships to 
police their own waters from overfishing and other illegal activities and are short- 
staffed within environmental and ocean agencies where they exist (Blue Ocean Law 
& Pacific Network on Globalisation 2016). A large number of failed mines and 
associated environmental disasters, particularly in Papua New Guinea, raise the 
possibility that even with model legislation, PI nations will have difficulty meeting 
their obligations for enforcement and avoiding pollution arising from seabed min-
ing under Article 214 of UNCLOS.

Nonetheless, interested parties have proceeded to negotiate directly with PI gov-
ernments for access to minerals contained within waters of national jurisdiction. 
The European Union (EU) has been particularly active in this regard, funding the 
Secretariat of the Pacific Community – European Union Deep Sea Minerals Project 
(SPC-EU DSM Project),9 whose objectives include improving the governance and 
management of PI nations’ deep-sea mineral resources in accordance with interna-
tional law, with particular attention to the protection of the marine environment, and 
securing equitable financial arrangements for Pacific Island countries and their peo-
ple. Underlying these stated aims, however, is the EU’s desire to access alternative 
mineral sources. Documents submitted to the European Parliament reveal the EU’s 
dependency on imports of “high-tech” metals such as cobalt, platinum, rare earths 
and titanium, increasingly essential to the development of technologically sophisti-
cated products. The EU’s 2008 “Raw Materials Initiative” seeks to avoid supply 
crises and diversify access to raw materials beyond somewhat unstable suppliers in 
Africa, China and South America. Although a 2018 European Parliament resolution 
calls for a moratorium on commercial DSM exploitation licences until the effects of 
DSM are better understood,10it is non-binding in effect and does not appear to have 
resulted in an actual policy shift with respect to either the Raw Materials Initiative 
or European states’ national DSM agendas.

In this context, the SPC-EU DSM initiative is better understood as an attempt to 
establish deep-sea mining frameworks in PI nations in order to gain access to PI 
minerals.

(excluding only Timor-Leste): Cook Islands, Federated States of Micronesia, Fiji, Kiribati, 
Marshall Islands, Nauru, Niue, Palau, Papua New Guinea, Samoa, Solomon Islands, Tonga, Tuvalu 
and Vanuatu.
9 The EU provides €4.4 million in funding for the project.
10 European Parliament Resolution of 16 January 2018 on International Ocean Governance: An 
Agenda for the Future of Our Oceans in the Context of the 2030 SDGs (2017/2055(INI)), P8_TA 
-PROV(2018)0004, para 42.
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4.3  SPC Regional Legislative and Regulatory Framework 
(RLRF)

The SPC-EU DSM Project has produced several frameworks and guidelines 
intended to enhance the capacity of PI nations to manage DSM. Among these is the 
“Pacific-ACP States Regional Legislative and Regulatory Framework for Deep Sea 
Minerals Exploration and Exploitation” (RLRF), a discussion document designed 
to assist PI states in their development of national policy and law for DSM. The 
RLRF has served as a template for national legislation in the region.

The RLRF advises states to incentivize investors by providing a setting that fos-
ters investment (§4.3), encouraging states to provide predictable and stable gover-
nance, reasonable taxation and legislation that account for corporate risks and 
investments (§§10.5–10.7). While emphasizing the benefits of DSM throughout the 
document, the RLRF characterizes potential adverse effects from DSM-related 
activities as “extremely minimal” (§20.2) or as having “almost no impact” (§18.6). 
It claims that an environmental impact assessment (EIA) may or may not be neces-
sary depending on the project size and that different levels of EIAs may also be 
sought (§18.8), allowing activities that will have a “minor or transitory impact” to 
proceed without any EIA (§§18.8–18.9). The RLRF also reframes potentially nega-
tive impacts as opportunities for research, science and education, while insuffi-
ciently addressing any negative impacts of DSM in the initial, prospecting phase 
(§§4.5–4.8).

Despite numerous references to the precautionary approach, the RLRF’s general 
minimizing of risks seemingly contravenes the goal of the approach. The frame-
work includes no mention of DSM’s potential impacts on climate change and related 
obligations under the UNFCCC or the Kyoto Protocol. The RLRF also mentions 
indigenous peoples only once (§6.16), despite being designated for use in the largely 
indigenous Pacific Islands, relying instead on terms like “citizens” and the “public”. 
This obfuscates the special duties owed to indigenous peoples under international 
law (Anaya 2005). The framework similarly skirts over the idea of FPIC, mention-
ing informed consent twice, but not directly in relation to indigenous peoples (§§4.7, 
16.3).

In short, the RLRF pays lip service to environmental protection while also green- 
lighting DSM interests in the Pacific. Given this basis, it is unsurprising that indi-
vidual country legislation regulating DSM in the Pacific is similarly uneven or, in 
some cases, even more deficient with respect to international environmental law, 
indigenous rights and other international law standards. The following sections 
examine three Pacific Island country regulatory frameworks (Papua New Guinea, 
Tonga and the Cook Islands) in this context.

Protection of the Marine Environment: The International and National Regulation…



488

 Papua New Guinea

Papua New Guinea (PNG), the biggest country in the Pacific Island region with a 
population of around eight million, has been selected for the world’s first commer-
cial DSM operation by Nautilus Minerals, a Canadian company and leader in DSM 
technology. At its proposed mine site, Solwara 1, Nautilus plans to commercially 
exploit gold and copper deposits associated with deep-sea hydrothermal vents at a 
depth of around 1600 m in the Bismarck Sea, approximately 30–50 km from coastal 
and indigenous communities living on the islands of New Ireland and East New 
Britain, respectively. The project has raised concerns and significant opposition 
among PNG civil society, including a court case lodged against the government to 
obtain documents regarding Solwara 1’s approval process, and has experienced per-
sistent delays as a result of funding and other setbacks (Roche and Feenan 2013).

To date, PNG has no formal deep-sea mining legislation or framework for the 
permitting of an offshore mining operation. Rather, DSM in PNG falls primarily 
under the Mining Act of 1992, as well as the Environment Act of 2000 (Boschen 
et al. 2013). Nautilus received its initial exploration licences under the Mining Act 
in 1997 and subsequently again in 2011.

The 1992 Mining Act is a somewhat antiquated law designed primarily to facili-
tate onshore mining through technical and administrative provisions. It declares all 
minerals to be owned by the national government (§5), with only one mention of the 
seabed in the definition of “land” (Mining Act (1992), §2(1d)). The Act contains no 
mention of the precautionary principle, transboundary harm or FPIC and very little 
regarding environmental protection generally, with nothing on EIAs and just one 
mention of the environment in a section on assessing an application for a mining 
lease (§43). There is no discussion of consent in the context of indigenous peoples 
or customary resource users. The one provision regarding consultation allows the 
Mining Minister “to consider the views of those persons whom the Minister believes 
will be affected by the grant of that special mining lease”, including the provincial 
government, landholders of the land in question, the national government and the 
mining applicant (§3 “Consultation”)  – essentially excluding members of local 
communities, indigenous peoples, civil society organizations (CSOs) and other 
stakeholders while leaving consultation entirely to the discretion of the Minister. 
There are no provisions for community revenue-sharing agreements, also known as 
Impact Benefit Agreements (IBAs), which exist in jurisdictions such as Canada and 
have proven to alleviate social and environmental ills associated with the extractive 
industry (Kielland 2015).

The 2000 Environment Act attempts to address some of the gaps of the 1992 
Mining Act. Administered by the Department of Environment and Conservation, it 
requires an environmental impact statement (EIS) prior to permits for mining being 
granted, with further conditions including installation of monitoring equipment, 
undertaking an environmental management programme, baseline studies and a 
rehabilitation programme (Boschen et al. 2013). Under the legislation, companies 
seeking to obtain a mining lease must complete an Environmental Inception Report 
and an EIS, to include “physical and social environmental impacts which are likely 
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to result from the carrying out of the activity” (Environment Act (2000), §51(b)). 
The Director of Environment assesses the EIS, may refer the EIS to other bodies for 
additional assessment and makes the report available for public review (§§55–57). 
If the Director accepts the EIS, it passes to the Environmental Council for assess-
ment and recommendation to the Minister (§57). Unfortunately, the Director of 
Environment under the Act also serves as the Chairperson of the Environmental 
Council, diminishing the independence of this system of review (§17).

The mining and environmental regimes in PNG, taken together, have been criti-
cized for their inability to stem major environmental disasters and industrial opera-
tions, culminating in civil conflict and severe human rights violations in PNG. 
PNG’s Environment (Water Quality Criteria) Regulation 2002 permits the dumping 
of toxic wastes into PNG’s rivers and coastal waters, leading to extensive pollution 
and water contamination associated with multiple terrestrial mining sites. 
Corruption, violence and land-grabbing are rampant, making effective governance 
and enforcement of environmental regulations notoriously difficult (May 2017).

With respect to seabed mining, the regulatory and operational environment in 
PNG does not bode well for effective enforcement or monitoring. Although a con-
sultation process to discuss amendments and to update the old Mining Act to include 
offshore mining and grievance mechanisms began in 2013, neither the updated min-
ing policy nor amendments to the Act appear to have been passed or made public. 
This remains the case despite the fact that full-scale DSM under Nautilus has been 
imminent for the past couple years (Blue Ocean Law & Pacific Network on 
Globalisation 2016).

As an operating theatre, PNG’s high poverty levels, inequality, civil conflict and 
insufficient rule of law (UNDP 2014) raise concerns that even with model DSM 
legislation, a major undertaking in crowded territorial waters close to populated 
shores would be insufficiently regulated, leading to significant harms with dispro-
portionate impact on indigenous coastal communities.

 Tonga

Tonga, a Polynesian country located in the South Pacific, comprises 176 islands 
scattered over approximately 700,000 km2 of ocean. With a population of around 
107,000, Tonga is the last remaining Polynesian monarchy and still fairly new to the 
exercise of parliamentary democracy, to which it transitioned in 2010.

Tongan waters contain seafloor massive sulphides (SMS) at depths ranging from 
600 to 2000 m below the surface. According to the Ministry of Lands and Natural 
Resources, around one-fifth of Tongan waters have been licenced for DSM explora-
tion, primarily to Nautilus Minerals, the Korean Institute of Ocean Science and 
Technology (KIOST) and Bluewater Metals (Blue Ocean Law & Pacific Network 
on Globalisation 2016).

In August 2014, the previous administration of Tonga passed the Seabed Minerals 
Act into law. Prior to the law’s passage, the government permitted companies to 
explore without a designated legislative framework (Pulu 2013), issuing contracts 
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under outdated mineral and petroleum mining laws. The 2014 Seabed Minerals Act 
is the governing regulatory framework that expresses the major aims and guidelines 
surrounding DSM.11

Unlike PNG’s Mining Act, Tonga’s 2014 Seabed Minerals Act (SMA) is based 
on the SPC-EU DSM framework. SPC-EU officials and lawyers worked closely 
with Tongan government officials, providing funding as well as actual draft legisla-
tion based on the RLRF, which Tonga then adapted and enacted. In particular, provi-
sions on consultation were shortened, based on the premise that all resources in the 
Kingdom are vested in the Crown, and therefore consultation or consent from com-
munities was largely unnecessary for extractive projects (Blue Ocean Law & Pacific 
Network on Globalisation 2016).

While the SMA does emphasize the precautionary principle and the importance 
of environmental protections, it lacks sufficiently developed protections for indige-
nous and coastal communities, as well as recognition of the potential harms of DSM 
and the need for remedy or grievance mechanisms. The legislation also contains 
provisions which are likely unenforceable due to capacity issues. For instance, the 
SMA calls for the establishment of a separate Tonga Seabed Minerals Authority, 
with Minister, CEO and staff to carry out numerous administrative and regulatory 
functions relative to DSM (Seabed Minerals Act 2014, §§9, 12 “Functions of the 
Authority”). In practice, Tonga lacks the resources to establish a separate Seabed 
Minerals Authority. Similarly, the government tends to outsource its EIA work, and 
lacks sufficient lawyers to enforce regulations and carry out oversight. Tonga has 
had trouble enforcing the collection of domestic fees and taxes and lacks the capac-
ity to prosecute offenders for non-payment, resulting in underfunding of various 
government functions, including oversight and monitoring of major development 
projects (Blue Ocean Law & Pacific Network on Globalisation 2016).

Tonga reportedly possesses only three patrol boats, depending primarily on the 
New Zealand and Australian air forces for ocean surveillance. One Tongan govern-
ment observer is sent out on mining vessels in the exploration phase, a practice that 
is expected to continue during actual mining. According to the Geology Department 
of the Ministry of Lands and Natural Resources, the companies currently operating 
in Tonga have been reluctant to provide detailed information to the government 
regarding the grade of minerals, the specific location of mine sites and ocean floor 
imaging, despite being legally required to do so. The government is concerned that 
companies may not share valuable genetic and biodiversity data or centralize data 
gathering in a way that would be useful to scientists and Pacific communities (Blue 
Ocean Law & Pacific Network on Globalisation 2016).

In short, while Tonga’s DSM regulatory regime appears somewhat inclusive of 
environmental protections, it falls short with respect to social and consultative pro-
visions. Lack of institutional capacity raises serious concerns of non-enforcement 
of DSM regulations, leading to irremediable environmental damage in a country 
already facing dire threats from sea level rise and climate change.

11 A separate, more detailed law implementing the framework and elaborating procedures relating 
to fees, forms and regulations was reportedly in the works, as of 2016.
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 Cook Islands

The Cook Islands (CI), an archipelago of small islands with a population of approx-
imately 17,000 people, is exploring the possibility of mining its EEZ for mineral 
deposits amounting to around ten billion tonnes of polymetallic manganese nodules 
(MNs), located at depths of 3000–6000 m (Cook Islands Seabed Minerals Authority 
2018). The Cook Islands has been actively pursuing the development of a DSM 
industry, requesting assistance with regard to a comprehensive regulatory frame-
work and sovereign wealth fund from the SPC-EU DSM Project, as well as from the 
International Monetary Fund and other advisers. CI has an established Seabed 
Minerals Authority, reporting to the Minister of Finance and comprising a Seabed 
Minerals Commissioner, a Legal Advisor and a Natural Resources Advisor (funded 
by the Commonwealth Secretariat). Although a 2016 tender for exploration received 
no bids, the Cook Islands has since entered into negotiations with multinational 
companies and foreign governments regarding both exploration in its EEZ and 
Cook Islands’ sponsorship of DSM in the CCFZ. In 2016, CI signed an exclusive 
agreement with Ocean Minerals, an American company, to prospect for potential 
new sources of rare earth elements (REE) and scandium in its seabed.

With respect to legislation, the CI Parliament passed the Seabed Minerals Act in 
2009, making it one of the world’s first national legislations dedicated to regulating 
seabed mineral activities.12

Although CI legislation has been held up as a model framework in the region, it 
is heavily technical and focuses primarily on facilitating the mining regime. It con-
tains no mentions of the precautionary principle or the avoidance of transboundary 
harm and very little on consultations with affected communities or the public. A 
separate instrument, the 2015 Seabed Minerals (Prospecting and Exploration) 
Regulations, contains a short section requiring DSM companies to apply the precau-
tionary approach; however, it provides no instructions on how to do this in the con-
text of DSM in the Cook Island’s EEZ (Seabed Minerals (Prospecting and 
Exploration) Regulations 2015, §§9, 50). These regulations also have a short section 
on community consultation, whereby “the Authority may consult with the commu-
nity in relation to any Application for a Title” (§37 emphasis added). This mirrors 
the permissive language in the original 2009 Seabed Act in which certain environ-
mental provisions are also made optional with respect to the granting of prospecting 
permits (Seabed Minerals Act 2009, §91 (3)(f)).

