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Preface

This interim report provides an overview of the progress of the study till end of March 2014, with a
main focus on three tasks that are most advanced, i.e.

- Task 1 technology analysis

- Task 3 legal analysis

- Task 6 environmental analysis

For the tasks referred to above, a detailed presentation of preliminary findings is included in
subsequent report parts A, B and C. In part D, a summary of the progress and initial results of other
tasks is given.

A number of annexes is included in this report in which more detailed information related to the said
tasks can be found.

The preliminary findings will serve as input to the two workshops that will be held 29 and 30 April in
Brussels. Any additional information and feedback received there, or through the Steering
Committee, will be taken up in an update of the relevant sections as part of the (draft) final report.

Rotterdam/Brussels, 28 April 2014

Ecorys

MRAG

GRID Arendal
Seascape
GEOMAR

TU Delft
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1.2

Introduction

Background and objective

Marine mining and deep sea mining are part of the EU’s Blue Growth strategy under the thematic
area of marine mineral resources. The development of technology allows us to exploit previously
unreachable deposits.

At this stage, the Commission is preparing a position vis-a-vis the development of this activity. To
this end, a scoping study was commissioned.

Study purpose
The main purpose of this study is to feed information, data and specific examples that will serve the
European Commission to prepare a position vis-a-vis the development of deep sea mining.

This study looks to collect all available information — as accessible — on the technology, the
economic, legal, geological, environmental and social factors that are relevant for deep sea mining
operations. Consequently, the study focuses on the operations that are being planned or are being
carried out as opposed to presenting general discussions on deep sea mining.

This study versus other (research) projects

The study has a main focus on gathering and integrating information and knowledge already
accessible at this moment. At the same time, a number of research projects are ongoing or about to
start that aim to raise knowledge level and develop new means, applications or technologies. As
these projects will run for multiple years, at this moment no research results are available yet.
Rather, this scoping study will serve projects such as MIDAS or Blue Mining, both co-funded by the
European Commission’s 7" Framework Program (FP7), to set the scene and help focussing
research work on the areas where key knowledge gaps are found.

Set-up of the study

Following the terms of reference, the study is organised in seven tasks, that are closely interrelated
and that will feed into each other. The seven tasks are:

e Task 1: Technology Analysis;

e Task 2: Economic Analysis;

e Task 3 Legal Analysis;

e Task 4: Geological Analysis;

e Task 5: Project Analysis;

e Task 6: Environmental Analysis;

e Task 7: Preparation for public consultation.

The interrelation between the tasks is presented in the figure below.

Figure 1.1 Interrelationships between the tasks

Study to investigate state of knowledge of Deep Sea Mining ECORYS A
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Task 1: Technology .| Task 2: Economic

Analysis ~ ’ Analysis
J Y L

A

Task 5: Project
Analysis

Task 7: Public
Consultation

Task 3: Legal
Analysis

Task 6:
Environmental
Analysis

Task 4: Geological
Analysis

Purpose of this interim report

This interim report presents the preliminary results for the technology, legal and environmental
analyses (tasks 1, 3 and 6) and serves as input to further discussions with the Steering Committee.
Moreover, the preliminary findings of these tasks are input to discussions with selected
stakeholders in two workshops, on technology and environment, that will be held on the 29" and
30" of April. While legal aspects are not the main topic of these workshops, the study results of this
task will be included in the workshop discussions to the extent relevant.

Apart from these three tasks that are most advanced in terms of study progress, an overview of the
progress of other tasks is also presented in this report.

ECORYS A Study to investigate state of knowledge of Deep Sea Mining



A.Task 1 Technology analysis

Study to investigate state of knowledge of Deep Sea Mining

ECORYS A

13






2.1

2.2

Approach

Aim and main elements within this task

Aim

The aim of the technology analysis task is to identify and describe the value chain of deep sea
mining from extraction to refining. A value chain analysis will be followed that takes into
consideration separate options for processing, and include both land and sea-based processing
technologies.

Main elements

Following the terms of reference and our inception report, the technology analysis task entails:

e The description of the deep sea mining value chain. As part of the work until date we have
composed an ‘aggregate’ value chain in the form of a ‘toolbox’, from which sub-chains for
particular types of deposits or segments can be drafted as necessary. The findings till date
however show that in principle, the overall value chain is the same but rather the technologies
used in particular steps of the chain may vary for the different types of deposits;

e Description of the technologies used in each link of the value chain;

e Where relevant, address any differences from land-based technologies, or transfer possibilities.

e Assessment of the stage of development of each technology. For this we make use of the TRL
classification (Technology Readiness Levels), see section 1.3;

e For each technology, identify the most important suppliers. This gives an impression of the
activity of EU-based companies versus those based elsewhere.

Information was gathered using literature review and desk research as well as a number of expert
discussions within the team.

The findings of these steps will be used as input to a workshop that will be organised on the 29" of
April and for which selected experts are invited. Aims of this workshop include:

e Validation of the research findings;

e Identification of skills base status and skills + technology gaps;

e Prioritisation of development needs — building on the TRL assessment for the value chain links.

Subsequently all results from the workshop as well as other feedback will be included afterwards.

The Value Chain concept

Following the assessment of published information a value chain concept has been developed (see
below) of which each stage has been further elaborated in the subsequent chapters of this section.

It is noted that information on the technology state of play and on-going research and development
is found mainly at two categories of sources: scientific research (university-based, including work
funded by the EU such as Framework Programme 7 projects and peer-reviewed scientific
publications) and industry players, with also cooperation models between the two. To some extent
industry may consider their data confidential, though several large players appear very active in
marketing their technologies and have shown willingness to share information and data already in
the Blue Growth study and through other platforms.

Study to investigate state of knowledge of deep sea mining ECORYS A
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As there may be industry bias in data gathered on stages of development (and associated costs,
necessary for task 2), a scientific judgement of the information is made and views over realistic
levels of development and outlooks on trends therein are provided as part of this task.

Within the value chain concept of deep-sea mining, six main stages from exploration to sales are
identified. In principle, independent from the type of ores to be mined, the value chain of DSM
consists of the following main steps:

Exploration;

Resource assessment, evaluation and mine planning;

Extraction, lifting and surface operations;

Offshore and onshore logistics;

Processing stage;

AR N

Distribution and sales (this stage is not included in this study’s analysis).

As project plans of various industry players have shown, it depends on each project how the exact
components and stages are shaped within a deep-sea mining project. So far, there has not yet
been one system fully proven to be operational. The current focus of mining projects is therefore
aimed at exploration, evaluation and planning rather than at exploitation. In these stages, the
extraction, lifting and surface operation techniques, needed for exploitation, are also tested on a
small scale. The development of these techniques is therefore merely part of the exploration phase.

Exploration

In the exploration stage, a variety of techniques are used to locate mineral deposits and assess
their characteristics. After mapping areas of deposits e.g. using multi-beam echo sounders (side-
sonars) and deep-tow sonars®, camera surveys and sampling techniques are used to gather
samples and assess their composition and density of materials.

Resource assessment, evaluation and mine planning

This phase assesses the feasibility of a possible mining project in terms of technological and
metallurgical, economic, marketing, legal, environmental, social and governmental factors. In the
end a quantitative assessment of recoverable reserves will be made. The result should also serve
as a bankability proposal.

Extraction, lifting and surface operations

This stage, which is a core part of the exploitation phase, encompasses the excavation of the deep-
sea minerals, their transportation to the surface and eventual processing and handling operations
taking place offshore. For the first part, several cutter and rising systems are identified. Also, pre-
processing can take place already at the seabed. The vertical transport system is a critical part as
well. The support vessel is a crucial component for the operations on the surface. The vessel may
function as dispatching system, storage facility, should have dewatering systems and may act as an
on-board processing facility. Depending on the extraction technologies used, distance to shore and
volumes, the sediment may be dewatered at the ship or platform and the fines can be recovered by
cyclones. The lifted water can be returned into the water column, which however requires proper
filtering/cleaning facilities and monitoring devices. When the extraction sites are located at a large
distance from shore, adequate storage on a platform is required as to manage the logistics process.