In 2017, the Parliament of the Cook Islands passed Marae Moana, a bill creating 
one of the world’s largest ocean sanctuaries. The Marae Moana Act provides zoning 
for different users, including mining operators, with no seabed mining allowed 
within 50 nautical miles around all islands of the Cook Islands (Marae Moana Act 
(2017), §24). The Act has not affected CI’s current exploration contracts, however, 
and does not prohibit seabed mining throughout most of the reserved area, although 
it does restate the precautionary principle as well as a principle of community 

12 The Seabed Minerals Authority was subsequently established by the CI Government Cabinet in 
2012. The Seabed Minerals Act 2009 officially entered into force on March 1, 2013.
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 participation (§5(c, d)).  The Cook Islands appears to now be in the process of 
amending its seabed mining legislation and policy to be more in line with the prin-
ciples of the Marae Moana Act and best practice, including possible mention of the 
precautionary approach and FPIC (Draft Documents 2019); it remains to be seen 
whether and how these principles will be operationalized and prioritized.

 Pacific Islands Summary

The three legislative regimes discussed above, while different, suffer generally from 
the same fatal tendencies when considering the likelihood of environmental protec-
tion in the DSM realm: first, omissions related to mandatory environmental protec-
tions, and second, the absence of sufficient provisions on consultation and consent. 
The lack of an integrated, streamlined approach to regulating DSM – one that can 
actually be operationalized in the context of small island states with limited capac-
ity – is reflective of legislative frameworks throughout the region. Many states, like 
PNG, still have old terrestrial mining laws in place from the 1990s, while others, 
similar to Tonga, possess newer legislation that mirrors the SPC’s RLRF but is 
unlikely to be successfully implemented and enforced given resource constraints 
(see, e.g. the case of Tuvalu, a country of approximately 11,000 people, with two 
types of DSM deposits in its waters) (Blue Ocean Law & Pacific Network on 
Globalisation 2016). Moreover, DSM tends to fall under the purview of multiple 
government departments, with competing and often conflicting aims, in which 
better- resourced economic development departments and mineral authorities often 
win out over comparatively weak environmental or fisheries divisions (a problem 
faced by many national governments outside the region as well).

In short, even with improved, comprehensive legislation, concerns remain that in 
practice many of these jurisdictions will be unable to achieve sustainable resource 
management. Table 1 provides an overview assessment of these three jurisdictions.

4.4  New Zealand

DSM is in the exploratory stage in New Zealand (NZ), which contains reserves of 
SMS deposits and manganese nodules in its EEZ of over four million square kilo-
metres (Lamping 2016). As a jurisdiction with substantially more resources and 
capacity than other PI nations, as well as established rule of law and comparatively 
institutionalized protections for its own indigenous peoples, New Zealand is in a 
better position to effectively legislate DSM and provide some form of regulatory 
oversight. It has nonetheless faced substantial civil society opposition with respect 
to proposed seabed mining operations,13 including Chatham Rock Phosphate Ltd’s 

13 Much publicity has centred around Trans-Tasman Resources’ application to mine iron sands 
from the seabed of South Taranaki Bight, located 22–36  km offshore from Patea at depths of 
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attempts to mine a nodular phosphate deposit at 400 m water depth between the east 
coast of the South Island and the inhabited Chatham Islands (Nielsen et al. 2015). A 
20-year seabed mining permit was granted to the company in late 2013, with feasi-
bility studies to be completed shortly thereafter. In 2015, however, the NZ 
Environmental Protection Authority denied Chatham Rock Phosphate Ltd’s appli-
cation for a marine consent permit, finding that “there would be significant and 
permanent adverse effects on the existing benthic environment” (Decision on 
Marine Consent Application Chatham Rock Phosphate Limited (2015), §864) and 
that the destructive effects of the extractive activity, coupled with the potentially 
significant impact of the deposition of sediment on the areas adjacent to the mining 
blocks and on the wider marine environment, could not be mitigated by any set of 
conditions or adaptive management regime that might reasonably be imposed 
(Decision Summary, xviii).

between 20 and 42 m (thus not “deep-” sea mining, per se). TTR’s application was denied by the 
NZ EPA in 2014, only to be approved in August 2017. The EPA’s decision was overturned on by 
the High Court in Wellington (New Zealand Herald 2018), a decision currently being appealed by 
TTR and and crcross-appealed by environmental and indigenous groups at the Court of 
Appeal (Howard 2018).

Table 1 Assessment of DSM regulatory regime under norms of international law

Precautionary 
principle

Transboundary 
harm

Polluter-pays 
principle FPICa

Other 
indigenous 
protections

Papua 
New 
Guinea

No mention in 
Mining Act; one 
general mention 
in Environment 
Act

No mention Some mention of 
operator’s duty to 
compensate for 
environmental harm; 
unclear how this 
works in the case of 
DSM

No mention Brief 
mention of 
customary 
landowners

Tonga Mentioned in 
general, vague 
terms

No mention Brief mention of 
operator’s obligation 
to compensate for 
and indemnify 
Tonga from costs 
relating to 
environmental harm

Mentioned 
once, not in 
relation to 
indigenous 
persons

None

Cook 
Islands

No mention in 
2009 Act; 
mentioned in 
2015 
Regulations

No mention Some mention of 
duty to compensate 
for environmental 
harm; regulator has 
discretion to apply 
environmental 
remedies

No mention None

aFPIC free, prior and informed consent
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According to news reports, Chatham Rock Phosphate is planning to resubmit a 
marine consent application to the EPA, anticipating completing the EPA reapplica-
tion process and hearing by early 2020 (Hartley 2018).

Seabed mining in New Zealand currently falls under two pieces of national leg-
islation: the Crown Minerals Act 199114 and the Exclusive Economic Zone and 
Continental Shelf (Environmental Effects) Act (2012) (“the EEZ Act”), which man-
ages the environmental effects of numerous activities, including SMS mining, 
beyond the 12 nautical mile limit (Boschen et al. 2013). Under the EEZ Act, the 
Environmental Protection Authority (EPA) is responsible for managing the effects 
of activities such as seabed mining beyond the territorial sea, specifically defining 
mining activity to include “areas of the seabed likely to contain mineral deposits” as 
well as “the taking or extraction of minerals from the sea or seabed, and associated 
processing of those minerals” (§4(1)). DSM would require a publicly notified 
marine consent from the EPA, which involves preparing an application and impact 
assessment, as well as a nationally notified public process in which the public can 
make submissions, present at a hearing and appeal decisions (§§38–52). In making 
its decision, a marine consent authority would be required to take into account vari-
ous criteria, including effects on the environment and human health, biodiversity 
and species protection, existing interests, economic benefit and other matters (§59). 
The EEZ Act also includes provisions for a Māori Advisory Committee to provide 
advice to the EPA and/or to a marine consent authority, “if its advice is sought” 
(§18).

Although New Zealand’s EEZ Act is undoubtedly stronger on environmental 
protection and inclusion of indigenous input than other legislation in the region, it 
does not make specific reference to the “precautionary approach”, exhorting the 
Minister to instead “favour caution and environmental protection” if “in relation to 
the making of a decision under this Act, the information available is uncertain or 
inadequate” (§34). Although the sentiment is similar to that of the precautionary 
approach, the wording, as pointed out by both the New Zealand Green and Labour 
Parties, does not define what “caution” entails and is therefore unclear (Commentary 
2011). Both parties also highlight concerns with the bill’s provision requiring the 
Minister to first consider providing for an adaptive management approach if favour-
ing caution means that an activity could be prohibited, given circumstances where 
adaptive management is inappropriate, as in cases with a risk of significant or irre-
versible environmental harm. The bill also specifically prevents the marine consent 
authority from considering “the effects on climate change of discharging green-
house gases into the air” (§59(5b)), despite the serious risk of seabed mining- 
associated climate impacts (Levin et al. 2016).

Finally, notwithstanding token language on Māori input (although excluding the 
indigenous Moriori of the Chatham Islands), the provisions in the EEZ Act do not 
rise to the level of FPIC and may even fall short as consultative measures, given their 
optional nature. The Act could be significantly strengthened by including  additional 

14 The Crown Minerals Act 1991 is similar to older mining acts from this period and contains only 
one mention of the seabed in the definition of land (§2(1)).
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concrete mechanisms for indigenous participation in decision-making, in confor-
mity with New Zealand’s domestic law and international indigenous rights law.15

New Zealand’s ability to take decisions denying marine consent applications for 
seabed mining and halting the issuance of new oil and gas offshore exploration 
permits indicates a regime with stronger rule of law, environmental protections and 
enforcement ability than many of its Pacific counterparts. That said, New Zealand’s 
DSM legislation needs to clearly delineate the precautionary approach, incorporate 
climate concerns into marine consent decision-making processes and bolster com-
munity and indigenous protections.

4.5  Japan

Japan, one of the world’s biggest economies with an ocean area in the top ten, has 
led efforts to exploit seabed minerals. It has done this in part to reduce its depen-
dency on external imports, being highly reliant on critical metals for domestic man-
ufacturing (particularly in high-tech and consumer electronics). Given its 
dependency on China for rare earth metals,16 Japan, as a matter of national urgency, 
has sought to develop its own resource supply, including in the Area but also in its 
EEZ. It has made steady progress developing seabed mining technology, in 2012 
launching a Rare Earth Research and Technology Centre in Hanoi, Vietnam, as part 

15 See, e.g. more from the Labour and Green Parties: “The Green Party is concerned about the 
limited way in which the Crown’s obligations under the Treaty of Waitangi are implemented. 
Clause 14 provides for ways in which Māori may participate in decision-making but imposes no 
broader obligation on the Crown.

The bill should impose a general obligation on the Crown to administer and interpret the Act so 
as to give effect to the Treaty/Te Tiriti principles as legislation such as the Conservation Act 1987 
does. And as iwi such as Ngāi Tahu sought, it should parallel the RMA to require the relationship 
of iwi and their culture and traditions with the marine environment, including taonga species, to be 
recognised and provided for in achieving the purpose of the Act”; “Labour is disappointed that iwi 
were not consulted in the drafting of this legislation. We share the concern of submitters that con-
sultation with, and involvement of, iwi throughout the processes outlined in the bill are only 
optional and at the discretion of the EPA, especially given the lack of consultation so far. Labour 
members also support the submission of the Hokotehi Moriori Trust that the bill be amended to 
include reference to “Māori and Moriori” and “tikanga Māori and tikane Moriori” throughout the 
bill” (Commentary 2011). Further critiques from commentators include that the marine consent 
“applications are considered in the absence of a national planning framework for managing the 
oceans beyond our territorial seas. In addition, the EEZ Act is not currently supported by guiding 
documents such as national environmental standards, policy statements or plans that apply to the 
management of New Zealand’s coastal marine area…. The absence of such documents or a plan-
ning framework presents a significant challenge for EEZ decision makers charged with deciding 
marine consent applications, and operators looking to exploit New Zealand’s mineral resources” 
(Lamping 2016).
16 When China cut its export quotas on rare earth minerals by 40% in 2010, prices soared, leading 
the US, joined by the EU and Japan, to bring a case against China in the WTO’s dispute settlement 
body, which ruled against China. China subsequently dropped its quotas (World Trade Organization 
2017).
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of its rare earths’ diplomacy initiative. In August 2017, Japan became the first coun-
try to successfully mine its seabed, tapping into a deposit of mineral resources 
1600 m below the ocean’s surface off the coast of Okinawa (McDonald 2017). In 
April 2018, a study published in Scientific Reports revealed that a deep-sea mud 
deposit at depths of close to 6000  m located within Japan’s EEZ near Minami- 
Torishima Island could contain enough rare earth metals to potentially meet the 
world’s supply “on a semi-infinite basis” (Takaya et al. 2018). Japan also holds two 
exploration contracts under the ISA to explore cobalt-rich ferromanganese crusts in 
3000 km2 in the Western Pacific Ocean, as well as polymetallic nodules in the CCFZ.

Japan’s original Mining Act dates from 1950 and contains few provisions on 
environmental protection as well as no mention of the ocean or seabed miner-
als (Mining Act 1950). The original law also reportedly contained no regulations to 
check whether applicants had adequate technology, financing, track records and 
exploration and development plans; projects were automatically approved on a first- 
come first-served basis, resulting in companies receiving approval before better- 
qualified firms could apply (Kikkawa 2013). By the end of March 2010, the Japanese 
government had reportedly granted 8179 exploration rights, of which 81% remained 
undeveloped (Kikkawa 2013).

In 2011, Japan amended the Mining Act for the first time, responding to the need 
to ensure resource independence and increase domestic production. The changes, 
effectuated in January 2012, were primarily concerned with restricting the “first to 
file” arrangement in order to stimulate domestic natural resource development and 
make the mining system more efficient (Kikkawa 2013).

In 1982, Japan adopted the Law on Interim Measures for Deep Seabed Mining. 
This relatively short (~20 page) law is designed to “contribute to the promotion and 
extension of the public welfare through the rational development of deep seabed 
mineral resources” (Law on Interim Measures for Deep Seabed Mining 
(1982), Article 1). Permission to deep-sea mine is granted through the Minister of 
International Trade and Industry (Article 4), based on compliance with the stan-
dards set for mining areas by the Minister as well as sufficient financial standing and 
technological capability (Article 12). There is virtually nothing in the law regarding 
the environment or consultation, although there is a section on compensation for 
damages caused by “the discharge of wastewater, the accumulation of rubble or slag 
or the release of mineral smoke accompanying deep seabed mining in Japan” 
(Article 27), as well as a section establishing penalties and fines for violating provi-
sions of the law (Chapter 6, Penal Provisions).

Although neither the Mining Act nor Japan’s seabed mining law contains provi-
sions on impacts to marine ecosystems, Japan possesses numerous domestic envi-
ronmental laws that would inform its DSM regulatory regime, including the Basic 
Environment Law (1993), the Act on Prevention of Marine Pollution and Maritime 
Disaster (1970, No. 136), the Environmental Impact Assessment Law (1997, No. 
81), the Law Concerning the Promotion of Business Activities with Environmental 
Considerations (2004, No. 77), the Act on the Exclusive Economic Zone and 
Continental Shelf (1996, No. 74) and the Act on Protection of Cultural Properties, 
as well as a Basic Act and Plan on Ocean Policy and biodiversity and climate change 
regimes. The Ocean Policy in particular emphasizes conservation and securing 
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marine biodiversity (Basic Plan on Ocean Policy (2013), Chap. 2 Sect. 2). However, 
it also clearly calls for the promotion and development of energy and mineral 
resources including seabed minerals.

It is beyond the scope of this chapter to assess the entirety of Japanese laws rele-
vant to DSM. However, the technical, sparse nature of the older mining laws raises 
concerns that environmental and social protections have not yet been adequately 
incorporated into the seabed mining regime and that a clear, integrated approach 
may not exist (Tatsuya 2017). Given Japan’s rush to secure domestic mineral sources, 
there is a risk that environmental and social consequences, including transboundary 
harm to other states resulting from mining in Japan’s waters and subsequent liability 
claims, could occur without adequate domestic regulatory legislation.