Offshore and onshore logistics

The (partially processed) commodities must be shipped to a processing location on shore. It
depends on the type of commodities, quantities and distances to cover what type of ships are
required for ocean transport. Those vessels might be ‘traditional’ bulk carriers used for the shipment

! ISA (2006a) Polymetallic nodules. Available at http://www.isa.org.jm/files/documents/EN/Brochures/ENG7.pdf
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of minerals mined on land, or alternatively they could be the same vessels also used to extract the
ores, in such case Hayden (2004) argues that price for shipping will be a key condition for where
mining activities will first take place.

Like all commodities being shipped, also deep-sea minerals need to be unloaded from the vessels
and (temporarily) stored at the same location as the processing site or maybe within strategic
depots in ports.

Processing

Due to the large quantities of ore, and — in some cases — complex chemical process involved, the
final processing will most likely take place on-shore?, following one or more steps of pre-processing
on the seabed and/or on board of the support vessel. Several techniques for processing e.g.
manganese nodules have been suggested. In general two techniques have been tested:
hydrometallurgy, where the metals are separated with acids (hydrochloric or sulphuric) or basic
reagents (ammonia), and smelting.3 The extent to which these processes differ from the processing
of land-based minerals will depend on sediment characteristics and will be further analysed in this
task.

Distribution and sales
This is the final stage of the value chain and the least related to deep-sea mining as such. From a
technology perspective, this stage is also not very relevant. However, it is an important phase in
terms of economic value added. In many cases it will not be different from the distribution and sales
of land-based minerals.

2 Hayden, David (2004) Exploration for and Pre-feasibility of mining Polymetallic Sulphides - a commercial case study. David
Haydon, Nautilus Minerals Ltd. ISA Workshop presentation 2004.
% |SA (2006a) Polymetallic nodules. Available at http:/www.isa.org.jm/files/documents/EN/Brochures/ENG7.pdf.
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2.3

Technology assessment approach

Within the main deep sea mining value chain stages, each stage consists of several activities. The
technology assessment will identify and review the available technologies for each value chain
activity, as shown in Figure 2.1 above.

For each activity, an inventory is made of the available technologies per type of sediment after

which each technology is assessed on the following:

1. To what extent have the techniques shown to be successful?

2. Which companies are known to be currently developing and providing the technologies?

3. What is the overall stage of development of each technology? For this we use the ranking
method of TRL-stages.

TRL-stages

Within this report, we use Technology-Readiness-Levels (TRL) to assess the maturity of the
evolving techniques to be used within deep-sea mining activities. This framework is developed
recognizing the several stages a certain technology needs to go through before it is a widely tested
and proven technology.

Several industries use the TRL-stages and there are some different definitions of each stage. For
example, the US Department of Defence uses slightly different definitions for stages than the NASA
or ESA. Within this study, the following definitions of the TRL-stages are applied.

Table 2.1 Technology readiness levels

TRL Definition

TRL 1 Basic principles observed

TRL 2 Technology concept formulated

TRL 3 Experimental proof of concept

TRL 4 Technology validated in lab

TRL 5 Technology validated in relevant environment’
TRL 6 Technology demonstrated in relevant environment
TRL7 System prototype demonstration in operational environment
TRL 8 System complete and qualified

TRL 9 Actual system proven in operational environment

Source: European Commission (2013) Horizon 2020 Work programme

The technological readiness level is visualised within this report by using the following colour-
scheme.

Technological Readiness Level

TRL - TRL - TRL - TRL - TRL -
3 4 5 6 7

An overview of estimated TRL levels for the main technologies assessed is given in the table
below.

* Industrially relevant environment in the case of key enabling technologies

Study to investigate state of knowledge of deep sea mining ECORYS A
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Table 2.2 Main DSM technologies and their TRL levels

Value Chain Phase Phase Activities Ore Deposit Type(s) Involv Technique

Technological Readiness Level
TRL-1TRL-2 TRL-3 TRL-4 TRL-5 TRL-6 TRL-7 TRL-8 TRL-9

Comments

[Prospecting M, Nodules, Crust [ [ [ x ] [ [ [ [ [Analogues from marine and Petroleum need to be adjusted for Ressource/! |
| i SMs, Nodules, Crust | | x| | [ | | | | from marine and Petroleum need to be adjusted for R R i |
|sampling |sMs, Nodules, Crust | | x| | [ | | | | |Advanced drilling tools for deep sea applications should be developed to penetrate deeper into the SMS deposits and allow for representative sampling |
e— e [Resource Modelling SMs, Nodules, Crust | [ [ [ x| [ [ [ [ [ 3D spatial Modelling need to be adapted to account for multiple data sources (direct and indirect) + |
Evaluation and Mine Planning |Reserve Estimation SMs, Nodules, Crust | | x| | | | | | | | Cutting method and transportaion requires a new definition of SMU, losses due to current.... |
|Reporting Codes’ |sMs, Nodules, Crust | | x| | [ | | | | |Extension of currently available codes for deep sea mining incorperating all sutainable aspeccts |
Excavation Design & Excavation Operation
Sms Drum Cutter ROV Limited tests performed with land based cutter drum at 1600mbsI, technical issues need to_be solved, especially effective cutting and removal of cuttings from rock face
SMS Rotating Cutter Head ROV X
€ Cutter heads are succesfully applied in shallow depth dredging today, experiments should focus on applicability of te cut SMS deposits ina deep marine environment
[sms Clamshell Grab X [Already deployed succesfully today, the focus should be on efficiency in with a subsea rock crusher or skip hoist system.
Nodules Passive Collectors X and lack of control combined with the large environmental impact (massive plume formation) resulted in the of this method.
Nodules Active Mechanical Collectors X
Mechanical collector systems proved to work and the technique was tested at 410m depth by NIOT (India). and tests currently scheduled to test at depth of 6000m (operating environment)
Nodules Active Hydraulical Methods X Developed since early 1990's by COMRA (China) this technique was succesfully tested in a laboratory using simulated conditions. Needs testing in real operating environment
— - X Equipment requirements have been identified but due to limited thickness of the deposit and hence difficult mining operation crusts are not considered technically,economically and
iable at the moment.
Pre-Processing on the sea floor prior to despatch
Sensor solutions for Presorting before cutting (Ore identication), and sampling to obtain a 'real time' quality map to decide to mine or not / decide on production orde/combination of
VS, Nodules, Crust Identification X € il ) ping quatitymap / P f
areas
rinciples are well and finds various applications in terrestrial materials processing. The technique can significantly upgrade the value of the ore stream and
SMs, Nodules, Crust Separation X A iehsl) " und e : e i BHERETE .
sediments displacement is minimized. Apart from nodules/sediment separation by simple screening no research has been carried out in a sub-sea environment.
Extraction and Materials Handling SMs, Nodules, Crust Size Reduction X Crushing is required to separate valuable material from some of the invaluable material and is applied in with
This step should not aim to produce a concentrate ready for shipping but aim to pre - upgrade the average grade of the material that is sent to the dispatch system prior to vertical
SMS, Nodules, Crust Concentration X pas C 7 LG (=t 36 ;2 b &
transportation.
Dispatching
A stock and dispatch system is required as it will act as a buffer between the excavator(s) and the continuous riser system or batch lifting system. Also allows for ore blending to retain a
SMs, Nodules, Crust Stock & Dispatch Systems . 4 ) V B e
merely constant headgrade.
Vertical Material Transport
Nodules Continuous Line Bucket X Lack of lack of production control, heavy plume formation and low cutting power make that the method is inefficient and
Proven technique and widely applied in limited water depth dredging operations, method validated to transport nodules from a depth of 15.000ft.in a pilot test. Largely replaced by
SIS, Nodules, Crust Airlift System x Gl Ve 5 ClieE G G B LI v
hydraulic pumps in recent studies due to high power requirements of airlift systems and vulnerability to clogging. is adressed by FP 7 Blue Mining project.
Technique already exists and is applied in oil& gas industrie to transport drill cuttings in deep ocean drilling operations. The system should be tested for deep sea ore transportation
SMS, Nodules, Crust Hydraulic Pump System X . N
(particle sizes, clogging and wear on the system). is adressed by FP 7 Blue Mining project
No such system exists to date. Technique should be relatively easy to apply if one can also successfully lower/lift heavy ROV's to and from the seafloor. Simple to increase TRL b
SV, Nodules, Crust Batch Cable-lift System X g - UEEADCERT e i B g
experimental modeling and field test.

SMS, Nodules, Crust

[ The dewatering plant has a simple flow sheet and installing such a plant on board a vessel/platform should not be ic. Not on ship

| S, Crust [Concentrating |
| SMs, Nodules, Crust | Processing [

[known land based applications. Limited testing of techniques to concentrate deep sea ores. Issues that need to be resolved are: Handling of wet ore, Power, Tailings disposal ]
| processing on board a vessel/platform is unlikely due to; very high energy costs,

of extraction chemicals |

[sea-transport and Terminal OperafSMs, Nodules, Crust [ |

Tailings Handling

Metal Extraction

Logistics |storage SMS, Nodules, Crust [ | | | | [ | | | | | |
|Land Transport [sMs, Nodules, Crust | | | | | | | | | | | |
Comminution
Iswis, Nodules, Crust ___Jcrushing/Miling | | x| | [ | | | | _[Welldeveloped/forlandbased operations processingdry ore. Experiments should be conducted to evaluate comminution efficiency of equipment when processing wet/moist ore____|
Classification
Well developed method capable of handling wet material. Classification separates material according to size before further processing (e.g. separation) and can send different size range
SMs, Nodules, Crust Screens/Hydrocyclones X material streams to different processes (e.g. undersize to flotation, oversize back to grinding mill). Screening is routinely used in offshore diamond mining. Hydrocyclones not
demonstrated on board ship (likely to work)
Separation
I = S et errernscudl I I N O O I e
N ! Jigs, Magnetic Separation, Froth Flotation concentrating technique.
Processing

| railings Disposal [ x | [ | [ [ [ [ [ [Especially when processing takes place at sea, a solution must be found to deal with (very fine grained) process tailings.

The chemical characteristics of SMS deposits are similar to land based VMS deposits, hence the metal concentrate can be delivered to a smelter. Not yet demonstrated on board ship. Scale

smis Concentrating, acid leach, smelting, electrowinning X of anticipated mine & requirement for stockpile buffer are for shipboard Energy & safety concerns may also be problematic in a shipboard
Nodules Cuprion Process, Sulphuric Leaching, Smelting | X Several metals extraction methods have been proposed and tested on a small scale
B C +Smelting, Magneti + A
u
Smelting Ce ing of the mined material to separate ore from substrate and extraction of the ore using the same processes as used for nodules.
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Framework conditions

The technology value-chain does not incorporate the regulatory, financial and environmental stages
which should facilitate the whole operation of deep-sea mining. We do not neglect the fact that
these stages are in fact crucial for successful project achievement, but they do not involve the
deep-sea mining techniques as considered in this report. Therefore, licensing, environmental
impact assessments, financing and employment are considered as framework conditions which
should be present for successful mining operations and not as value chain activities.
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3.1

Exploration techniques

Introduction to exploration

In order to assess the potential of mining resources on the seabed, one has to identify, test and
delineate the deep sea mineral resources. To achieve this, the geographical and geological
conditions need to be investigated. Different types of equipment and techniques have been
developed for this investigation, which will be reviewed in the subsequent paragraphs.

Several activities and stages can be pursued in the exploration phase, also depending on the type
of resources to be mined. However, these phases or exploration steps often involve the same type
of technologies for different purposes. By grouping the technologies to their technical purpose (not
per se exploration steps), we identify the following main activities within the exploration phase for
deep sea mining.

Figure 3.1. Activities within the Exploration phase
Value chain 1. Exploration
phase
Value chain
activities

1a. Locating 1b. Sampling 1c. Drilling

For each of these activities, advanced technologies are used such as echo sounders, autonomous
underwater vehicles (AUVs), remotely operated vehicles (ROVs), water sampling equipment, video
systems, and more (see Figure 3.2).

Box: Exploration strategy for Solwara 1

As an example, Nautilus Minerals Inc. aims to follow the next steps within their exploration strategy for the

Solwara 1 project in the territorial waters of Papua-New Guinea:

1. Project Generation — Identify and secure title over the most prospective areas for Seafloor Massive
Sulphides (SMS) mineralisation.

2. Target Generation — Identify and rank sufficient high quality targets to ensure new SMS systems can be
discovered at a sufficient rate to provide continual growth options to Nautilus.

3. Target Testing — Discover new SMS systems at a sufficient rate to provide continual growth options to
Nautilus.

4. Prospect Delineation — Focus resource evaluation work with mapping, sampling and geophysics.

5. Resource Evaluation — Drilling, resource estimation, metallurgical test work and environmental impact
statement.

Over these steps, the locating, sampling and drilling exercises are performed at multiple stages but with

different intensities and at different depths and levels of accuracy.

Study to investigate state of knowledge of deep sea mining ECORYS A
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Figure 3.2.

Examples of exploration techniques and tools
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Source: SPC (2013). Deep Sea Minerals: Sea-Floor Massive Sulphides, a physical, biological, environmental,
and technical review. Baker, E., and Beaudoin, Y. (Eds.) Vol. 1A, Secretariat of the Pacific Community

3.2 Technology assessment: Locating

In order to identify the locations of mineral deposits at the seafloor and to delineate these areas,

several geophysical and geochemical techniques are used to map the seafloor. These methods are

quite similar to those used for marine scientific purposes and the basic techniques are for most type

of deposits already developed and currently in use for exploring the seafloor for both scientific and

commercial purposes.

The techniques available and used for locating and mapping the seafloor are the following:

e Research vessels
e Echo sounder bathymetry (single beam, multibeam, sidescan)
e Electromagnetics

e Water-chemistry testing

e Remotely operating vehicle (ROV)

e Autonomous Underwater Vehicle (AUV)

3.2.1 Research vessels

Deep-sea exploration is facilitated though the use of modern research vessels. These vessels

facilitate and host the multi-purposes research activities for exploring the seafloor. Almost all

techniques used for locating, sampling and drilling require some sort of support from the research

vessel.

A typical research vessel is capable of operating for a maximum of 200 days per year due to

passage time, maintenance and port time. Often, these vessels are chartered out for multiple

purposes, not only deep-sea research. If 30% of that time is allocated to deep-sea research then 60

24 ECORYS A
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scientific days per ship represents the limit of current capability, per year. Through the use of
multiple autonomous vehicles and techniques at once, research time is maximized as much as

possible‘r’. This poses substantial equipment control requirements for these mother ships.

Literature® provides the following common requirements for modern deep-sea research vessels:

e wide operation range throughout all climatic zones;

e protected deck areas with sufficient space;

e a high number of cabins for technical and scientific crew;

e awide range of winch- and crane-based operability;

e multipurpose laboratories;

e excellent seafloor mapping and environmental sensing capabilities;
e advanced data distribution, storage and communication systems;

e dynamic positioning and navigation systems.

Figure 3.3. The Research Vessel Dorado Discovery

W

Source: courtesy of Odyssey Marine Exploration.

As an example of a
dedicated research vessel
for exploring polymetallic
sulphides, the Dorado
Discovery is shown here.
Being chartered by

Odyssey Marine
Exploration (U.S.), this
100mx18m vessel is

exploring the seabed for
SMS deposits. Odyssey
provides these year-round
exploration  services for
Neptune Minerals (US).