Domestic DSM Legislation Summary

In sum, Sects. 3 and 4 illustrate the need for domestic legislation to regulate DSM 
activities, even in the context of activities in the Area. As such, we find it useful to 
collate a non-exhaustive list of states with domestic legislation in place to govern 
DSM activities (taking place either within domestic jurisdiction or in the Area or 
both), as shown in Table 2.

5  Conclusion

This chapter has explored the national and international regulatory frameworks for 
DSM activities from the perspective of marine environmental protection. In particu-
lar, it has highlighted the need to standardize a precautionary, protective approach 
between the national and international seabed mining regimes, emphasizing that the 
current state of affairs – in which the international regime under the purview of the 
ISA is subject to the common heritage of mankind, but DSM in areas within national 
jurisdiction is left entirely to states – requires due attention.

Given the critical role of ocean ecosystems, in particular the seabed, in regulating 
climate and any number of other vital biodiversity functions, DSM activities, irre-
spective of where they take place, are a matter of “common concern to humankind” 
due to the harmful effects they are likely to cause to the marine environment. The 
latest advances in science validate these invaluable ecosystem services, while the 
deep ocean and its biodiversity are already established as common concerns of 
humankind. DSM activities should likewise be subjected to the same treatment 
(Hunter et al. 2018). As such, specific considerations under international law apply, 
including the due diligence obligation to regulate the activity effectively, as well as 
to exercise control over and, where necessary, enforce such regulations. Thus, in the 
case of activities in the Area, DSM contractors (i.e. the actual “polluters” that are 
responsible for the environmental degradation) in particular must account for the 
harm caused to the marine environment as it affects the community interest in 
favouring its protection (Sun 2018). This obligation is owed erga omnes and all 
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states have an inherent interest in ensuring that it is effectively observed (Harrison 
2017; Sun 2018). In this regard, treating international and national DSM activities 
as a matter of common concern would serve as a resounding call to ensure that regu-
lations and standards adopted under both regimes are streamlined and harmonized.17 

17 Although states are required, pursuant to Article 208 of UNCLOS, to streamline their seabed 
exploitation activities and align them to standards agreed globally (or at least regionally), there is 
little evidence to indicate that such an endeavour is forthcoming. As a result differing standards and 
stringency in regulation would apply to both regimes, potentially causing efforts to protect the 
marine environment in one to cancel out the other. On the one hand, it is possible that stringent 

Table 2 Countries with domestic legislation pertaining to DSM activities

Country DSM legislation

Belgium Act on prospecting and exploration for, and exploitation of, resources of the seabed 
and ocean floor and subsoil thereof, beyond the limits of national jurisdiction/Loi 
relative à la prospection, l’exploration et l’exploitation des ressources des fonds 
marins et leur sous-sol au-delà des limites de la jurisdiction nationale (2013)

China Law of the People’s Republic of China on Exploration for and Exploitation of 
Resources in the Deep Seabed Area (2016)

Cook 
Islands

Seabed Minerals Act (2009)

Czech 
Republic

Prospecting, Exploration for and Exploitation of Mineral Resources from the 
Seabed beyond Limits of National Jurisdiction, Act No. 158 of 18 May 2000

Fiji International Seabed Mineral Management Decree 2013 (Decree No. 21)
France Law on the Exploration and Exploitation of Mineral Resources on the Deep Seabed 

1981, Law No. 81-1135 of 23 December 1981
Germany Seabed Mining Act of 6 June 1995; amended by article 74 of the Act of 8 

December 2010
Italy Regulations on the Exploration and Exploitation of the Mineral Resources of the 

Deep Seabed, Law No. 41 of 20 February 1985
Japan Law on Interim Measures for Deep Seabed Mining, 1982
Nauru International Seabed Minerals Act, No 26 of 2015
Kiribati Seabed Minerals Act 2017
Russia Provisional Measures to Regulate the Activity of Soviet Enterprises Relating to the 

Exploration and Exploitation of Mineral Resources of Seabed Areas Beyond the 
Limits of the Continental Shelf, 17 April 1982

Singapore Deep Seabed Mining Act (2015)
Tonga Tonga Seabed Minerals Act 2014
Tuvalu Tuvalu Seabed Minerals Act 2014
UK Deep-Sea Mining (Temporary Provisions) Act, 1981, chapter 53, 28 July 1981; 

Deep-Sea Mining (Exploration Licences) (Applications) Regulations 1982, No. 58; 
Deep-Sea Mining (Exploration Licences) Regulations 1984, No. 1230; Deep-Sea 
Mining Act 2014

US Deep Seabed Hard Mineral Resources Act, 1980. Public Law 96-283, 28 June 
1980, 94 Stat. 553 (30 U.S.C. 1401 et seq.), as amended 1 July 2000

*Note that multiple countries are believed to be in the midst of drafting or considering similar 
legislation: e.g. India, Republic of Korea, Federated States of Micronesia, Marshall Islands, Niue, 
Papua New Guinea, Solomon Islands and Vanuatu (ISA National Legislation Database). 

P. Singh and J. Hunter



499

Accordingly, failure by either regime to adopt and enforce necessary measures to 
protect the marine environment may attract responsibility under international law as 
well as domestic law. This could include substantial transboundary harm claims 
from states affected by DSM, particularly when their “rights and legitimate inter-
ests” are impacted from those activities,18 as well as liability claims from private 
parties and other entities (e.g. commercial fishermen, tourism operators, indigenous 
groups, etc.).

Additionally, states are bound by an array of other laws applicable in the seabed 
mining arena, including broad and overlapping areas of environmental law stem-
ming from the climate change regime among others, as well as international human 
rights obligations and special protective duties owed to indigenous peoples. All of 
these rights and laws may be implicated by DSM and must accordingly be consid-
ered and incorporated into national and international legislation, in order to create 
truly effective regulatory regimes designed to promote sustainability, prevent harm 
and conserve the common heritage of mankind – understood as extending beyond 
the pure monetary value of seabed minerals to include climate, biodiversity and 
other vital functions of the deep seabed.

As a parting note, we call upon states to come together pursuant to UNCLOS, 
in particular Article 197 (to cooperate both on a regional and global basis in for-
mulating international rules and standards to protect the marine environment), 
Article 143 and Article 200 (to undertake scientific research to better understand 
the effects of DSM on the marine environment), Article 201 (to develop appropri-
ate scientific criteria for the regulation of DSM) and Article 208 (to adopt stan-
dards that are no less stringent and effective than those agreed internationally). 
This effort would help ensure that if DSM activities take place (irrespective of 
whether they occur in the national or international seabed), they should be sub-
jected to the highest environmental standards and the latest scientific knowledge; 
conducted in accordance with the precautionary approach and the polluter-pays 
principle; and remain accountable under all relevant areas of international law, 
with adequate monitoring and compliance mechanisms as well as appropriately 
enforceable legislative frameworks.

regulation and exacting standards adopted in the Area could shift contractor interest to areas within 
national jurisdiction where operational costs could be lower. This, in turn, could induce coastal 
states to engage in a race to the bottom to attract investors with weaker, less protective regulations. 
On the other hand, some contractors could elect to proceed with activities in the Area under the 
same scenario. This would entail increased operational costs, resulting in reduced revenue, and 
thereby potentially undermining the common heritage of mankind (as reduced revenue results in 
fewer financial benefits being available for equitable distribution among states, while the mineral 
resources of the Area continue to deplete). Consequently, streamlining environmental standards in 
both areas is critical.
18 Article 142(1) of UNCLOS.
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Deep-Sea Natural Capital: Putting  
Deep- Sea Economic Activities into 
an Environmental Context

Torsten Thiele

Abstract The natural capital of the vast deep ocean is significant yet not well quan-
tified. The ecosystem services provided by the deep sea provide a wide range of 
benefits to humanity. Proposed deep-sea economic activities such as fishing, deep- 
sea mining and bioprospecting therefore need to be assessed in this context. In addi-
tion to quantifying the economic benefits and costs of such activities on their own, 
their potential impact on the deep-sea natural capital also needs to be considered.

This article describes such a natural capital approach, identifies relevant ecosys-
tem services and looks at how a range of proposed commercial activities could be 
assessed in this context. It suggests a methodology for such analysis and suggests an 
approach to a sustainable blue deep-sea economy that is consistent with environ-
mental precaution. It will close with suggestions of how potential risks can best be 
handled.

The article aims to show that modern environmental economics based on natural 
capital can provide a useful framework for deciding future deep-sea efforts.

Keywords Deep-sea mining · Natural capital · Economic activities

1  Natural Capital and the Deep Ocean

When deep-sea mining was first proposed in the last century, little was known of the 
major ecosystem services that the deep ocean provides and which are crucial to life 
on earth (Jobstvogt et al. 2014). Today, we are aware of the important regulating and 
supporting services that the deep-sea environment delivers, in addition to provision-
ing us with seafood and other resources. We now know that deep-sea biodiversity is 
highly complex and rich, with unique deep-sea habitats (e.g. seamounts, submarine 
canyons, hydrothermal vents, cold seeps) sustaining a multitude of marine popula-
tions and endemic species (Van den Hove and Moreau 2007). Decisions to allow 
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activities in the deep therefore need to take potential impacts on these ecosystems 
into account (Worm et al. 2006) and provide for the protection of habitats and the 
reduction and elimination of pollution as otherwise some of these benefits of the 
deep ocean may be lost as a consequence of such activities (Rogers et al. 2015).

Quantifying these natural capital benefits can help to address this challenge, as 
otherwise decision-makers only compare the costs and benefits of the proposed 
activity, thereby valuing the ecosystem services of nature by default at zero. Yet we 
have limited knowledge of the economic value of protecting this natural capital of 
the deep ocean. The ecosystem services approach helps bridge the gaps between 
natural science and economics (Gowdy et  al. 2010; Braat and de Groot 2012). 
Economists have made progress in developing a methodology for assessing this 
critical form of capital (Parks and Gowdy 2013), including how to deal with remote 
locations and complex marine value chains (Drakou et al. 2017). The Law of the Sea 
Convention (LOSC 1982) considers the international seabed, the “area”, as com-
mon heritage of humankind, with corresponding obligations to advance equity 
(Bourrel et al. 2016) and the need to address also economic considerations (EPRS 
2015). This paper suggests that the emerging natural capital approach can to be 
applied to the deep sea.

1.1  The Concept of Natural Capital

Natural capital is defined as the stock of ecosystems and biodiversity that yield a 
flow of valuable ecosystem services (WBCSD 2009). Natural capital is a way to 
describe Earth’s natural assets, including soil, air, water and living things, existing 
as complex ecosystems, which provide a range of services to humankind. Depleting 
and degrading these reserves may irreversibly reduce the availability of benefits to 
future generations (Science for Environmental Policy 2017). Viewing natural capi-
tal in an inclusive way allows to develop a comprehensive language for sustainabil-
ity science (UNU-IHDP 2012). The total stock of capital employed in the economic 
system, including natural capital, determines the well-being for present and future 
generations.

The social worth of natural resources can be divided into three parts: use value, 
intrinsic value, and option value (UNU-IHDP and UNEP 2012). The value of both 
use and option value can be calculated directly, whereas intrinsic value requires 
indirect valuation approaches, such as through surveys. Viewing ecosystems as cap-
ital assets capable of producing goods and services allows the application of the 
standard tools and analysis developed by natural resource economics for modelling 
these complex systems (Helm 2015). It allows focusing on competing uses and the 
need to account for the value of ecosystem services in order to make efficient 
choices between uses (Barbier 2012). As an example, a recent study (Beaumont 
et al. 2008) detailed goods and services resulting from UK marine biodiversity and 
valued 8 of 13 services in monetary terms in order to prioritise management 
approaches. Provided that a society saves the rents from extraction, a sustainable 
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increase in consumption may be possible (Hamilton and Hartwick 2017). This 
approach also helps to identify “perverse subsidies” which encourage ecosystem 
destruction such cheap fuel for deep-sea bottom trawling and take decisions that 
regulate such activities.

The natural capital approach provides a helpful starting point, methodology and 
research agenda (Atkinson et  al. 2014). Mainstreaming natural capital into deci-
sions however requires that the methodology is straightforward and routine (Guerry 
et al. 2016). By developing habitat quality and habitat diversity models, cost-benefit 
decisions can be embedded into a larger policy context (Polasky et  al. 2011). 
Analysis of ecosystem services in quantitative financial terms, of the benefits and 
costs that specific parts of nature provide to humans, offers a framework to analyse 
the interaction between human activities and conservation (Boyd and Banzhaf 
2007). It balances the use of a resource and its conservation according to how soci-
eties value consumptive and nonconsumptive goods (Perrings et al. 2010). Human 
activities can lead to ecosystem disservices, including loss of biodiversity, chemical 
contamination and sedimentation, poisoning of nontarget organisms and emissions 
of greenhouse gases and pollutants, that need to be quantified. The ecosystem ser-
vices perspective needs however to be a part of a broader approach. Economics is 
best suited to describe choices made at the margin, where its language of stocks and 
flows can be adapted to the environment. A range of techniques such as hedonic 
pricing, contingent valuation and replacement cost methods have been used to cal-
culate an overall value of nature (Costanza et  al. 1997), which the TEEB report 
confirmed to be substantive (TEEB 2009). This thinking can then be integrated into 
a broader policy mandate that considers all social and societal goals and 
ambitions.

1.2  Natural Capital and Deep-Sea Activities

Once we have established a clear methodology, we can apply this approach to the 
deep sea in order to assess whether proposed commercial activities such as deep-sea 
mining provide positive net benefits to society (Halvar and Fujita 2009). Due to the 
nature of the deep ocean (the immense pressure, the hard to reach bottom, the lack 
of data and the distance from land), the exploration and especially the exploitation 
of the resources on the seabed pose immense technical and environmental chal-
lenges (Rozemeijer et al. 2017). Before embarking on this effort, a balanced assess-
ment is ever more important in the context of a deep-sea legal regime outlined in 
Annex XI of the United Nations Convention on the Law of the Sea that is committed 
to precaution and long-term sustainability. Our knowledge of deep-ocean biodiver-
sity only hints at thousands of undiscovered organisms and their benefits (TEEB 
2012). Some threatened species, such as cold-water corals, have life spans of hun-
dreds or even thousands of years (Barbier et al. 2014).

In 1997, an initial assessment of the overall value of ocean ecosystems came up 
with a tentative valuation of US$ 24tr (Costanza et al. 1997). A more recent paper 
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has confirmed this calculation with an even higher number (Costanza et al. 2017). 
Whilst these are numbers of the ocean as a whole rather than for the deep sea alone, 
as the ocean is a single and complex, interconnected system, this provides an appro-
priate starting point against which to assess the impact of human activities. Thus the 
total value of ecosystem services is considerable and, according to another recent 
study (De Groot et al. 2013), ranges between US$ 490/year for the total bundle of 
ecosystem services that can potentially be provided by an “average” hectare of open 
oceans to almost US$ 350,000/year for the potential services of an “average” hect-
are of coral reefs.

Therefore, we need to consider how costs of any (direct and indirect) environ-
mental impacts are treated, for purposes of weighing the net private and public 
benefits of activities such as deep-sea mining against the public cost of such envi-
ronmental impacts (Pacific Possible and World Bank 2016). That way, potential 
benefits of mining can be assessed against a broad set of criteria. These also need to 
consider the potential benefits of alternative uses of the deep ocean, such as discov-
ery of new substances and marine genetic resources for the development of medi-
cine in future. Yet human impacts (Thiel 2003) are already significantly affecting 
the deep ocean (Ramirez-Llodra et al. 2011), with climate change being particularly 
relevant (Sweetman et  al. 2017). As an example, anthropogenic greenhouse gas 
emissions are starting to seriously impact the ocean as a whole, through warming 
and acidification, with implications that are independent from the specific location 
of the emission. Global marine ecosystems are rapidly degrading as a result of over-
fishing, pollution and lack of regulatory protection (Glover and Smith 2003). It is 
therefore necessary to take into account both the cumulative and synergistic effects 
of human activities and the future state of the natural capital of the deep sea.

2  Deep-Sea Ecosystem Services

Progress is being made in identifying key aspects of deep-sea ecosystem services 
and how to value them (Armstrong et al. 2012). We now understand, for instance, 
that the resource use value of provisioning services “is likely to be dwarfed” by the 
value the ocean provides in regulating the global climate. What matters for most 
ecosystem services is the diversity of traits that different species possess, such as 
nitrogen fixers, pollinators and nutrient recyclers (Perrings et al. 2010). Using an 
ecosystem services framework both allows for a better understanding of the range 
of services the oceans provide (McLeod and Leslie 2009) and provides a way to 
draw in wider audiences, including other stakeholders and policymakers (Guerry 
et al. 2011). Marine ecosystems provide all four main categories of services identi-
fied in the Millennium Ecosystem Assessment, i.e. provisioning, regulating and 
supporting services and existence values. However, quantifying these in the deep is 
still a challenge (Atkinson et  al. 2014) even as the methodologies have matured 
(Goulder and Kennedy 2011).
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2.1  Provisioning Services

The oceans provide a wide range of provisioning services, from marine food such 
as fish to genetic resources discovered through bioprospecting (Arrieta et al. 2010). 
Yet our limited knowledge and lack of regulation have, for instance, led to unsus-
tainable trawling practices (Pusceddu et al. 2014) and overfishing (Victorero et al. 
2018). Deep-sea trawling resulted in taking of deep-sea fish for human consumption 
which has led to significant damage of deep-sea habitats (Puig et al. 2012), as deep- 
sea species are particularly vulnerable to overexploitation, due to their slow growth 
and late maturity (Morato et al. 2006). As a result, a precautionary approach has 
been recommended, limiting any extraction of marine products to activities that 
have been fully studied and assessed within an ecosystem-based management 
framework.

2.2  Regulating and Supporting Services

Regulating services provide benefits such as climate regulation, disease regulation, 
water regulation and purification. The ocean contributes to air quality and treating 
waste as well as acting as a key global carbon stock (Laffoley et  al. 2014). The 
ocean is critical to keeping our global climate stability, and any impact on such 
system-wide regulatory services needs to be considered as serious, as these rein-
forcing regulatory services are subject to tipping points which can move the entire 
system to a different state. The ocean supplies crucial supporting services such as 
nutrient cycling, primary production via photosynthesis and oxygen production 
which are necessary for the production of all other ecosystem services and are 
linked to key planetary boundaries, a concept developed to identify the constraints 
our planet faces (Whiteman et al., 2012).

2.3  Intrinsic Values and Services

Non-material benefits obtained from ecosystems include spiritual and religious val-
ues, recreation and ecotourism, aesthetic, inspirational, educational, sense of place 
and cultural heritage. Intrinsic values and cultural services are of great significance 
(Chan et al. 2012). There are societies that value pristine nature because it’s a con-
nection (Cohn 2012). This important area requires further work both from a scien-
tific and from a systemic point of view (Balmford et al. 2002). One of the proposed 
methodologies to deal with the lack of familiarity with deep-sea ecosystem func-
tions is stated preference theory (Barkmann et al. 2008) and discrete choice experi-
ments (Hoyos 2010). By applying such approaches to value specific outcomes, 
economists have been able to find ways to calculate specific amounts that can then 
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be used, for instance, to award damages where specific ecosystems have been 
affected. Research applied choice experiment and contingent valuation methods to 
value the diversity of biological diversity (Christie et al. 2006). These examples sug-
gested that society puts a high intrinsic value on a healthy ocean.

3  Human Activities in the Deep Ocean

3.1  Non-invasive

Some activities in the deep ocean, such as scientific research or the collection of 
genetic material in the form of eDNA, if properly organised and undertaken profes-
sionally and with the necessary caution, are likely to have minimal impact on deep- 
sea ecosystems (Arico and Salpin 2005). They may however deliver significant 
breakthroughs, such as the discovery of new substances. The evident benefits of 
potential medicines even whilst taking uncertainty into account could, for instance, 
provide additional arguments to justify protecting certain areas, such as all hydro-
thermal vents for their high biotechnological utility (Leary et al. 2009). The negotia-
tions that have begun in 2018 at the United Nations for a new Marine Biodiversity 
Agreement aim to address such marine genetic resource issues in a way to create 
maximum benefit for humankind (Harden-Davies 2017).

3.2  Extractive

Extractive activities, in particular those related to non-renewable resources, are 
likely to cause negative impacts to the marine ecosystem, by removing the resource 
it can no longer be accessed by marine life, and in the process additional harm is 
caused (Halfar and Fujita, 2007). Environmental data plays a key role in under-
standing such impacts and in designing of the mining system as well as planning of 
the mining operation, in particular since restoration without net loss is not possible 
(Van Dover et al. 2017). Areas likely to be affected by deep-sea mining will range 
from the surface and water column due to particles discharged (accidentally or oth-
erwise) during lifting, at-sea processing and transportation to the seafloor where the 
mineral will be separated from the associated substrate either due to scooping or 
drilling leading to resuspension and redistribution of debris in the bottom water 
along the path of the collector device as well as in the vicinity of the mining tracks 
and the land due to metal extraction and tailing disposal (Sharma 2011). The spatial 
extent of these efforts needs to be taken into account (Benn et al. 2010). A recent EU 
study of deep-sea mining impacts identified a wide range of aspects to be consid-
ered, through environmental impact assessments (Ecorys 2014).
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3.3  Harmful Activities

Different international conventions ban harmful activities in the ocean, such as 
dumping, (IMO 1996) altogether. These sectoral measures have been important to 
limit such negative impacts on the marine environment.

4  Assessment of Proposed Commercial Activities

Natural capital accounting aims to integrate the stock of nature into national 
accounts; it can then show whether an activity such as mining will improve or 
reduce overall economic value. An important benefit of this approach is its systemic 
nature; it shows that only when looking at the overall impact on the system can we 
visualise the real impacts of an activity. It is therefore necessary to fully integrate all 
costs and benefits into the calculation so that price signals can provide the right 
incentives. This includes assessing the alternatives to mining such as recycling 
(Teske et al. 2016). By dividing ecosystem into provisioning, regulating and other 
services and applying direct and indirect valuation techniques, the externalities 
these services provide can be captured, allowing public policy to take them into 
account to craft better regulation (Goulder and Kennedy 2011). In the case of deep-
sea mining activities, these need to reflect different deep-sea habitats, such as man-
ganese nodules (Vanreusel et al. 2016), ferromanganese crusts (Probert et al. 2007), 
sulphides (Boschen et al. 2013) and hydrothermal vents (Gollner et al. 2011; Van 
Dover et al. 2018), including their differences in ecology and in economics (Martino 
and Parson, 2012).

5  Policy Implications

In order to effectively regulate activities, it is therefore not sufficient to address each 
impact independently of each other but consider their interaction to prevent the 
deterioration of its natural capital. As the High-Level Expert Group on Sustainable 
Finance noted, the risk is exploitation beyond its rate of renewal, not least due to 
policies that do not value it sufficiently (HLEG 2018). As a consequence, it requires 
a comprehensive assessment of costs and benefits of deep-sea activities (SPC 2016). 
There are not only technological challenges to offshore mining; it is also trapped in 
a vicious circle of uncertain operations, the need for high capital investments and 
fluctuating prices for mineral resources (Rozemeijer et al. 2017). In the European 
Union, for instance, the European Union Biodiversity Strategy aims to halt the loss 
of biodiversity and ecosystem services in the EU and to help stop global biodiver-
sity loss by 2020. The Strategy aims to ensure “no net loss of biodiversity and eco-
system services” (Action 7, Target 2). Maximising value from the oceans requires 
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that significant areas be set aside for marine protection (Helson et al. 2010), precau-
tion (Mengerink et al. 2014) and adopting new management approaches, including 
vertical zoning (Levin et al. 2017).

Since the formation of the ISA in 1994 based on the United Nations Convention 
on Law of the Sea (LOSC 1982), it has served as the regulating agency for all activi-
ties related to the resources in the area (i.e. defined as the seabed and subsoil beyond 
the limits of national jurisdiction) (Sharma 2017). Through a series of international 
workshops, the ISA has also issued recommendations for assessment of possible 
environmental impacts from exploration of nodules and for establishment of envi-
ronmental baselines and associated monitoring programme for exploration of poly-
metallic sulphides and cobalt crusts. Going forward, the application of the common 
heritage principle to the area will require an equitable assessment of any future 
mining activities (Bourrel et al. 2016). This is particularly relevant to fairly address 
the needs of developing nations (Egede 2011) as the ISA progresses in developing 
its regulatory framework (ISA 2015) based on the precautionary principle (Jaeckel 
2017). The same applies mutatis mutandis for deep-sea mining in the EEZ, e.g. in 
the Pacific (Pacific Possible and Worldbank 2016). As national accounts increas-
ingly include natural capital (Obst et al. 2016), likewise international bodies such as 
the ISA will need to take it into consideration, in particular in the light of UN 
Sustainable Development Goal 14 (Shepherd et  al. 2016). As the ISA develops 
options for the deep-seabed mining regime (Jaeckel et al. 2017), an economic per-
spective that takes the deep-sea natural capital fully into account is required to 
deliver fully assess the opportunity ahead (Wedding et al. 2015).
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Abstract This chapter reviews different mining rates for polymetallic nodules and 
evaluates the ensuing environmental impacts as well as metal production with 
respect to land reserves, metal prices, and projected investments. It is expected that 
these can be applied for different mineral deposits in other ocean basins as well.

Keywords Mining rates · Environmental impacts · Metal values · Investments · 
Polymetallic nodules

1  Introduction

Mero (1965) unraveled the economic potential of deep-sea manganese deposits and 
predicted that “deep-sea mining would start in 20 years time,” a projection that was 
subsequently revised due to the discovery of new land-based ores and decline in 
metal prices (Lenoble 1990; Cronan 2000). This was revived by suggestions that 
these mineral deposits would be the alternative source of metals in the twenty-first 
century (Lenoble 2000; Kotlinski 2001), and subsequently activities related to deep- 
sea mining have seen a sudden spurt with the number of entities rising from just 
eight “Pioneer Investors” recognized under the UN Law of the Sea in the first four 
decades (1970–2010) to as many as 29 contractors registered currently for explora-
tion for polymetallic nodules, polymetallic sulfides, and cobalt-rich ferromanganese 
crusts in the international seabed area (www.isa.org.jm).

This coupled with the development of environmental guidelines by the 
International Seabed Authority for the Contractors (ISA 2013; being revised in 
2019) as well as reports of technology development for mining of deep-sea 
resources, as demonstrated by the “large-scale deep-sea mineral extraction” 
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 (www.japantimes.co.jp) and “completion of submerged trials for seafloor pro-
duction tools” (www.nautilusminerals.com), seems to suggest the possibility of 
commercial deep-sea mining becoming a reality in the near future. With this 
impending eventuality, this chapter reviews the estimates of mineable area, envi-
ronmental impacts, and metal production for different mining rates for polyme-
tallic nodules, as well as re-evaluates the estimated expenditures based on 
current metal prices and investments calculated as per inflation rate from earlier 
studies (Sharma 2017a, b) in order to help the industry optimize their invest-
ments and production while taking environmental impacts into consideration.

2  Proposed Mining Rates for Polymetallic Nodules

Different mining rates have been proposed in various studies over the last five 
decades (Table 1) wherein most of the mining rates vary between 1 and 3 Mt/year 
with an overall average of 2.1 Mt/year (excluding the anomalous range of 1–25 Mt/
year) and 2.9 Mt/year (including all values). It is critical to note that all studies 
(except #12) have expressed mining rates for “dry” nodules, which represent the 
quantity of nodules that will eventually be available for metal extraction as per their 
concentrations in nodules. On the other hand, mining rates for “wet” nodules that 
would include the moisture content represent the rate at which eventual mining 
should be carried out in order to meet the required quantity of dry nodules for fur-
ther processing (Sharma 2017a).

Table 1 Proposed mining rates for polymetallic nodules (Sharma 2017b)

Sr. 
No Proposed by Mining rate

1 Flipse et al. (1973) 1–5 Mt year−1 (dry)
2 Kaufman (1974) 1 Mt year−1 (dry)
3 Siapno (1975) 1 Mt year−1 (dry)
4 Pearson (1975) 1–25 Mt year−1 (dry)
5 Lenoble (1980) 2.1–3 Mt year−1 (dry)
6 OMI (1982) 3 Mt year−1 (dry)
7 OMA (1982) 2.1 Mt year−1 (dry)
8 Academie des Science (1984) 3 Mt year−1 (dry)
9 Dick (1985) 1–2 Mt year−1 (dry)
10 UNOET (1987) 3 Mt year−1 (dry)
11 Herrouin et al. (1991) 1.5 Mt year−1 (dry)
12 ISA (2008) 1.5 Mt year−1 (wet)

Average (considering all individual values as well as median 
values in case of range)

2.9 Mt year−1

Average (considering all individual values as well as median values 
in case of range and excluding anomalous range of Sr. no. 4)

2.1 Mt year−1

R. Sharma et al.

http://www.japantimes.co.jp
http://www.nautilusminerals.com


521

3  Estimation of Ore Production, Mineable Area 
and Environmental Impacts

3.1  Criteria and Factors for Nodule Mining

Mining of deep-sea minerals such as polymetallic nodules would be a combination 
of resource parameters as well as the geological and environmental setting of the 
resource. According to the criteria suggested by United Nations Ocean Economics 
and Technology Branch (UNOET 1987), the mine site should meet the following 
conditions:

• Cutoff grade : 1.8% Ni + Cu
• Cutoff abundance : 5 kg/m2

• Topography : acceptable
• Duration of recovery : 20 years (life of a mine site)
• Annual recovery : 3 million tons/year or 1.5 million tons/year (ISA 2008)
• Operation per year : 300 days

Once the above criteria are fulfilled, the mineability of the resource will be influ-
enced by features associated with it such as the following:

• Distribution characteristics of the minerals
• Association of minerals with substrates
• Seabed topography (slopes) in the mining area
• Environmental setting in the mining area

A detailed description of various environmental and geological factors that 
would influence the design and operation of deep-sea mining system is given by 
Sharma (2019, Chap. 12, this volume).

3.2  Estimation of Variables Associated with Mining

Estimation of ore production, mineable area, size of mine site, area of contact, vol-
ume and weight of sediment to be disturbed, and quantity of mine tailings can be 
made using formulae suggested in Sharma (2017a):

 Ore Production

Ore production per day (Op) can be calculated as:

 
O Dp dryMR t day= =( ) / /5000
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where:

MR(dry) = mining rate (1.5 Mt/year),
D = no. of days of operation/year (300 days)

 Total Mineable Area (M)

Mineable area (M) is calculated by subtracting the percentage of unmineable areas, 
due to various factors that have been estimated in different studies and include unfa-
vorable topography (15–45%), abundance (10–25%), and grade (10–15%), from the 
total area (UNOET 1987). Considering conservative percentages for these factors 
for an area of 75,000 km2 allotted for polymetallic nodules to a contractor, M can be 
estimated as:

 
M A A A A= − + +( ) =t u g a km37 500 2,

 

where:

At = the total area (75,000 km2)
Au = area unmineable due to topography (30%)
Ag = area below cutoff grade (10%)
Aa = area below cutoff abundance (10%)

However, this could vary for each mine site as per actual area (At) allotted as well 
as the ground conditions in different mining areas.