The table below provides some insights in the features and specifications of such research vessel.

Table 3.1. Features of the Dorado Discovery
Features
Principal features
Gross Tonnage 5099 GT
Built Gdansk, 1997
Length 100m
Breadth 18m
Depth m
Accommodations
Cabins 42 single + 6 double
TV Lounge 2
Labs Survey, Geological, Exploration, Technical and Scientific
Other
Refrigerated storage of samples and cores
Water chemistry lab
Briefing room

° EC(2007) The Deep-Sea Frontier: Science challenges for a sustainable future
% EC(2007) The Deep-Sea Frontier: Science challenges for a sustainable future
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Gym
Seafloor Dirill

Launch and Recovery System

Source: Odyssey Marine Exploration

Availability/companies

Currently only a few European ships, most of them owned/operated by research institutions, meet
these requirements and they need strategic replacement and improvement. Since the research
fleets are operated and planned on a national level, an effort is needed on a European level to
improve access, management and strategic planning of ship replacement and innovation.

Europe’s research fleet is its main asset for realising the scientific goals and tasks associated with
understanding deep-ocean processes. In Europe, around 260 research vessels are currently
operated, of which 90 have the size for ocean and global operations. The figure below presents the
vessels per country.

Figure 3.4. Number of research vessel per country and size

Number of Vessels

Country

M Local/Coastal (= 10m and <35m) B Regional (= 35m and <55m) B Oceanic (= 55m and <65m) H Global (= 65m) B -1

Source: Eurocean; European research vessels infobase

TRL
Technological Readiness Level

TRL - TRL- TRL- TRL- TRL- TRL- TRL - TRL -
1 2 3 4 5 6 7 8
Technical readiness level: 9, actual system proven in operational environment
Research vessels are currently in use for exploring the deeper seabed. The research technologies

used on/from these vessels may however be in other stages of development, see subsequent
sections.
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3.2.2 Echo sounding (sonar) bathymetry

Echo sounding technologies are being used since the 1930s to investigate the topography of the
ocean bottom. Echo sounders emit sound waves in a broad-angle cone and from the time interval
separating the emission of a sound pulse and the reception of its echo from the seabed, the depth
can be calculated. Acoustic methods are ubiquitous in marine applications, since electromagnetic
radiation is rapidly attenuated in the ocean so radio waves and visible light for example, which are
used extensively in air, are of little use.

In particular, three types of equipment can be distinguished:
e Single beam echo sounder

e Multibeam echo sounder

e Sidescan sonar

The single beam echo sounder sends a single acoustic signal vertically below the vessel. The
signal returns local depth information. The echo is picked up by the transducer located on the hull
of the vessel. The multibeam echo sounder however transmits multiple echo sounds with a different
gradient to the seafloor and therefore collects info on a wider scale at either side of the vessel’s
track. For mapping exercises, the multibeam has therefore superseded the single beam
applications. The ship-based multibeam systems are used to map shallow and deep water.
However, when used on an Autonomous Underwater Vehicle (AUV), more detailed mapping can be
acquired. These multibeam echo sounders make it possible to produce a map of the ocean floor on
board the ship within a minute, making it possible to ‘read’ the topography of a strip of ocean

bottom in real time. An example of the different images of the seafloor from ship-based and AUV
based sonars is shown below.

Figure 3.5. Bathymetry maps of a mud volcano at 1000m depth with left: ship-based multibeam
and right: AUV application.

nmwe N
L s

N —— - - RTTON

nwe amwe nwer

Source: Expedition METEOR M70/2 BIONIL, ESF EUROCORES EuroMargin project MEDIFLUX, from EC(2007) The Deep-
Sea Frontier: Science challenges for a sustainable future

The third application is the sidescan sonar. These sonar systems are best used on a ‘towed’ fish
which is connected with the vessel. By having the sonar close to the seafloor, the angle of which
the sonar hits the floor is small. This allows to identify shapes on the seabed. In addition, some
information on the morphology and substrate can be gathered as well by measuring the reflectivity
of the signal.

Figure 3.6. Typical side-scan sonar fish
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Source: Acoustic Techniques for Seabed Classification (2005)

In order to compare the application of the three devices, the following picture can be used. It shows
the mapping coverage of each of the systems.

Figure 3.7. Single beam, multibeam and sidescan coverage

Single beam footprin
Multiboam Swath
sidescan Swath .

Source: Acoustic Techniques for Seabed Classification (2005)

These systems help to explore and detect the presence of deposits at the seafloor. But besides
that, continuous optical imagery together with precise navigation and positioning helps
identifying and characterise habitat diversity and distribution as well as seafloor activity and
composition. These observations are therefore crucial in order to understand the ecosystem
diversity which should reduce the impact on deep-sea ecosystems.

Stage of development

The three techniques can all be used for the exploration of nodules, crusts and SMS and may work
in unison. For polymetallic nodules, the first phase is involves large scale surveys where the
multibeam systems can provide the bathymetric maps. On this basis, areas not suited for mining
can be eliminated. The second stage involves more detailed imagery, often established through
sidescan sonars.

For seafloor massive sulphides and ferromanganese crusts, the combination of ship-mounted
multibeam sonars and sidescans is also sufficient for the first stage of detecting SMS sites.
However, these structures are more difficult to locate and therefore AUV’s are often used for
providing high resolution images. For sulphides, there is distinction between active and inactive
sites. So far, most exploration efforts focused on the active sites. Research is necessary to develop
methods for better detection of inactive sites as well.

Company — overview
Edgetech (US)
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Kongsberg (NO)

L-3 Klein Associates (US)
Teledyne Reson (US)
C-MAX(UK)

Tritech (UK)

Technology readiness level
The echo sounding systems are proven techniques already applied in the deep-sea environment.

Technological Readiness Level

TRL- TRL- TRL- TRL- TRL- TRL- TRL- TRL-
1 2 3 4 5 6 7 8

Technical readiness level: 9, actual system proven in operational environment

3.2.3 Electromagnetics
Offshore electromagnetic exploration technologies include: controlled-source electromagnetic
(CSEM) surveying and magnetotelluric (MT) surveying.

In CSEM surveying, a powerful horizontal electromagnetic transmitter is connected to a ship with a

long cable and towed about 30m above the seafloor. The transmitter source transmits a carefully
designed, low-frequency electromagnetic signal into the subsurface. An array of electromagnetic
seabed receivers measure the energy that has propagated through the sea and the subsurface.
Data processing, post-modelling and inversion are performed to produce 3D resistivity volumes.
These datasets are integrated with other subsurface information such as to enable to make
important drilling decisions with greater confidence.

Within the Solwara exploration phase for SMS at PNG by Nautilus Minerals, the following type of
records were made by using electromagnetics systems on the vessel Fugro Solstice.

Figure 3.8 Example of electromagnetic exploration survey results for Solwara 1
N

SOLWARA 1 ELECTROMAGNETIC CONDUCTIVITY AS RECORDED
BY THE OFEM MKIIl FROM THE FUGRO SOLSTICE
IN THE BISMARCK SEA, PAPUA NEW GUINEA

NAUTILUS  Contours are at 10m interval. from bathymetry < 5
Minarala Inc.  colloctad by Tack Cominco in 2008 from the Sapura Red indicates areas of conductive response.

o 0.25 0.5 1

km

Solwara §

TS
TH7OS

J Sotwara 1

T T
152°50°F 152°6°0°E

Source: SRK Consulting (2010)

More recently, research efforts have been conducted to apply CSEM surveying by applying the
method on AUVs for SMS exploration.
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Figure 3.9 CSEM applied on AUV for SMS exploration, graphics.