 Size of Mine Site (As)

Size of mine site is estimated (UNOET) as:
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where:

MR(dry) = mining rate (1.5 Mt/year)
D = duration of mining operation (20 years)
An = average nodule abundance in a mineable area (5 kg/m2)
E = overall efficiency of the mining device (25%)
M = mineable area (37,500 km2)

Other components being constant, the actual size of the mine site would depend 
on two variables An (average nodule abundance) and E (overall efficiency of the 
mining device). Studies have shown that higher mean nodule abundances are 
expected in the first-generation mine sites in CCZ as well as CIOB than the cutoff 
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value considered here (Singh and Sudhakar 2015), hence reducing the actual area of 
the mine site.

The overall efficiency (E) =es × ed, where es is the sweep efficiency and ed is 
dredge (or pickup) efficiency and a conservative estimate of mean efficiency based 
on different studies works out to 25% (UNOET 1987). However, a better efficiency 
of the mining device should be possible with development in technology that would 
result in smaller area of the mine site leading to lower environmental impacts. As 
per recent research by Hong et al. (2019, Chap. 5, this volume), if es is around 60%, 
the overall efficiency (E) will be about 50%. On the other hand, in case es is 80%, 
the E of collecting system will rise up to 64%. This makes a big difference in the 
aspect of sustainability: reduction of 25% in the size of mine site (As).

 Area of Contact

For a mining rate of 1.5 Mt/year (MRdry) and average nodule abundance (An) of 5 kg/
m2, the Area of contact (Ac) on the seafloor would be:

 
A Ac dry nMR m i e km

i e km /day for

= =( ) / , , , . ., ,

. .,

300 000 000 300

1 30

2 2

2 00days/year of operation( )

 

where:

MR(dry) = mining rate (1.5 Mt/year)
An = average nodule abundance (5 kg/m2)

So, for an annual operation time of 300 days, the contact area would be 1 km2 per 
day, and for a 20 year lifetime of a mine site, it would be 6000 km2, which is only 
8% of the entire allotted area (i.e. 75,000 km2 ‘Contract’ area). It is also expected 
that the average nodule abundance would be higher in the mining area than the cut-
off considered here, implying that the actual contact area (that is the area to be 
scraped on the seafloor) will be much smaller than that estimated here, thus reduc-
ing the environmental impact.

 Volume and Weight of Sediment Disturbed

During mining of nodules, the associated sediments will also be disturbed causing 
serious environmental impacts. Considering a ratio of 1:9 for the proportion of nod-
ules with respect to sediments on the seafloor (Sharma 2011) and penetration by the 
nodule miner to a depth of 10 cm in to the sediment to collect nodules in 300 km2 
area, the volume of sediment (Vs) to be disturbed is estimated as:

 V A D Cs d p s= × × / 100 
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where:

Ad = area of disturbance (300 km2 or 3 × 108 m2/year)
Dp = depth of penetration (10 cm or 0.1 m)
Cs = coverage of sediment (90%) (nodule to sediment ratio is 1:9)

Hence,

 

Vs m /year

m /year in

= × × × = × ×
= ×

3 10 0 1 90 100 3 10 90

2700 10000 300

8 5 3

3

. /

ddays

m /day= 90 000 3,  

This is equal to 103,500 t/day (wet sediment) or 20,700 t/day (dry sediment) consid-
ering 1.15 g/cm3 as density and 80% of water content in deep-sea sediment (Khadge 
and Valsangkar 2008). The redistribution of this sediment is expected to cause envi-
ronmental impact in the marine environment. However, as the nodule to sediment 
ratio considered here is for a large area that includes locations without nodules as 
well as low coverage, the actual sediment disturbed in a typical first-generation 
mine site would be lower as it would have higher nodule abundance and proportion-
ately lesser associated sediment.

 Estimation of Mine Tailings

A simplified method of estimating the quantity of mine tailings after processing of 
nodules can be:

 
MR MR ,dry dry m( ) ( )− ×( )C / 100

 

where:

MR(dry) = mining rate (1.5 Mt/year)
Cm = total concentration (%) of metals to be extracted from nodules

However, as the nodules will be processed through chemical leaching process, 
the exact estimation of mine tailings can only be attempted after the nature of the 
final discarded tails are known. For example, in a four metal recovery process, sub-
sequent to manganese recovery, a benign quantity of discard slag is produced. 
Further, the environmental impact of tailings is dependent on the process route 
(P. K. Sen, personal communication).

R. Sharma et al.



525

4  Estimates for Different Mining Rates

Estimates of variables described above for different mining rates are compiled in 
Table 2.

4.1  Ore Production

Mining of nodules at different mining rates (1–3  MT/year) for a duration of 
300 days/year would lead to production of 3333–10,000 t of ore/day (Table 2) irre-
spective of nodule abundance. This calls for not only adequate mechanism to collect 
the nodules from the seafloor and a lifting mechanism through >5 km of water col-
umn but also proportionate handling and storage infrastructure on the surface plat-
form as well as transport vessels to carry ore to the shore for further processing. 
Given the disparity between ratios of constituent metals in the nodules and world 
demand (Pearson 1975), optimum production of ore with desired composition of 
metals would be required to maintain a balance in metal prices as overproduction 
could lead to lowering of prices making deep-sea mining uneconomical.

4.2  Mineable Area and Area of Contact

Estimates show that area (size) of the mine site would range between 4267 km2 and 
12,800  km2 (Table  2) for different mining rates (1–3  MT/year) which is 5.68–
17.06% of the “Contract” area (75,000 km2) for nodule abundance of 5 kg/m2 and 
25% efficiency of the mining system. However, it can easily be expected that the 
first-generation mine site would have higher average nodule abundances (8–15 kg/
m2) and much better efficiency for mining due to improvement in technology in 
order to make it cost-effective. Studies based on statistical analysis of nodule abun-
dance data have shown that for a typical mining area of 75,000 km2 allotted to a 
contractor for polymetallic nodules, about 10% of the area will be adequate as first- 
generation mine site for supplying 3 million tones of dry nodules for a period of 
20 years in the Clarion Clipperton Fracture Zone in the Pacific Ocean, whereas the 
same would be about 20% in the Central Indian Basin (Singh and Sudhakar 2015). 
Further, the area of contact that would be actually scraped would vary between 
200 km2/year and 600 km2/year to mine at these rates which comes to 0.66–2.0 km2 
per day (Table 2) and would further reduce with higher nodule abundance expected 
in the first-generation mine site, proportionately reducing direct environmental 
impacts. These are confirmed by a study on production key figures for planning of 
nodule mining (Volkmann and Lehman 2018) which suggests that with an overall 
mining efficiency of 30–40% and for abundances of 13.7 kg/m2 and 16.5 kg/m2, an 
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area of approximately 114–182 km2 will be mined per year or ~2300 to 3600 km2 in 
a period of 20 years for production rates of 1.5–2 MT per year.

4.3  Volume and Weight of Sediment Distributed

Although, the actual mineable area and area of contact during mining would be 
small implying significant respite to the direct impact on seafloor environment and 
its biological communities, a significant volume of sediments associated with nod-
ules will be disturbed (60,000–180,000 m3/day) for different mining rates that trans-
lates into significant weight of wet sediment (69,000–207,000 t/day) and equivalent 
dry sediment (13,800–41,400 t/day) as shown in the estimates (Table 2). Hence, the 
key to minimize the ensuing impacts would be to identify high abundance areas so 
as reduce the amount of associated sediment that would be disturbed and also to 

Table 2 Estimates for mining of polymetallic nodules at different mining rates (Sharma 2017b)

Estimates for 
operation of 
300 days 
year−1

Mining rate

Remark/
implication

1.0 Mt 
year−1

1.5 Mt 
year−1

2.0 Mt 
year−1

2.5 Mt 
year−1

3.0 Mt 
year−1

Ore 
production/
day

3333.3 t 
day−1

5000 t 
day−1

6666.6 t 
day−1

8333.25 t 
day−1

10,000 t 
day−1

Proportionate 
storage and 
transport facility 
required

Area (size) 
of mine sitea

4267 km2 6400 km2 8533 km2 10,667 km2 12,800 km2 Negligible 
(5.68–17.06%) 
of the contract 
area

Area of 
contact per 
yeara

200 km2 300 km2 400 km2 500 km2 600 km2 0.66–2 km2 
day−1

Volume of 
sediment 
disturbed at 
seafloor

60,000 m3 
day−1

90,000 m3 
day−1

120,000 m3 
day−1

150,000 m3 
day−1

180,000 m3 
day−1

Major source of 
environmental 
impact

Wt. of 
disturbed 
sediment 
(wet) (at 
1.15 g cm−3 
density)

69,000 t 
day−1

103,500 t 
day−1

138,000 t 
day−1

172,500 t 
day−1

207,000 t 
day−1

In slurry form 
that can travel 
with bottom 
currents to 
adjacent areas

Wt. of 
disturbed 
sediment 
(dry) (at 80% 
water 
content)

13,800 t 
day−1

20,700 t 
day−1

27,600 t 
day−1

34,500 t 
day−1

41,400 t 
day−1

Dominant 
(50–60%) fine 
clays may 
remain 
suspended for 
longer periods

aFor cutoff abundance of 5 kg m−2 (minimum required for nodule mining, UNOET 1987), Contract 
area of 75,000 km2, mining for 20 years for 300 days of operation per year
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screen the sediments close to the seafloor and minimize their lateral migration to 
adjacent areas so as to restrict the impact to the mining strip.

4.4  Mine Tailings After Extraction of Metals

In case of four metal recovery, the concentration of metals of interest 
(Mn + Cu + Ni + Co) is ~26%, whereas the remaining is likely to be discarded as 
tailings after processing, the form and quantity of which would depend on the pro-
cess adopted for the purpose. As the processing of minerals is expected to be done 
at shore-based processing plants, the disposal of these tailings could lead to environ-
mental issues at the disposal sites on land unless alternative uses are found. Given 
various chemical and physical properties of these tailings, studies have indicated 
several possible uses ranging from agricultural applications to being used for high-
way construction and for landfill purposes as well as industrial fillers in order to 
make deep-sea mining sustainable (Wiltshire 2017).

5  Estimation of Metal Values for Different Mining Rates

Concentrations of manganese, nickel, copper, and cobalt reported for Pacific Ocean 
(Morgan 2000) and Indian Ocean (Jauhari and Pattan 2000) were used for estimat-
ing metal production at mining rates between 1 and 3 Mt/year (Table 3) for each 
year as well as for a period of 20 years that is considered as the lifetime of a mine 
site (UNOET 1987). For four metals, the expected yield is ~5 to 15 million tons for 
different mining rates for the total period of 20 years, whereas the actual demand 
may vary over different years during the mining operations. However, this is assum-
ing that 100% of the metals in the ore will be extracted, whereas in reality the per-
cent recovery of metals depends on the process adopted and necessary corrections 
need to be applied. These metal production values would be critical for arriving at 
the decision of an optimum mining rate based on the projected demand of these 
metals in the world market for ensuing years from the time when mining is expected 
to commence. It should be noted that these values are indicative, and the actual yield 
for each mine site would vary with the concentrations of metals in the area. For 
example, higher concentrations for Mn, Ni, and Cu have been reported for Pacific 
Ocean by Hein and Koschinsky (2014).

Further considering the metal prices for manganese, nickel, copper, and cobalt 
for 2018, metal values were evaluated (in US$) for different mining rates between 
1 and 3 Mt/year for known concentrations of these metals in the Pacific and Indian 
Oceans. Estimates show that metals worth $ 16.5–49.7 billion in Pacific Ocean and 
$ 15.9–48 billion in Indian Ocean would be produced over a period of 20-year life-
time of a mine site for mining rates varying between 1 and 3 million tons/year 
(Table  4). However, the metal values will be critical to evaluate the returns on 
investment with respect to different mining rates in order to optimize the same for 
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Fig. 1 Long-term fluctuations in metal prices for manganese, nickel, copper, and cobalt (www.
infomine.com/investment/metal-prices)

R. Sharma et al.
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Fig. 1 (continued)

sustaining the mining operations for the entire period. Another study that assumed 
3 million dry tons of nodules mined per year as per metal prices of March 2018 
estimated 845,325 tons of Mn + Ni + Co + Cu valued at $ 2370 million (Roth 2018).

It is important to note that metal prices have been fluctuating over long periods 
of time (Fig. 1), and between 2011 and 2018, the prices have risen for manganese 
(+54%) and cobalt (+205%), whereas the prices have fallen for nickel (−38%) and 
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copper (−28%) which have been used for estimation of resource potential (see 
Sect. 8). In view of the fluctuating metal prices, it is appropriate to include a time-
series analysis to predict likely prices for a “would be” sea nodule plant (P. K. Sen, 
personal communication). Hence, the mining rates will have to be optimized based 
on metal prices, actual quantity of metals produced, their consumption, and the 
returns on investment at the time of mining.

6  Analysis of Global Production Rates of Metals 
and Duration of Availability of Metals from Land Reserves

Evaluation of production rates of selected metals in the last 20 years shows consis-
tent increase (Fig. 2a–f) due to rising demands for metals for their industrial appli-
cations that include production of automobiles, electronic goods, batteries, heavy 
machinery, and others (www.usgs.gov).

Mean increase of production rate for 20 years was calculated using production of 
each metal from 1997 to 2016. This was based on estimation of increase of produc-
tion rate for each year with respect to the previous year, and then a mean value of 
these pairs was calculated (in percentage) as follows:

 
P

P P

P
x x

x
m =

∑
−( )∗+1 100

19

%

 

where:

Pm is increase of production rate of metal m (%).
Px is production rate of current year (t).
Px+1 is production rate of next year (t).

Calculations showed that the mean increase of production rate of different metals 
in the last 20 years is as follows: Co, 8.3% per year; Cu, 3.1%: Ni, 3.7%; Mn, 4.3%; 
Pb, 2.6%; and Zn, 2.9%.

Based on the mean increase in production rate of metals in the last 20 years as 
well as availability of metal reserves on land in the world, the duration of availabil-
ity of land reserves can be evaluated in order to evaluate the possible timing when 
deep-sea minerals may be required to be mined.

There are two ways of this estimation:

Approach 1: Having total metal reserves on land for 2016, which is considered as a 
base year for calculation, and the production rate of the metal for 2016, the num-
ber of years for which the reserve will last (Table  5) can be estimated as 
follows:

 
N R

Pm
m

b
=
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Fig. 2 (a) Co production rate from 1997 to 2016. (b) Cu production rate from 1997 to 2016. 
(c) Ni production rate from 1997 to 2016. (d) Mn production rate from 1997 to 2016. (e) Pb pro-
duction rate from 1997 to 2016. (f) Zn production rate from 1997 to 2016
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d
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f

Fig. 2 (continued)
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where:

Nm is number of years that last for metal m.
Rm is the latest world reserves of metal m on land in the base year (t),
Pb is production rate of the base year (t).