: Seawater
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Source: Goto et al. (2012) Electromagnetic survey around the seafloor massive sulphide using autonomous underwater vehicle

In a similar way to CSEM surveying, the MT technique is sensitive to resistive bodies in the
subsurface. Marine MT surveys map subsurface resistivity variations by measuring
naturally occurring electric and magnetic fields on the seabed. The sensitivity of receivers
enables to acquire high-quality MT data inherently as part of a CSEM survey when the
controlled source is inactive. The naturally occurring electric and magnetic fields are
generated by the interactions of solar wind with the Earth’s magnetic field, which when
strong, are known as geomagnetic storms. The source fields are very low frequency, which
offers excellent depth penetration.

The low-frequency, deep-sensing nature of MT surveying makes the technique excellent for
mapping and interpreting regional geology. MT technology does not have the same

sensitivity towards thin horizontal resistors as the CSEM technique; rather it can penetrate

the thicker resistive layers that might otherwise be challenging for CSEM and seismic techniques.
(Sinha et al., 1990)

Companies — overview
EMGS(NO)
WesternGeco (UK)
PetroMarker(NO)

Technology readiness level
The technology has been proven as ship-mounted operation (TRL-9), for electromagnetics applied
at AUVs, there has so far only been tests (TRL-7).

Technological Readiness Level

TRL- TRL- TRL- TRL- TRL- TRL- [TRL- TRL-
1 2 3 4 5 6 7 8

TRL 7 - system prototype demonstration in operational environment
TRL 9 - actual system proven in operational environment
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3.2.4 Water-chemistry testing

At hydrothermal vents near the oceanic ridges, new oceanic crusts are being formed through the
divergence of two tectonic plates. At these vents, the so-called black and white smokers (metal and
sulphur rich mineralised type of chimneys) react with sea water. Because of the very high
temperatures of the chimneys, a chemical reaction takes place causing the metals such as copper,
zinc, and iron to fall back down the seabed forming mineral deposits. These deposits are called
polymetallic (massive) sulphides.

Because of these chemical processes taking place near these vents and deposits, as shown in the
figure below, testing the chemical composition of the water can reveal information about the
presence of such deposits.

Figure 3.10. Chemical processes at hydrothermal vents

(e | 01 cs
Oxyanions, (HPO,Z, HVO,%, Cr0,*, HAsO,), REE, Trace Metals

Sub Seafioor
Microbial Biosphere @ e

O Metalliferous Sediments

@ Iron-Magnesium Crusts H*,CI, Fe?*, Mn?",

H,SIO,, *He, H,S, CH,, CO,, H,..
Ca**, K*, Lif, Cu®*, Zn*" Pb™

Source: http://www.pmel.noaa.gov/eoi/chemistry/images/plume2.gif

At this stage of the study, we have insufficient information about the exact techniques used to test
the chemical composition of the water in order to trace these hydrothermal vents.

Companies
None identified

Technology readiness level
The technologies and knowledge is so far mainly restricted to active vents, in order to trace inactive
vents as well, new technologies and research is required.

Technological Readiness Level

TRL - TRL - TRL - TRL - TRL -
3 4 5 6 7

3.2.5 AUV (Autonomous underwater vehicle)

AUVs are commonly used in subsea oceanographic investigations and may be deployed with a
range of sensors (bathymetry, side-scan, photo/video, or other) to gather data about properties of
sea water and the seabed. It does not require input from an operator.
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3.2.6

3.3

Figure 3.11. Example of the Teledyne GAVIA AUV

Source: Teledyne Benthos

AUVs are often equipped with echo sounders and various measurement sensors, often depending
on the purpose of the exploration. Some AUV'’s are therefore built upon several modules.
Additionally, AUVs can be configured as tow-vehicles to deliver customized sensor packages to
specific locations, and return to the ship after a deployment of about 20 hours.

As described earlier, AUVs are used to explore more precisely the morphology of the seafloor. High
resolution images can be derived this way, compared to ship-mounted systems. Therefore, AUVs
are used within the more targeted phases for exploring and determining the coverage of SMS,
crusts and nodules.

Companies — overview

Kongsberg (NO)

Teledyne Benthos (US)

Bluefin Robotics (US)

International Submarine Engineering (ISE) Ltd (CAN)
FESTO (DE)

Evologics (DE)

Technology readiness level
AUV’s are ready for deepsea usage and replace many of the ship-mounted systems. However,
there is still potential for further development in software integration between different systems,
applying new sensors and longer endurance and accuracy.

Technological Readiness Level

TRL- TRL- TRL- TRL- TRL- TRL- TRL- TRL-
1 2 3 4 5 6 7 8

TRL 9 - actual system proven in operational environment

ROV
To be elaborated

Technology assessment: Sampling

Identified technologies available for sampling include
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3.3.1

3.3.2

3.33

e Free fall devices;
e Grab samplers;
e Cable-operated grabs and cameras.

Free-fall devices
To be further elaborated.

Description and stage of development

Quality/Reliability/Productivity/Maintenance

Free-fall devices can descend to the bottom, take samples and photographs and return to the
surface on their own. A few kilograms of nodules can be collected from an area of 0.25 m? in each
dive, and pictures covering 2-4 m? can be taken (ISA, polymetallic nodules).

Company — overview
PM

Technology readiness level
Technological Readiness Level

TRL - TRL - TRL - TRL - TRL -
3 4 5 6 7

Thd

Grab samplers
To be elaborated

Description and stage of development
Quality/Reliability/Productivity/Maintenance

Company — overview

Technology readiness level
Technological Readiness Level

TRL - TRL - TRL- TRL - TRL -
3 4 5 6 7

Cable-operated grabs and cameras
To be elaborated

Description and stage of development
Quality/Reliability/Productivity/Maintenance

Company — overview

Technology readiness level
Technological Readiness Level

TRL - TRL - TRL- TRL - TRL -
3 4 5 6 7
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3.4 Technology assessment: Drilling
Also: Coring (multi coring systems) See odyssee.
e Piston corers
e Vibrocoring

To be elaborated

Description and stage of development
Quality/Reliability/Productivity/Maintenance

Company — overview

Technology readiness level
Technological Readiness Level

TRL- TRL- TRL- TRL- | TRL-
3 4 5 6 7

ECORYS A Study to investigate state of knowledge of deep sea mining



4.1

4.2

Resource Assessment, Reserve Evaluation
and Mine Planning

Introduction into demonstration and extraction

Value chain . . q
phase 2. Resource Assessment, Reserve Evaluation and Mine Planning

Value chain

activities 2a. 2c.
2b. Reserve .
Resource Estimation Reporting
Modelling Cades

The phase of resource assessment, reserve evaluation and mine planning is the essential project
planning phase, where exploration data are synthesized in a numerical 3D resource model and its
uncertainty is assessed. Intermediate results lead to an estimate of geological in-place resources.
During reserve estimation strategic-, long- and medium term mine planning decisions are derived
with its associated investment and operating costs. At the feasibility level critical aspects including
mining technological and metallurgical, economic, marketing, legal, environmental, social and
governmental factors are assessed and a quantitative assessment of recoverable reserves.

Results of resource assessment and reserve estimation are documented and reported for
stakeholders and investors according international reporting standards, e.g. the JORC code. The
use of this code is standard for all conventional/terrestrial mining business cases. However the only
deep sea project to have attempted this is Nautilus and only achieved inferred resources (low level
of confidence).

Figure 4.1 International Reporting Standard (e.g. JORC, 2012)

Exploration Results

Mineral Resources Ore Reserves
Inferred
e B s o B e T L e I e I
Increasing i : 1
level of i Indicated - _ _: Probable :
geological ) - 1
knowdedge : e :
and 1 Measured f »  Proved |
confidence : 1
1
l Consideration of mining, metallurgical, economic, marketing,
legal, environmental, social and governmental factors

ithe "modifying factors) ———M=

Procedural Assessment: Resource Modelling

Identified potential modelling techniques include:
e 3D Geometallurgical Modelling (for polymetallic sulphides);
e 2D Multivariate Modelling (for nodulues and cobalt-rich crusts).