However, this method presumes that production rate of the base year will remain 
constant in the future, whereas the analysis of 20-year production of metals has 
shown that the production rates of metals are increasing every year. Therefore, for 
accurate estimation of the number of years, it is needed to consider mean increase 
in production over a period of time as described below.

Approach 2: The calculations of availability of metal reserves on land were per-
formed beginning from 2016, which is the base year. Subsequently, the consider-
ing production rate for 2016 as the baseline and increase of mean production rate 
in %, the projected production rates for future were found with respect to increase 
of production rate as follows:

 
P P

P P
x x

x
+ = +

×
1 100

m

%  

where:

Px is production rate of current year (t).
Px+1 is production rate of next year (t).
Pm is increase of production rate for metal m (%).

When this is repeated for each of the subsequent years, it is possible to estimate 
how many reserves remain after each year of mining with respect to the increase in 
production rate by:

 R R Pxl m= − +1 

where:

Rl is the remaining reserve (t).
Rm is the latest world reserves of metal m on land in the base year (t),

Table 5 Availability of metal reserves on land

Metal
World reserves on land in the 
base year (t) (www.usgs.gov)

Production rate of the base 
year (t) (www.usgs.gov)

Number of years for 
which land reserves will 
last

Cu 790,000,000 20,100,000 39
Co 7,100,000 111,000 64
Ni 74,000,000 2,090,000 35
Zn 230,000,000 12,600,000 18
Pb 88,000,000 4,710,000 19
Mn 680,000,000 15,700,000 43

Review of Mining Rates, Environmental Impacts, Metal Values, and Investments…

http://www.usgs.gov
http://www.usgs.gov


536

Px+1 is production rate of next year (t).

Making these calculations number of times, it was found out that from 2018 Cu 
reserves on land will last 24 years; Co, 21 years; Ni, 21 years: Zn, 13 years: Pb, 
14 years: and Mn, 23 years (Table 6).

However, these estimates are based on current figures, and the number of years 
can vary for the following reasons:

 (a) It is possible that new technology for processing the ore will be developed so 
that ores with low grade and not considered as a reserve currently can be pro-
cessed in the future. New techniques can encourage extraction in previously 
impossible conditions (Zepf et al. 2014).

 (b) Recycling of metals can be considered as another reason, if new technology will 
be available and used extensively.

 (c) During exploration new resources can be found or known resources can be con-
verted to reserves (Zepf et al. 2014) as new geological understanding and new 
technologies drive exploration and reserve estimations. As can be seen from the 
data on metal resources in Russia (Table 7), it is clear that resources can be 
converted to the reserves using geological exploration of new deposits and 
revaluation of known resources. Sometimes total balance can be negative with 
regard to the production of reserves, expenditures on mining, and revaluation 
for the worse.

This shows that calculation of the longevity of a reserve is a complex process and 
needs to be carried out taking several factors into consideration as large investments 
will be based on these estimates.

Table 6 Availability of metal reserves on land with regard to the increase of production rate

Metal
World reserves on land in the 
base year (t) (www.usgs.gov)

Production rate in the base 
year (t) (www.usgs.gov)

Number of years for 
which land reserves will 
last

Cu 790,000,000 20,100,000 24
Co 7,100,000 111,000 21
Ni 74,000,000 2,090,000 21
Zn 230,000,000 12,600,000 13
Pb 88,000,000 4,710,000 14
Mn 680,000,000 15,700,000 23

R. Sharma et al.
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7  Estimation of Resource Potential for Different Abundances 
of Polymetallic Nodules

In order to address the question whether deep-sea mining will be profitable or not, 
polymetallic nodules were taken as an example, and a model of calculations was 
made that could be applied for other types of marine minerals.

For the exploration of nodules, each contractor has signed a Contract for an area 
of 75,000 km2 with the International Seabed Authority, within which several mine 
sites will be located. The abundance of nodules in these areas is known to generally 
vary from less than 5 to 20 kg/m2 (Sharma 2017a). As 5 kg/m2 is considered as the 
cutoff (UNOET 1987), estimations of total resources for abundances of 5 kg/m2, 
10 kg/m2, or 15 kg/m2 were calculated as follows:

 N A nw = ×  

where:

Nw is a total resource for abundance n – i.e., wet nodules (t).
A is a contract area of 75,000 km2.
n is an abundance of nodules in the area – 5 kg/m2, 10 kg/m2, or 15 kg/m2.

Estimated total resources are wet nodules, as taken directly from seabed and 
contain water, whereas the true total resource will be amount of these nodules after 
they are dried. It is considered that during drying nodules will lose about 25% of 
their mass (Mero 1977):

Table 7 Changes in Russian reserve base in 2016 (Kiselev 2016)

Metal
Estimated resourcesa Reservesb

Changes with respect to 
2015c

P1 P2 P3 A + B + C1 C2 A + B + C1 C2

Cu 12.6 Mt 23 Mt 36.2 Mt 69.6 Mt 28.2 Mt 1 Mt 4.9 Mt
Mn 232 Mt 138 Mt 615 Mt 137,802 Kt 92,352 Kt −5 Kt 0
Ni 1.2 Mt 5.9 Mt 5.5 Mt Private information −0.7% 5.1%
Pb 3 Mt 10.6 Mt 27.6 Mt 10.2 Mt 7.6 Mt −2.1 Mt 0.4 Mt
Zn 10.7 Mt 34.9 Mt 57.4 Mt 40.8 Mt 19 Mt −0.9 Mt 0.4 Mt
Mo 220.9 Kt 665.4 Kt 2460 Kt 1417 Kt 726.4 Kt −73.2 Kt 127.6 Kt
Au 5497.6 t 10499.8 t 25247.9 t 8159.6 t 5657.8 t 153.4 t 530.1 t
Ag 24.8 Kt 75.4 Kt 104.2 Kt 65 Kt 53.8 Kt −3.8 Kt 0.9 Kt
Pt 33.9 t 237.3 t 400 t 9782.4 t 5288.1 t −82.5 t −7 t
REE 2335.2 Mt 8379.5 Mt 359.9 Mt 17328.6 Mt 9569.9 Mt −311.2 Kt −1.9 Kt

aEstimated resource categories: P1–measured, P2–inferred, P3–estimated. Do not include reserves
bReserve categories: A, reliable (detailed explored); B, ascertained (pre-explored); C1, estimated 
(poorly explored); A + B + C1, proved; and C2, probable
cTotal balance of reserves is increase or decrease of reserve amount with respect to the geological 
exploration, revaluation, production, and mining expenditures
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 N Nd w= ×75% 

where:

Nd is a total resource for abundance n – i.e., dry nodules (t).

Hence, the estimation of period for which nodules for different mean abundances 
at a mining rate of 1.5 million tons/year leads to several hundred years from a single 
contract area (Table 8).

8  Value of Metals Versus Investments for Mining

Considering a typical Contract  area of 75,000 km2 for polymetallic nodules and 
metal concentrations for a 5 kg/m2 of nodule abundance and average metal produc-
tion rates of 1.5 and 3.0 MT/year, an exercise conducted with metal prices of January 
2011 yielded gross metal value of $18.7 billion and $37.4 billion, respectively, over 
a period of 20  years (Sharma 2017b). Evaluating the same for 3-month average 
metal prices for June 2018, and considering conservative metal values, yields gross 
metals worth $21.725 billion and $43.450 billion, respectively, in view of the sharp 
increase in the price of cobalt as well as manganese, while the other metals show a 
downward trend (Table 9). Similarly, estimates of capital and operating expendi-
tures for different components of mining system (mining system, ore transfer, and 
processing plant) based on figures provided by different contractors for 1.5 MT/year 
of mining (ISA 2008) had worked out to total investment of $11.90 billion over a 
period of 20  years (Sharma 2017) which, based on cumulative inflation rate of 
16.90% (www.usinflationcalculator.com), works out to $13.90 billion in June 2018 
(Table 10).

Comparing the estimates of total metal values (Table 9) and total expenditures 
(Table 10) for 1.5 MT/year of nodule mining, it appears that for an investment of 
$13.90 billion, metals worth $ 21.725 billion can be extracted as per current prices. 
It should be noted that figures in Table  10 are based on those suggested by the 
 contractors for different activities as per the technology and material cost as of 

Table 8 Total resource potential of nodules for mining area of 75,000 km2

Mean abundance on the area 
(kg/m2)

5 10 15

Mean abundance on the area  
(t/km2)

5000 10,000 15,000

Total resource potential of the 
area, wet nodules (t)

375,000,000 750,000,000 1,125,000,000

Total resource potential of the 
area, dry nodules (t)

281,250,000 
(281.25 Mt)

562,500,000 
(562.50 Mt)

843,750,000 
(843.75 Mt)

Duration for which these will 
last at 1.5 Mt/year (y)

187.5 375 562.5

R. Sharma et al.
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2008. A recent techno-economic assessment of nodule mining (Van Nijen et  al. 
2018) shows that for 3 million (dry) tons of nodules and a net exploitation period of 
25 years with two independent mining vessels, the total capital expenditure for min-
ing and processing would be about $ 4 billion, with an operating expenditure of $ 
1.014 billion ($ 0.325 billion for mining and $ 0.689 billion for processing) per year. 
As the mining rate considered by Van Nijen et al. (2018) is two times than that con-
sidered for calculations in Table 10, the capital expenditure and the operating costs 
are also twice as much. However, it is important to note that in both the calculations, 
the estimated expenditure for processing is 50–60% of the total cost for exploiting 
the nodules.

It is suggested that the assumptions made regarding costs of processing can be 
revisited because process plant estimates (capital and operating) will markedly 
depend on the process route chosen. Following some reports (e.g., Nyhert et  al. 
1983), process plant experience has become enriched, and focused estimates are 
available. It has also been well established that earlier-assumed recoveries cannot be 
attained for poorer nodule grade (P. K. Sen, IIT Kharagpur – personal communica-
tion). Hence, detailed techno-economic assessment based on fluctuations in metal 
prices and demand as well as cost estimates due to changes in technology and mate-
rials at regular intervals would be critical to determine the timing for commence-
ment of mining operations.

9  Conclusion

Estimates for ore production, area of mine site, contact area, and weight and volume 
of sediment to be disturbed for different mining rates from 1 to 3 Mt/year have been 
presented in the chapter. Based on production rates over 20 years, estimations have 

Table 10 Estimated capital and operating expenditures for polymetallic nodule mining (for 1.5 mi 
t/year)

Item Capital expenditures Operating expenditures Total

Mining 
system

$ 550 milliona  
($ 372–562 million)b

$ 100 million/yeara ($ 69–96 million)b 
×20 years = $ 2.0 billion

$ 2.55 billion

Ore transfer $ 600 milliona  
($ 495–600 million)b

$ 150 million/yeara ($ 93–132 million/
year)b ×20 years = $ 3.0 billion

$ 3.60 billion

Processing 
plant

$750 million $250 million/year ×20 years = $5.0 
billion

$ 5.75 billion

Total $ 1.90 billion $ 10.0 billion $ 11.90 billion  
($ 13.90 billion)c

Modified from Sharma (2017b)
aRounded off to nearest 50 of the highest value
bFigures in brackets show the range for different systems (Source: ISA 2008)
cEstimated total expenditure considering cumulative inflation rate at 16.90% for June 2018 (www.
usinflationcalculator.com)
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also been made as to the duration for which current reserves, available for different 
metals on land, will last. However, it must be recognized that these are conservative 
estimates based on cutoff abundance values and indicative metal concentrations in 
order to demonstrate the methodology of arriving at these variables, as also for 
a range of mining rates that need to be considered for arriving at the optimum min-
ing rate. The actual estimates for each mine site will have to be made separately 
based on “ground” conditions.

In view of several variables for optimization of mining rates, the following fac-
tors need to be taken into consideration:

• Concentration and distribution characteristics of the mineral deposits on the 
seafloor

• Capability/efficiency of the mining system
• Metal prices and demand (consumption) in the world market
• Investment versus returns from mining infrastructure
• Environmental impact due to mining at sea and on land

Estimates have shown that production of ore between 3333 and 10,000  t/day 
with 24–26% of combined metal concentrations for different mining rates would 
require development of appropriate infrastructure for lifting, handling, storage, and 
transport on the mining platform. From the environment point of view, the actual 
mine site and the area of contact on the seafloor could be an extremely small propor-
tion (<10%) of the entire area allotted to the contractors. However, the volume of 
sediment expected to be disturbed due to mining calls for serious consideration of 
restricting the sediments to the seafloor and reducing the penetration of the miner 
into the sediments. Volkmann and Lehman (2018) have suggested that strip mining 
along 20 m wide strips (which is the collecting width of the nodule collector) laid 
parallel in the mining area leaving 5 m wide unmined strip between them would 
provide connectivity of habitat for native species to recolonize the mined strips. 
Similarly, alternative use of tailings on land (Wiltshire 2017) requires immediate 
attention for sustainable development of deep-sea mining.

Estimates of total metal values that can be recovered versus total expenditures 
for 1.5 MT of nodules mined per year have shown that for an investment of $13.90 
billion, metals worth $21.725 billion can be extracted as of current metal prices. 
However, regular techno-economic assessments based on metal prices and their 
demand as well as cost estimates due to changes in technology, materials and pro-
cesses would be critical together with development of environment-friendly mining 
techniques. These could be done by applying different economic models (Van Nijen 
et  al. 2018) as well as developing ecosystem-based management (Cormier et  al. 
2017). International Seabed Authority (ISA) is also considering various approaches 
in order to meet the goals of promoting deep-sea mining on one hand as well as 
protection of the marine environment on the other (Lodge et al. 2017). Nevertheless, 
it is a collective responsibility of all stakeholders including the contractors, industry, 
and environmental groups as well as the ISA to find technological solutions as well 
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as develop regulations, so as to make deep-sea mining sustainable (Morgan et al. 
1999) in order to fulfill the growing demand for metals in the world as also conserv-
ing the environment.

Detailed environmental impact assessment is becoming a key requirement in 
planning and execution of upcoming projects and obtaining regulatory approvals for 
which robust EIA process is necessary (Durden et al. 2018). At the same time, com-
prehensive techno-economic assessment of deep-sea mining aimed towards respon-
sible utilization of mineral resources of the deep sea requires that exploitation 
technologies and methodologies as well as tools to plan for sustainable exploitation 
must be developed (Volkmann et al. 2018). Hence, sustainable deep-sea mining is a 
combination of a suitable EIA process, supported by adequate technological 
i nnovations in the mining system design so as to mitigate the potential serious harm 
to the deep-sea ecosystem and to ensure confidence among all stakeholders.
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Techno-economic Perspective 
on Processing of Polymetallic Ocean 
Nodules

Navin Mittal and Shashi Anand

Abstract This chapter looks at the techno-economic feasibility of processing of 
polymetallic nodules obtained from Pacific as well as Indian Ocean with an empha-
sis on cobalt market. Numerous processing routes have been developed for recovery 
of three (Cu + Ni + Co) as well as four (Cu + Ni + Co + Mn) metals. Some of the 
processes tested on scales varying from tens to a few hundreds of kilograms per 
batch indicate that there are no major gaps in the processing technologies. With the 
passage of time, recovery of molybdenum and rare earth elements (Mo and REE) 
from this resource has also gained importance. Various feasibility studies for extrac-
tion of metals from polymetallic nodules are presented in this chapter with respect 
to operating and capital investments for a 1.5/3.0 million tonne plant. It appears that 
enhanced requirement of cobalt and nickel mainly for the battery industry may drive 
the deep-sea mining in the future. The study concludes that it would be advisable to 
target 4+ metal recoveries (including Mo, REE, etc.) and design a flexible flow sheet 
for optimal product mix to get maximum value addition.