Study to investigate state of knowledge of deep sea mining ECORYS A

35



4.2.1 3D Geometallurgical Modelling of Polymetallic Sulphides
The value carrying ore-types in polymetallic Sulphides are spatially distributed in all three
dimensions. This requires a full 3D resource model capturing both the geological structure and the
spatial grade distribution inside the different rock zones. To comply with International Reporting
standards, modelling techniques should be designed to provide beside the local estimate as well a
realistic quantitative assessment about the uncertainty in estimation.

Currently the availability of direct exploration data is not sufficient for spatial modelling. A solution is
to incorporate indirect data, such as areal measured geophysical data including seismic and electric
relevant properties. To further support the reliability of the models the integration of expert
knowledge about the associated geological processes is necessary.

This leads to the following requirements for an integrated 3D Geometallurgical Modelling technique:

e 3D techniques modelling the spatial variability and uncertainty of geological structures;

¢ 3D techniques modelling the spatial variability and uncertainty of grades, extractability and
processing relevant properties;

e Methods should designed as algorithm integrating scarce direct, highly dense indirect
measurements and expert knowledge bout geological processes.

Stage of development

The requirements described above are not met in one consistent method. Modelling of geology
based on expert knowledge is known in reservoir engineering using Multi-point statistical methods
(e.g. Strebelle, 2010) or high order statistics (e.g. Dimitrakopoulos et al). Methods for simulating
linear properties are state of the art and include classical sequential Gaussian simulation (Isaaks
1989) or the generalized sequential Gaussian Simulation (Benndorf and Dimitrakopoulos, 2007).
Both methods are available as well for integration of secondary data (Boucher, 2009). However the
computational stability and performance for the case of a large secondary data density compared to
direct data has to be further evaluated. Process based modelling may be based on compositional
data analysis using log ratios of data.

Further research is required to transfer these concepts to a an consistent framework applicable in a
deep sea environment.

Company - overview Potential: Companies for implementing Modelling Techniques in
commercial software include: Geovariances (france),gOcad (France), Dessault/Geovia (UK).

Technology readiness level

TRL 3 - experimental proof of concept.

3D spatial Modelling need to be adapted to account for multiple data sources (direct and indirect) +
Geometallurgy

Technological Readiness Level
TRL - TRL- TRL- TRL- TRL- TRL- TRL - TRL- TRL -
1 2 3 4 5 6 7 8 9

4.2.2 2D Multivariate Modelling
Polymetallic nodules and cobalt rich crusts can be characterized as a 2D object with associated
attributes, such as abundance, thickness or metal grades. Direct or indirect sampling techniques
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are available. The data basis is evaluated as sufficient for modelling the spatial distribution and its
associated uncertainty can be modelled using available techniques.

Stage of development
Techniques are already commercially available. No further development needed.

Company — overview
See 4.2.1

Technology readiness level

TRL 3 - experimental proof of concept.

3D spatial Modelling need to be adapted to account for multiple data sources (direct and indirect) +
Geometallurgy.

Technological Readiness Level

TRL - TRL - TRL- TRL- TRL- TRL - TRL- TRL -
1 3 4 5 6 7 8 9

Procedural assessment: Reserve Estimation and Mine Planning

Utilizing 3D Resource Models, recoverable reserves need to be evaluated, processes planned on a
strategic-, long-, medium and short-term basis. The actual duration of this stage depends on the
complexity of the project: geometry, spatial distribution & continuity of the deposit, variation in metal
content, grades, differences in processing recoveries. A proper assessment requires
comprehensive resource — reserve assessment data, the formulation of a sequential mine plan,
mine layout, and needs to incorporate anticipated metal recoveries versus CAPEX & OPEX. The
latter also needs to incorporate marketing, legal, social and governmental factors.

Long-Term Deep Sea Mine Planning

For a comprehensive long-term mine planning process all boundary conditions including

e mining license area;

e mining technology;

e processing technology;

e available space for waste disposal;

e environmental impact;

o capital and operational expenditures;

e necessary permits;

need to be understood fully. The subsequent design and optimization process includes the
definition of an ultimate pit, mining phases, smallest minable units and selectivity, annual production
of waste and ore, annual usage of space, annual reclamation and environmental impact mitigation
actions (e.g. Hustrulid and Kuchta, 2004). Based on the previous detailed studies capital and
operational expenditures (CAPEX and OPEX) can be estimated on an annual basis leading to
financial project performance indicators.
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4.3.2

Stage of development

At the current state it is not possible to conduct a long-term mine planning process leading to
proven reserves. In combination with resource modelling, mine planning standards for deep sea
mining have to be developed and can be seen as a platform integrating all modifying factors
including mining technological and metallurgical, economic, marketing, legal, environmental, social
and governmental factors.

Technology readiness level
TRL 1 - basic principles observed.
Cutting method and transportation requires a new definition of SMU, losses due to current.

Technological Readiness Level

TRL- TRL- TRL- TRL- TRL- TRL- TRL- TRL-
2 3 4 5 6 7 8 9

Medium- and Short-Term Deep Sea Mine Planning

Medium and short-term mine production plan typically expands one to three years with a monthly
down to a weekly resolution. It takes into account the defined development sequences, production
characteristics, quantities and rates from the Life of Mine Plan. These rates are validated against
production capacity constraints, for example due to planned maintenance activities. The result is a
feasible mining production plan. A critical component of the short-term mine plan is the capacity.

The capacity is the product of
o effective production rate; and
o effective operating time.

The effective production rate is determined by the equipment specifications and the medium to cut
or transport. The effective operation time depends on scheduled hours, technical availability,

maintenance strategy and operational processes (see figure below)

Figure 4.2 Effective operating time

Calendar Hours (Hg)

Scheduled Hours (Hs) Hps

Available Hours (Ha) Hpa Scheduled Shutdowns,
Holidays, Weather, etc,

Utilized or H Maintenance and

Operating Hours (Hy) ov Repair

Positioning, Cable Handling,
Pad Preparation, and Cleanup

Stage of development

Both critical items: effective production rate and effective operating time are understood only with a

very low level of confidence (+/-60%). Reasons are:

e missing understanding on cutting effectiveness in deep sea conditions (hydrostatic pressure in
4km-6km depth);

e detailed understanding of auxiliary processes for a deep sea mining operation are not
understood, including:
- site preparation;
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- deep sea maintenance (scheduled and break down) and preparation: mechanical and
electrical;

- operational processes such as cable handling;

- short-term sequencing, ore blending and grade control;

- options of pre-upgrading;

- direct waste material handling.

These points involve only some selected aspects to be considered. Depending on the mining
system chosen further work has to be dedicated to deep sea mining system simulation to
understand the available time fond. Please note that the uncertainty in time fond directly influences
operational costs and is this linearly linked to uncertainty in expected cash flows.

Technology readiness level
to be developed.

Technological Readiness Level

TRL- TRL- TRL- TRL- TRL- TRL- TRL- TRL-
2 3 4 5 6 7 8 9

Comparison with land-based techniques for pre-processing

Potential resources for analogies include off-shore engineering, maintenance concepts, time fonds,
operational handling experiences can used as a prior guess for inputs in short term planning.
However, the physical extraction of deep sea resources is a material ware intensive process. A
large focus has to be out on deep sea maintenance strategies. Due to high investment and
operating costs the system reliability is essential. Reliability centred maintenance concepts as
applied for maintaining airplanes or in large continuous mining systems should be adapted and
proven in a deep sea environment.

Resource/Reserve Reporting Codes

To be developed.

Insufficient knowledge on the sea bed application of reporting codes at present. Are the standard
reporting codes sufficient (ie JORC) ? Do the existing codes require definition of special sections
purely for Deep sea deposits (this is the case for e.g. diamonds, coal) but it is unknown if this will be
required for Deep Sea Deposits.
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5.1 Introduction into extraction, lifting and surface operations
After resource assessment, reserve evaluation and mine planning the next phase in the value chain
is excavation and materials handling. This phase covers the liberation of the minerals (excavation
or collection) from the seafloor, pre-processing of the ore on the seafloor, dispatching and vertical
transportation to surface and any surface operations prior to shipping of the material to shore.
Many of the techniques to be used during this phase are concepts and have not been built or tested
in practice. It is noted that there has not been any large scale extraction till date so there is not
market yet to share. There are no production systems: only models or “concepts”. There is no
market share. For example Aker Wirth plans to implement a system in 2020 for Mn nodule
extraction. Nautilus has commissioned 1 cutter. We don’t think there is public information available
on state of the art in China etc.
Some techniques assume modifications of existing techniques that are being applied in terrestrial
surface mining, land based mineral processing or the oil & gas industry.
Value chain 3. Extraction and Surface operations
phase
Value chain
activities 3a. 3b. Pre- 3c. =ik Vert-ical 3e. Surface
Excavation processing Dispatching T operations
Transport
3f. Support vessel
5.2 Technology assessment: Excavation
Although the development of deep-sea mining excavation machinery has only resulted in a limited
amount of real equipment to date, research projects were conducted over the last decades resulting
in multiple conceptual excavation techniques. With the applicable excavation techniques largely
depending on the ore type this section will provide an overview of these techniques accordingly.
Ores Identified Excavation Techniques
Polymetallic Sulphides Rotating-cutter head
Drum-cutter ROV ROV Clamshell grab
(SMS) ROV
Polymetallic Nodules Passive Collectors Active Collectors
Cobalt-rich Crusts None to date
5.2.1 Polymetallic Sulphides (SMS)

Extraction, lifting and surface operations

SMS deposits present several challenges for extraction technology. First, the ore body is comprised
of a combination of loose material such as fallen chimneys, and solid fused minerals such as re-
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crystallized sulphides and deposition layers. Second, the seafloor terrain may be rugged due to
tectonic activity’.

Extraction technology for the mining of Polymetallic Sulphides has been adapted from that used in
deep-ocean petroleum operations, such as seabed pipe trenching operations, and from offshore
placer diamond mining, the latter of which is being adapted from shelf-depth operations to deep-
water operations®.

Polymetallic Sulphides rock has been shown to have strength properties similar to coal and as
such, terrestrial coal mining techniques form the basis for the design of seafloor mining equipment®.

Technique: Drum-cutter ROV (+ collector)

Figure 5.1 Conceptual Drum-cutter ROV (left) and Auxiliary cutter ROV (right)

Bulk Cuter (BC) - s materal at hgh ates on area benched by Auslary Cufier Zutter (AC) - cuts material on uneven surfaces; benching the ste

Stage of Development: conceptual/small-scale field test

An example of the drum-cutter concept is presented in Figure 5.1 . Proposed by Nautilus this
design is based on methods used in terrestrial coal extraction. The electrically driven ROV is fitted
with a drum-cutter and is moving over the seafloor on tracks. The cutting teeth on the drum are
optimized to produce particles averaging 50mm in size whilst the production of ultra fine particles is
minimized.

The ROV is designed to create its own flat working surface “after one track length”. Whenever very
uneven terrain is encountered a second auxiliary ROV may be required to flatten the seafloor prior
to excavation with the drum-cutter ROV.

The drum cutter ROV is cutting the rock and the ore is either transported by a pump that is built into
the ROV close to the cutter drum or the ore is left on the seafloor for a collector ROV that will collect
the loosened ore and transports the material to the pre-processing or dispatch system on the
seafloor.

Placer Dome Technical Services Ltd, a subsidiary of Barrick Gold and Nautilus Minerals Inc,
conducted a technology test program in 2005 in support of the conceptual design of a subsea
mining system. As part of this test program a subsea excavator was fitted with a land based rock-
cutting tool to investigate the ability of such a tool to cut rock at depths of 1600m. The results of this

Herzig, P. (1999). Economic potential of sea-floor massive sulphide deposits: ancient and modern. London: Phil. Trans. R.
Soc. London.

Hein et al. (2013). Deep-ocean mineral deposits as a source of critical metals for high- and green-technology applications:
Comparison with land-based resources (Vol. 51). Santa Cruz: Ore Geology Reviews, Elsevier.

Jackson, E., & Clarke, D. (2007). Subsea Excavation of Seafloor Massive Sulphides. New Westminster, BC, Canada:
Cellula Robotics Ltd.
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research project are used in the design of subsea excavators that will be used to mine the Solwara-
1 ore deposit®.

Construction of the Nautilus deep-sea excavation system started in 2007 by SMD but was put on
hold in November 2012 as a result of a financing dispute between Nautilus and the state of Papua
New Guinea.

Company — Overview

e SMD (Soil Machine Dynamics)

e Nautilus Minerals

e Placer Dome Technical Services Ltd. (Barrick Gold & Nautilus Minerals)
e Perry Slingsby Systems (ROV manufacturer)

e Voest Alpine (cutter/roadheader manufacturer)

The technology test program as conducted by Placer Dome Technical Services Ltd (PDTS)

revealed that'’;

4. Aland based rock-cutting tool could effectively cut the mineralized rock at ocean depths of
1600m;

5. Higher specific energies and cutting forces are required and smaller rock chippings are
produced compared to dry cutting conditions;

6. Regrinding of subsea rock due to inefficient material removal from the ‘rock face’ is considered
a main contributor to the increased specific energy. Specific energies can be reduced if the
material removal becomes more effective;

7. The hydrostatic pressure at depth does not seem to be a major factor in cutting performance.

Birney'? notes that deep-sea plumes can be caused through the production of ultra-fine particles
(<10 microns) where the cutter teeth meet the rock face. The crushing force of the tooth creates the
fine material as a pressure bulb is formed between the tooth and the rock. Due to the open design
of the drum cutter it may be difficult to handle the ultra-fine particles and minimize plume formation.
The initial tests results as obtained by PDTS are promising in terms of the application of the cutter-
drum to loosen rock at the seafloor. The overall success of the technique will depend on.

The effective removal of material from the rock face and transportation into the subsequent
ore handling system.

Due to the hydrostatic pressure at the seafloor ore does not fall off the rock face in the same way
as in terrestrial mining. On land, after cutting the ore will immediately fall off of the rock face, as the
atmospheric pressure is too low to hold the cuttings in place. Due to the pressure regime at depths
of a few kilometres below sea-level, the cuttings will not fall off the rock face fast and as a result
rock is being cut multiple times resulting in smaller cuttings and higher energy requirements for
cutting.

The ability of the ROV to provide the necessary cutting force and power to cut the rock.

Both in terms of the weight on the cutter drum as well as power to drive the cutter drum. To
increase the weight on the cutter drum requires the ROV to be very heavy. This increases the
required power for the ROV to crawl over the seabed and may have a negative impact whilst driving
over soft sediments (ROV may get stuck).

1 Jackson, E., & Hunter, J. (2007). Subsea Massive Sulphide Mining - Technology Test Program. Denver, CO: SME.

Jackson, E., & Hunter, J. (2007). Subsea Massive Sulphide Mining - Technology Test Program. Denver, CO: SME.
Birney et al. (2007). Potential Deep-Sea Mining of Seafloor Massive Sulfides: A Case Study in Papua New Guinea. Santa
Barbara: Donald Bren School of Environmental Science & Management.
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The fact that the ROV s electrically driven means that a significant power source is required to run
the operation; this is especially the case if multiple excavators are being used simultaneously.

The ability to avoid the formation of ultra-fine particles during the rock cutting.