Keywords Techno-economic analysis · Resource classification · Metallurgical 
processing · Ocean nodules

1  Introduction

The existence of polymetallic nodules (PMN) commonly known as manganese nod-
ules has been known since the late 1800s since their discovery during the Challenger 
expedition of 1873–1876 (Hein 2016). On the 7th March 1873, the dredge hauled 
up on its deck contained several peculiar black oval bodies which were composed 
of manganese oxide. The total amount of polymetallic nodules lying on the sea floor 
was estimated at more than 1.5 trillion tonnes by Mero (1965). Later the estimate 
was reduced to 500 billion tonnes by Archer of the London Geological Museum 
in1981 (Wikipedia 2018). Polymetallic nodules are spread over most of the oceans 
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in the world and are abundantly available. This has led to global efforts to develop 
processes for extraction of metals like copper (Cu), nickel (Ni), cobalt (Co), and 
manganese (Mn) from polymetallic nodules. Recently recovery of rare earth ele-
ments (REE) and molybdenum (Mo) from PMN has also received much interest 
(Mohwinkel et al. 2014; Parhi et al. 2011, 2013, 2015).

Initially the process development was confined to recovery of three metals (Cu, 
Ni, and Co), but later Mn was also included because of economic reasons. From 
time to time, several authors have discussed and reviewed the progress of extraction 
technologies for three as well as four metals from manganese nodules (Huberd 
1980; Monhemius 1980; Fuerstenau and Han 1983; Haynes et al. 1985; Han and 
Fuerstenau 1986; Han 1997; Premchand and Jena 1999; Sen 2010; Das and Anand 
2017). With the inclusion of REE and Mo, the flow sheets would look techno- 
commercially more attractive. Some of the recent studies related to rare earths and 
Mo extraction from manganese nodule have been published (Mohwinkel et  al. 
2014; Parhi et al. 2011, 2013, 2015).

Several studies have been reported to highlight the techno-economic feasibility 
of mining and processing of manganese nodule (Agarwal et al. 1976, 2012; Clark 
et al. 1995; Flentje et al. 2012; Volkmann et al. 2018). However, with the changed 
market dynamics, the flow sheets are continually being modified to address market 
requirements. This chapter focuses on techno-economic perspective of processing 
of polymetallic nodules and also looks at environmental consequences of nodule 
processing.

2  Polymetallic Nodules Characterization

Mn nodules are concretions that occur on or near the surface of the sediment that 
covers abyssal plains throughout all the oceans, where sedimentation rates are low, 
less than 10 centimeters (cm) per thousand years. Nodules are generally golf ball 
sized, most commonly 1–12 cm, but can vary in diameter from millimeter to as 
large as 20 cm (Hein 2016). The formation of Mn nodules takes place at depths of 
about 3500–6500 m. It is now known that the various regions where the highest 
concentrations of metal-rich nodules occur are (i) in the NE Pacific Clarion and 
Clipperton fracture zones (CCZ), (ii) in the SE Pacific Peru Basin, (iii) in the central 
South Pacific Penrhyn Basin, and (iv) in the Central Indian Ocean Basin (Hein 
2016). The chemical composition of nodules from selected areas of the global ocean 
is provided in Table 1 (Hein and Koschinsky 2014).

The CCZ is the area of greatest economic interest and where about 15 explora-
tion contracts for polymetallic nodules have been signed or are pending with 
International Seabed Authority (ISBA) (Hein 2016); and there is also one nodule 
contract in the Central Indian Ocean Basin signed with India.
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3  Resource Consideration

The evaluation of the nodule resources, as identified through field exploration, 
includes laboratory analysis to estimate its grade (Ni + Cu + Co %), abundance (kg/
m2), and reserve (million metric tonnes). A mine site was defined as a portion of the 
seabed where a commercial operation could be maintained for 20–25 years with a 
production of 1.5–4 million tonnes per year of “good nodules” (Mukhopadhyay 
et  al. 2018). Good nodules were defined as those containing 1.25–1.5% Ni and 
1–1.4% Cu, as well as 27–30% Mn and 0.2–0.25% Co (Glasby 1977; Cronan 1980). 
The average abundance of polymetallic nodules at four major locations is illustrated 
in Fig. 1 (Hein and Petersen 2013).

A conservative estimate for only CCZ nodules is about 21,100 million dry 
tonnes. This tonnage of nodules may provide more than the entire land-based 
resources of Mn, twice that of nickel, thrice that of cobalt, and about fifth of copper 
available in land-based resources (Hein et al. 2013). The newly calibrated estimate 
places the total resource in the 75,000  km2 Pioneer Area, awarded to India by 

Table 1 Chemical composition of nodules from selected areas of the global ocean (Hein and 
Koschinsky 2014)

Element UOM
CCZ 
nodules

Peru Basin 
nodules

Indian Ocean 
nodules

Cook Islands 
nodules

Cu wt % 1.07 0.60 1.04 0.23
Ni wt % 1.30 1.30 1.10 0.38
Co wt % 0.21 0.05 0.11 0.41
Mn wt % 28.4 34.2 24.4 15.9
Fe wt % 6.16 6.12 7.14 16.1
Al wt % 2.36 1.5 2.92 3.25
Si wt % 6.55 4.82 10.02 8.24
Ti wt % 0.32 0.16 0.42 1.15
Bi ppm 8.8 3.3 – 11
Li ppm 131 311 110 61
Mo ppm 590 547 600 262
Nb ppm 22 13 98 92
Pb ppm 338 121 731 2000
Pt ppm 0.13 0.04 – 0.21
Te ppm 3.6 1.7 4 23
Th ppm 15 6.9 76 34
Tl ppm 199 129 347 138
V ppm 445 431 497 920
W ppm 62 75 92 59
Zn ppm 1366 1845 1207 516
Zr ppm 307 325 752 468
TREE ppm 813 403 1039 1707

Dash (–) no data, TREE total rare earth elements including yttrium
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UNCLOS, at 365 million tonnes, with Mn metal taking the lion’s share of 95.17 
million tonnes, Ni 4.508 million tonnes, Cu 4.455 million tonnes, and Co 0.418 mil-
lion tonnes on wet nodule basis (Mukhopadhyay et al. 2018).

Besides the above mentioned elements, it is reported that the concentration of 
heavy REEs (HREEs) is higher in seabed deposits than in the largest land-based 
REE mines, for example, the largest REE mine, Bayan Obo (China), and the second 
largest, Mountain Pass (USA) (Hein 2012; Hein et al. 2013). It may be mentioned 
here that economically heavy rare earths, namely, Tb, Dy, Ho, Er, Tm, Yb, and Lu, 
along with the medium ones (Sm, Eu, Gd) are of more economic interest. The 
above mentioned land-based deposits contain less than 1% HREEs (percentage of 
total REE content), whereas the CCZ nodules have a relative content of 26% of 
HREEs (Hein 2012; Hein et al. 2013). According to the unofficial reports from the 
Tonga offshore Mining Ltd. (Nautilus Minerals), polymetallic nodules from the 
CCZ of the northeast Pacific Ocean contain total REE concentrations of 800 g/t 
(0.08%) on a dry basis or 600 g/t on as received basis. This translates to a rare earth 
oxide (REO) grade of 960 g/t or (0.096%) on a dry basis. The split of rare earths is 
73% lights (Ce, La, Nd, Pr), 7% medium (Sm, Eu, Gd), and 10% heavies (Tb, Dy, 
Ho, Er, Tm, Yb, Lu) and 8% yttrium (Y) (Apavasileiou 2014). Further, it takes 
numerous steps to process a land-based ore to isolate one of the HREEs. In contrast, 
in nodules because the REEs are adsorbed onto the main iron and manganese 
phases, perhaps these can be dissolved using relatively simple procedures in a more 
cost-efficient way.

Fig. 1 Average abundance of nodules at four major locations (Hein and Petersen 2013). (Source: 
James R. Hein, U.S. Geological Survey)

N. Mittal and S. Anand



551

4  Metallurgical Processing of Nodules

The nodule processing techniques are broadly divided into three categories:

 – Pyrometallurgical treatment followed by hydrometallurgical processing
 – Hydrometallurgical processing (only)
 – Hydrometallurgical processing followed by pyrometallurgical (for recovery of 

Mn from leach residue) treatment

It is well known that the metals of primary interest (Cu + Ni + Co) are in oxide 
forms and are associated in the lattices of iron and manganese minerals. For extrac-
tion of these metals, the lattices are to be broken either by reductive pyrometallurgy 
or through hydrometallurgical reduction. The initial work on polymetallic nodules 
process flow sheet development was started in the 1970s on ammoniacal leaching 
known as Cuprion process (Agarwal and Wilder 1974, 1975, Agarwal et al., 1978, 
1979; Sazbo 1976) and by nodules smelting known as INCO process (Sridhar 1974; 
Sridhar et al. 1976, 1977). Hydrochloric acid-based processes were developed both 
by Deep Sea Ventures and Métallurgie Hoboken-Overpelt (Monhemius 1980). 
Efforts were also made to develop high-pressure sulfuric acid leaching for extrac-
tion of three metals (Cu + Ni + Co) (Hanieg and Meixner 1974; Neuschutz et al. 
(1977) in line with treatment of nickel laterites.

Subsequently numerous processing routes have been developed for recovery of 
three as well as four metals (Das and Anand 2017). However, only some of the pro-
cesses have been tested on a scale varying from tens of kilograms to hundreds of 
kilograms per batch. Some of the processes which are actively being followed and 
tested in ≥100 kg scale were discussed in the ISBA workshop (ISBA 2008). While 
there does not appear to be any major gap in the processing technologies, the results 
available may/may not be fully adequate for upscaling and use in the feasibility 
estimates. As a result there has been continual prospecting, exploration, metallurgi-
cal testing, and economic analysis to assess the potential of polymetallic nodules as 
an exploitable mineral resource. More comprehensive economic viability of poly-
metallic nodules has been developed. Some of the studies are those of Andrews 
et al. (1983), Hillman and Gosling (1985), Charles et al. (1990), and Soreide (2001). 
These processes are briefly described below.

4.1  Reduction Hydrochloric Acid Leach Process

This process is based on dissolution of all major metals including manganese in 
hydrochloric acid. It uses solvent extraction technique in chloride media to separate 
key metals. High metal recoveries have been reported for this process; however, the 
corrosive nature of chloride is the main constraint for this process. During leaching 
the insoluble manganese dioxide reduces with hydrogen chloride and releases the 
copper, nickel, and cobalt for dissolution as chlorides in leach solution (Andrews 
et al. 1983). The schematic flow sheet of the process is illustrated in Fig. 2.
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4.2  The Cuprion Process

Reductive leaching process was pioneered by Kennecott Copper by using carbon 
monoxide (CO) as a reducing agent under ammoniacal conditions (Agarwal et al. 
1979). The process which Kennecott has developed for the metallurgy of manga-
nese nodules is unique in concept. For the first time, a mineral ore was reduced, and 
its metal values were freed through the action of a carbonaceous gas on water slurry 
at ambient temperature and pressure. The first step in this process is a low- 
temperature (50  °C) hydrometallurgical reduction of manganese dioxide, by an 
aqueous ammoniacal solution containing cuprous ion (Agarwal et al. 1979). The 
process has been successfully demonstrated in a continuous pilot plant processing 
350 kg/day of nodule ore. The process flow sheet is illustrated in Fig. 3 (Agarwal 
et al. 1979).

4.3  High-Temperature and High-Pressure Sulfuric Acid 
(HPAL) Leach Process

This process is quite similar to laterite processes used in Canada, Cuba, and 
Australia. The disadvantage of the process is that it emphasizes on three metal 
recoveries while keeping the fourth metal manganese in residue. The process 
involves high-pressure leaching using sulfuric acid (Soreide 2001; Flentje et  al. 
2012). The schematic of the process is illustrated in Fig. 4.

Fig. 2 Schematic flow sheet of reduction hydrochloric acid leach process (Andrew et al. 1983)
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5  Economic Evaluation of Nodules

Because of the relatively high content of manganese, copper, cobalt, and nickel, the 
manganese nodules are considered as potential source of multimetals. Various 
researchers are also focusing on extraction of other metals like molybdenum and 
rare earths from polymetallic nodules. The revenue potential from one tonne of 
polymetallic nodules at current metal prices from CCZ and Indian Ocean is pro-
vided in Table 2. It can be seen that the value of metals in CCZ is almost 20% higher 
than that in the Indian Ocean.

More than 50% of revenue comes from manganese which clearly indicates that 
economic viability of commercial plant flow sheet based on three metal recoveries 
may not be achieved. It is important to note that though manganese does seem to be 

Fig. 3 Schematic flow sheet of Cuprion ammoniacal leach process (Agarwal et al. 1979)
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Fig. 4 Schematic flow sheet of high-pressure acid leaching process (Soreide 2001)

Table 2 Revenue potential from one tonne of polymetallic nodules based on April 2018, metal 
prices

Pay metal

Price Pacific Ocean nodules (CCZ) Indian Ocean nodules

USD/
kg

Grade Value Contribution Grade Value Contribution

%

USD/
tonne of 
nodule % %

USD/
tonne of 
nodule %

Copper 6.8 1.07 $ 72.8 7.0% 1.04 $ 70.7 8.4%
Cobalt 91.0 0.21 $ 191.1 18.3% 0.11 $ 100.1 11.8%
Nickel 14.0 1.31 $ 183.4 17.5% 1.10 $ 154.0 18.2%
Manganese 2.0 28.40 $ 568.0 54.3% 24.40 $ 488.0 57.6%
Zinc 3.0 0.14 $ 4.1 0.4% 0.12 $ 3.6 0.4%
Molybdenum 26.0 0.06 $ 15.3 1.5% 0.06 $ 15.6 1.8%
Rare earth oxide 14.0 0.08 $ 11.4 1.1% 0.10 $ 14.5 1.7%
Total value of 
metals per tonne 
of nodules

$ 1046 $ 847
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the most important revenue source, the figure is misleading. The recovery of man-
ganese depends upon the upstream process. In some cases, the Mn is recovered 
from the leach residue, while in other processes it is recovered from leach solution. 
It can be recovered as electrolytic manganese dioxide, Mn metal, or ferromanga-
nese. Considering the application of manganese, a major part is used in the produc-
tion of steel, whereas only a small part is used as electrolytic manganese metal 
(EMM) or electrolytic manganese dioxide (EMD) (Charles River Associates 1980). 
The manganese metal/ferromanganese output from the commercial polymetallic 
nodule plant needs to be carefully evaluated.

6  Feasibility Studies

As mentioned earlier, a number of feasibility studies have been conducted since 
1970 for manganese nodules. Comparative data on these studies is presented in this 
chapter outlining various cost aspects in each area of operation, viz., mining, trans-
portation, and processing.

6.1  Cost Estimates for Reduction and Hydrochloric Acid 
Leach Process (Four Metal Recovery)

This study was undertaken by Andrews et al. in 1983 and is based on reduction and 
hydrochloric acid leach process. In this process four metals are recovered. The capi-
tal expenditure (CAPEX) and operating expenditure (OPEX) estimate are illustrated 
in Table 3.

Table 3 Cost estimates for reduction and hydrochloric acid leach process (Andrews et al. 1983)

Description UOM
Mining Transport Processing

Total(Wet) (Dry) (Dry)

Production MMTPA 2.3 1.5 1.5
Capital cost MM $ 180.0 176.0 513.0 869.0

$/tonne of dry nodules 120.0 117.3 342.0 579.3
Capital cost ratio 20.7% 20.3% 59.0%
Operating cost MM $ 45.0 25.0 165.0 235.0

$/tonne of dry nodules 30.0 16.7 110.0 156.7
Operating cost ratio 19.1% 10.6% 70.2%
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6.2  Cost Estimates for Cuprion Ammoniacal Leach Process 
(Three Metal Recovery)

Hillman and Gosling (1985) undertook this study wherein the process is based on 
ammoniacal leach process. In this process, three metals, i.e., copper, nickel, and 
cobalt, are recovered. The CAPEX and OPEX estimates are illustrated in Table 4.

6.3  Cost Estimates for Reduction and Hydrochloric Acid 
Leach Process (Four Metal Recovery)

This study was done by Charles et al. (1990) and is based on reduction and hydro-
chloric acid leach process. The CAPEX and OPEX estimates are given in Table 5.

Table 4 Cost estimates for Cuprion ammoniacal leach process (Hillman and Gosling 1985)

Description Unit
Mining Transport Processing

Total(Wet) (Dry) (Dry)

Production MMTPA 4.2 3.0 3.0
Capital cost MM $ 590.0 310.0 727.0 1627.0

$/tonne of dry nodules 196.7 103.3 242.3 542.3
Capital cost ratio 36.3% 19.1% 44.7%
Operating cost MM $ 77.0 37.0 111.0 225.0

$/tonne of dry nodules 25.7 12.3 37.0 75.0
Operating cost ratio 34.2% 16.4% 49.3%

Table 5 Cost estimates for reduction and hydrochloric acid leach process (Charles et al. 1990)

Description Unit
Mining Transport Processing

Total(Wet) (Dry) (Dry)

Production MMTPA 2.3 1.5 1.5
Capital cost MM $ 282.0 188.0 470.0 940.0

$/tonne of dry nodules 188.0 125.3 313.3 626.7
Capital cost ratio 30.0% 20.0% 50.0%
Operating cost MM $ 48.0 36.0 156.0 240.0

$/tonne of dry nodules 32.0 24.0 104.0 160.0
Operating cost ratio 20.0% 15.0% 65.0%
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6.4  Cost Estimates for High-Temperature and High-Pressure 
Sulfuric Acid Leach Process (Three Metal Recovery)

The study was reported by Soreide (2001), and it is the first such study based on 
high-pressure and high-temperature sulfuric acid leach process which is similar to 
the process adopted for nickel laterites. The CAPEX and OPEX estimates are illus-
trated in Table 6.

6.5  Cost Estimates at Current Level

The cost estimates presented above are based on studies conducted in different 
years. In order to get comparative numbers, CPI inflation calculator by the Bureau 
of Labor Statistics, US Department of Labor, is used. The base month in all cases 
has been taken as April 2018 for calculation purposes, and the cost estimates are 
illustrated in Table 7.

Since the plant capacities varied from 0.7 MMTPA to 3.0 MMTPA, a rule of 
thumb developed over the years known as the rule of six-tenths was applied to esti-

Table 6 Cost estimates for high-temperature and high-pressure sulfuric acid leach process 
(Soreide 2001)

Description Unit
Mining Transport Processing

Total(Wet) (Dry) (Dry)

Production MMTPA 1.1 0.7 0.7
Capital cost MM $ 127.0 93.0 271.0 491.0

$/tonne of dry nodules 181.4 132.9 387.1 701.4
Capital cost ratio 25.9% 18.9% 55.2%
Operating cost MM $ 21.8 13.5 22.9 58.2

$/tonne of dry nodules 31.1 19.3 32.7 83.1
Operating cost ratio 37.5% 23.2% 39.3%

Table 7 Comparative cost estimates (calculated) as on April, 2018

Process Year
Pay 
metals

Capacity Capital cost Operating cost

MMTPA
$/tonne of dry 
nodules

$/tonne of dry 
nodules

Reduction and hydrochloric acid 
leach process

1983 4 1.50 1472.02 398.18

Cuprion ammoniacal leach process 1985 3 3.00 1271.01 175.78
Reduction and hydrochloric acid 
leach process

1990 4 1.50 1218.13 311.00

High-temperature and high- 
pressure sulfuric acid leach process

2001 3 0.70 993.40 117.70
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mate the comparative capital cost for a 3.0 MMTPA plant for all the four cases as 
illustrated in Fig. 5. The following equation expresses the rule of six-tenths (Chilton 
1950):

 
C C S

Sb a
b

a

= 





0 6.

 

where:

Cb is the approximate cost of plant of size Sb.
Ca is the known cost of plant having corresponding size Sa.
Sb/Sa is the ratio known as size factor, dimensionless.

Figure 5 reveals that for three metal recoveries, capital cost is considerably lower 
for Cuprion process than that of high-pressure sulfuric acid leaching process. In 
fact, for better economics, Cuprion process was modified for producing manganese 
concentrate from leach residue. However, not much information is available for this 
aspect. In the future, economic rent for commercial exploitation of nodules from 
seabed may also come into picture (Cornwell 1974). It may affect the overall eco-
nomics of manganese nodule processing.

In the above sections, only a few processes have been taken into consideration. 
Das and Anand (2017) have described in detail the present scenario with respect to 
development of recent processes by the major organizations/investors/contractors of 
ISBA (100–500 kg/day). Most of these processes are modifications of Cuprion pro-
cess: Caron’s process (Caron 1924; Jana and Akrekar 1989; Srikanth et al. 1997; 
Jana et al. 1999a, b), INCO process (Xiang et al. 1999; Kotlinski et al. 2008), and 
HPAL process (Rodriguez et al. 2013). However, a few new flow sheets have also 

Fig. 5 Comparative estimated capital cost for a 3.0 MMTPA Plant as on April, 2018
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been developed based on use of SO2 in ammonia (Das 2001; Mittal and Sen 2003) 
or in acid medium (Kotlinski et al. 2008). All the present efforts are toward recovery 
of four metals either during leaching or from the leach residues. Most of these pro-
cesses claim ≥90% recovery of four metals in addition to recovery of molybdenum 
and rare earths. As of now, the complete picture of these processes is not available; 
therefore, it is difficult to make a cost estimate of these processes.

When the manganese nodules are compared with nickel laterites, the potential 
values of metals are higher for manganese nodules as besides nickel and cobalt, 
additional potential of Cu and Mn recovery comes into picture. In the case of nickel 
laterites, since both Caron’s processes (reduction roast ammoniacal leaching) and 
HPAL are the commercial processes used all over the world, the processing of nod-
ules should also be commercially viable provided mining cost becomes comparable 
to land-based mining. The two main issues of concern for nodules are (i) the mining 
cost of nodules and (ii) its inherent water content. With the continuing efforts for 
making mining cost-effective and extraction processes more efficient combined 
with emerging markets for nickel and cobalt, the likelihood of processing manga-
nese nodules may head toward a commercial reality.

6.6  The Environmental Considerations for Processing Nodules

Several processes have been developed and/or are being developed for efficient 
recovery of metal values from manganese nodules, but not much information is 
available on disposal of solids/liquid effluents generated during these processes. 
With time the environmental regulations are becoming more and more stringent, 
and it is mandatory for the industries to comply with these regulations. In fact, pres-
ently the emphasis is on developing processes with zero waste. Taking an example 
of ammonia leaching of nodules, the only soluble metal ions are Cu, Ni, Co, and to 
some extent Mo. These metals form only ~2.5% of total weight of nodules. Further 
treatment to recover manganese from leach residue by hydrometallurgical process 
will recover another 20–25% of Mn, and still the remaining solid waste will be 
about ~70% by weight of the original nodule. If we consider the moisture content of 
wet cake of residue to be as low as 30%, the wet residue cake that need to be 
dumped will almost match to the weight of initial nodules. Further, depending on 
the lixiviant used for leaching the residue, the treatment/washing of the residue has 
to be done to make it safe for disposal. Water balance needs to be carefully moni-
tored for various process steps so as to produce minimum liquid effluent. Though 
SX-EW works in closed circuit, a bleed step is invariably incorporated to manage 
the alkali concentration. Both solid and liquid effluents need treatment before dis-
carding. These steps will result in additional costs. Generally in ammonia leaching 
processes, efficient ammonia recovery circuits are included, but still ammonia 
losses do occur polluting the environment. These issues need to be addressed while 
finalizing the flow sheets. In the case of hydro-pyrometallurgical processes, after 
extracting, Cu, Ni, and Co, the leach residues are treated at high temperature to 
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produce an alloy of ferromanganese or silico manganese. The slag produced in these 
processes is mostly stable and may be stored or used for land filling and other appli-
cations. Its use as a construction material or cement needs to be investigated.

In the case of pyro-hydrometallurgical processes, the first step is to produce a 
white metal of Cu-Ni-Co or a matte, and the slag produced may be stable. The white 
metal/matte does have some Fe and Mn as impurities, but the amount of residue 
generated after leaching of white metal/matte is small. The slag obtained can be 
treated again for the production of ferromanganese/silico manganese. The intensive 
energy requirements for pyrometallurgical treatment add to processing costs. More 
research and development efforts are required to tie the loose ends of metallurgical 
processes keeping in view the recent environmental regulations for disposal of efflu-
ents generated on processing the nodules. The idea of dumping effluents back to sea 
needs careful assessment of its impact on polluting the seawater.

7  Evolving Market

Metal market has undergone tremendous change since the time the above-discussed 
feasibility reports were prepared. As millions of people in emerging economies 
adopt a modern lifestyle, the demand for critical metals is soaring. However, the 
increasing demand causes the crisis of their supply because of either simple defi-
ciency in the Earth’s crust or geopolitical constraints which might create political 
issues for their supply. Consumer electronics (CE) and electric vehicles (EV) world-
wide have been dramatically changing the human life landscape, which will or have 
demonstrated a wide application of lithium-ion battery (LIB). There are different 
kinds of lithium-ion batteries as illustrated in Table 8 (Reaugh 2018) available in the 

Table 8 Lithium-ion battery chemistry (Reaugh 2018)

Type Use Chemistry
Li 
(%)

Co 
(%)

Ni 
(%)

Mn 
(%)

P 
(%)

Fe 
(%)

LCO Portable electronics LiCoO2 11 89
NCA Tesla model S (EV) LiNiCoAlO2 11 14 73
LMO Nissan leaf (EV) LiMn2O4 6 – 94
LFP Popular in China but 

switching to NMC
LiFePO4 7 – 33 60

NMC 
(111)

Most popular in EV LiNiMnCoO2 12 30 30 28

NMC 
(433)

Most popular in EV LiNiMnCoO2 11 27 36 26

NMC 
(532)

Most popular in EV LiNiMnCoO2 11 18 45 26

NMC 
(622)

Most popular in EV LiNiMnCoO2 11 18 54 17

NMC 
(811)

Most popular in EV LiNiMnCoO2 11 9 72 8
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market depending upon the usage and cost. However, the trade-off is on account of 
the following factors:

 – Specific energy
 – Specific power
 – Safety
 – Cost
 – Performance

As demand for electric cars increases, the need for cobalt, nickel, and manganese 
is also expected to soar, as these metals are the key components in EV batteries. In 
total, surging demand for electric vehicles is expected to push demand for lithium- 
ion batteries above 400 GWh by 2025 as per Benchmark Mineral Intelligence.

Lithium-ion batteries for EV contain about 11 kg of cobalt each. The battery 
demand for cobalt is expected to go from 46,000 tonnes in 2016 to 76,000 tonnes by 
the end of 2020. The Cobalt Institute (CI) estimates that total refined cobalt supply 
in 2017 from the main sources reporting their production was 116,937  tonnes, 
which is 24.5% higher than in the previous year. It was reported to the CI that 
Chinese refined production for 2017 was 69,600  tonnes which is an increase of 
24,554 tonnes (or 54.5%) over that produced in calendar year 2016.

We are witnessing yet another revolution with the advent of electric vehicles 
(EVs) in Europe, North America, and Asia. The World Energy Council study pub-
lished recently argues that 1 in 6 cars to be sold in 2020 will be electric to meet 
carbon dioxide emission standards. Global electric vehicle sales by region are illus-
trated in Fig. 6 (Colin 2017).

Nickel, which is primarily used for the production of stainless steel, is already 
one of the world’s most important metal markets at over $20 billion in size. For this 

Fig. 6 Global electric vehicles sales by region (Colin 2017)
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reason, how much the nickel market is affected by battery demand depends largely 
on EV penetration. EVs currently constitute about 1% of auto demand – this trans-
lates to 70,000 tonnes of nickel demand, about 3% of the total market. However, as 
EV penetration goes up, nickel demand will increase rapidly as well. A shift of just 
10% of the global car fleet to EVs would create demand for 400,000  tonnes of 
nickel, in a 2 million tonne market (Nickel Institute, 2018).

While a number of different technologies are being explored for use in electric 
vehicle batteries, two in particular are considered the front runners, because of 
greater efficiency and ease of manufacturing. Both of these are nickel-based, com-
prising nickel/manganese/cobalt (NMC) or nickel/cobalt/aluminum (NCA). The 
cathode in the NMC-type battery is comprised of about 30% nickel and that in the 
NCA battery is about 80% nickel. In fact, while the two battery technologies are 
both called lithium-ion, nickel is by far the largest element in each of them. Demand 
for nickel for electric vehicles is forecast to climb to around 500,000 tonnes by 2030 
according to a study by metals market analyst Roskill (https://sciencebusiness.net).

Electrolytic manganese dioxide (EMD) for the battery industry is expected to be 
the fastest-growing segment of the manganese market. The hydrometallurgical pro-
cess developed by American Manganese Inc. along with Kemetco Research Inc. is 
capable of producing high-purity electrolytic manganese dioxide (EMD) and chem-
ical manganese dioxide (CMD) critical for improving performance and safety of 
high-tech lithium-ion batteries. The company has received patent from the US 
Patent and Trademark Office for the company’s manganese recovery process 
(American Manganese Inc. 2013). Now considering Mn, Ni, and Co of the manga-
nese nodules, besides conventional applications of these metals, the battery applica-
tions for electronic vehicles may evolve as one of the most important usages. This 
may lead to a much better return on investments for manganese nodule plants.

8  Conclusions

Various feasibility studies have been conducted to estimate the CAPEX and OPEX 
of a commercial nodule processing plant. The technology for nodule processing is 
well developed for four metal recoveries. However, to make the flow sheet com-
mercially more attractive, recovery of other metals like molybdenum, rare earths, 
etc. is currently being explored. Technology for nodule mining still seems to be a 
challenge, and more efforts are required to make it cost-effective.

The nodule processing flow sheet should be flexible in terms of product mix as 
metals of relevance in polymetallic nodules are finding newer applications in indus-
tries like infrastructure, building and construction, electrical and electronics, batter-
ies, etc. Lithium-ion batteries have pushed the demand for cobalt, nickel, and 
manganese in recent times. Traditional markets like Europe and the USA are still 
important but have been overtaken by China during the last decade. India is also 
becoming an important player in this sector being one of the fastest-growing econo-
mies in the world.
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In view of these emerging markets, sustainable exploitation of deep-sea minerals 
seems to be the answer in order to meet the growing demands of the world 
industry.
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