This is both an environmental as well as a technical requirement. The formation of plumes should
be avoided to minimize the environmental impact to sea-life surrounding the operation. The
technical issue with ultra-fine particles lies in the processing of the ore. These processes fail to
efficiently separate ore from gangue once the particle size becomes too small (<10-15 microns)
resulting in the devaluation of the ore.

Technology Readiness level
TRL 2 - technology concept formulated (TRL 3 - experimental proof of concept).

The technology concept of the cutter-drum is formulated and is based on terrestrial coal mining. An
experiment was conducted with a land based cutter head mounted on an ROV at 1600m depth.
However, this experiment did not consider collecting the excavated material and revealed several
technical issues that need to be solved mainly with the effective cutting of the rock and removal of
excavated material from the rock face. There is no record of further conducted experiments; hence
the technological readiness remains at TRL-2.

Technological Readiness Level

TRL - TRL- TRL- TRL- TRL- TRL- TRL- TRL-
1 3 4 5 6 7 8 9

Technique: Rotating cutter head ROV

Figure 5.2

Rotating cutter head ROV (left) and cutter suction dredger cutter head (right)
N

Stage of Development: conceptual

The concept of this type excavation machine is based on the equipment that was originally
designed for ocean diamond mining operations off the coast of Namibia (De Beers Marine) in water
depths of up to 140m.

The cutter head is mounted on a flexible drill string and its design is comparable to the cutter head
used on cutter suction dredgers in alluvial dredging/mining. The cutter head design draws the
crushed ore towards the centre of the cutter where the lift hose opening is located.

The rotating cutter head is more flexible to navigate compared to the drum-cutter. This would allow
the ROV to work on more rugged terrain compared to the drum-cutter ROV and allows to more
selectively mine ore. The rotating cutter head ROV can also be used as a collector ROV that is
following the drum cutter ROV.
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Company — Overview

e SMD (Soil Machine Dynamics)

¢ Nautilus Minerals

e De Beers Group

e |HC Merwede

e Perry Slingsby Systems (ROV manufacturer)

e Voest Alpine (cutter/roadheader manufacturer)

The success of this excavation method is comparable to the success of the drum-cutter ROV in that
the ROV should be able to deliver the required cutting force to crush the polymetallic sulphide rock.
However, where the drum-cutter has only been successfully used on a production scale in dry
terrestrial coal mining, the rotating cutter head is already applied today in wet dredging operations
(cutter suction dredger) that provide a valuable source of performance data.

Birney13 also notes that the cutter head design may reduce pluming because the rotating cutter
heads draw the ore towards a central point where the inlet towards the lift hose is located. If
confirmed, this method would greatly reduce the environmental impact of deep-sea mining.

Technology readiness level
TRL 2 - technology concept formulated (TRL 3 - experimental proof of concept)

Although cutter heads are successfully applied today on cutter suction dredgers there is no record
of any experiments to test the behaviour of such cutter-heads to cut SMS deposits and the
behaviour at significant ocean depths. At the same time, ocean crawlers with cutter suction heads
are used today for marine diamond mining in shelf environments (upto 150m depth). It can be
concluded that there is some experimental proof for the concept but it should be further investigated
to validate the applicability of the technique in a deep-sea environment to move to TRL-3.

Technological Readiness Level

TRL - TRL- TRL- TRL- TRL- TRL- TRL- TRL-
1 3 4 5 6 7 8 9

Technique: ROV Clamshell grab (+ seabed rock crusher or skip hoist system)

Figure 5.3 Clamshell grab

3 Birney et al. (2007). Potential Deep-Sea Mining of Seafloor Massive Sulfides: A Case Study in Papua New Guinea. Santa

Barbara: Donald Bren School of Environmental Science & Management.
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Stage of Development: applied in shallow depth dredge applications

Proposed by Neptune Minerals Plc this ore recovery system consists of a ROV clamshell grab that
will remove the sulphide chimneys and top layer of the SMS deposit“. An A-frame on the
production vessel will deploy the clamshell grab and thrusters installed on the grab allow lateral
movement over the seafloor. The ROV will work together with a seabed rock-crusher that
downsizes the ore between 25 — 50mm before transporting it to the vertical riser system. Because
the ore is directly dumped into a seabed rock-crusher, the process is more efficient compared to
existing applications of the clamshell grab in which the grab is pulled up to the support vessel to be
discharged. The ability of the ROV clamshell grab to move laterally should further increase
efficiency as the support vessel can remain in the same position for extended periods of time.

An alternative to the seabed rock crusher may be the use of a discontinuous skip hoist system for
which the skips can be filled with ore lumps that can subsequently be lifted to surface. The benefit
of such a system is that the irregular size and shape of the ore is of less concern as long as it fits
into the skip.

It is believed that by removing the top layer of the SMS deposit first, prior to deploying a seabed
mining system, sediment plumes are minimized. Furthermore, continuous suction on the rock
crusher will minimize plume formation as a result of crushing activities.

ROV-guided clamshell grabs do exist today and are being used for dredging activities. Current
bucket capacity varies between 10 and 16 m3 and must be adapted before they can be applied in
deep-sea mining activities. This means that the bucket and teeth may need to be redesigned in
order to better penetrate the SMS deposit and the A-frame needs to be upgraded to deal with the
increased working load as a result of the increased rope length, ore inside the bucket and any other
increased weight and/or associated dynamics.

Company — Overview
e Neptune Minerals Plc
e |HC Merwede

The applicability of the clamshell grab will depend on the deposit shape and size as well as the
practicality of the seabed rock crusher or skip hoist system. A significant amount of loose material
must be present in order for it to be worthy to deploy a clamshell grab as the grab cannot excavate
material. Due to the depth below sea level of deep-sea mineral deposits it is impractical to transport
single bucket loads to surface. The clamshell grab can therefore only be successfully deployed if a
seabed collector is available. A rock crusher to handle the irregular ore sizes would in that case be
required if the ore is to be transported through a vertical riser system. An alternative would be the
use of a skip batch hoisting system for which the individual particle size may be less important.

Technology readiness level
TRL 2 - technology concept formulated

Although clamshell grabs are already deployed successfully today, the applicability of the grab in
deep sea mining environments remains uncertain to date. Current applications of the clamshell
grab are mainly in soft soils and gravel and the efficiency for rock collection should be investigated.
Although the operating depth of the system is said to be only depending on rope length,
transporting individual bucket loads to surface is not economic. Hence rock crusher or skip hoist
system is an integral part of this technique and their conceptual stage make that this technique is
overall conceptual.

4 Feenan, J. (2009). Seafloor Massive Sulphide Mining Concept. Offshore Technology Conference (pp. 1-11). Houston:

Offshore Technology Conference.
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Technological Readiness Level
TRL - TRL- TRL- TRL- TRL- TRL- TRL- TRL-
1 3 4 5 6 7 8 9

Polymetallic Nodules

Polymetallic nodules are usually distributed on the seabed at depths of 4000 to 6000 metres (ISA,
2010). Because the polymetallic nodules are not locked into a matrix, there is no need to break the
rock during excavation. The excavation equipment is therefore often referred to as collectors. Two
main types of collectors have been proposed over the last decades; namely passive and active
collectors. This section will introduce the both systems and sub-systems.

Technique: Passive Collectors

Figure 5.4 Example passive collector - 'Hybrid passive rake'
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Source: Brockett, T. (1999). 'Nodule collector subsystem',. Workshop on Proposed Technologies for Deep Seabed Mining of
Polymetallic Nodules (pp. 67-93). International Seabed Authority.

Stage of Development: largely abandoned method

Most passive collectors fulfil two functions; gathering and concentrating. The passive collector is
being towed along the seabed and gathers nodules and sediments. The material is forced into an
inlet and both nodules and sediment are transported vertically to the support vessel.

The positives of using passive collectors are its simple design and the fact that no additional power
is required to operate. The advantages over active collectors are thus low cost and simplicity. The
disadvantages of passive methods include the lack of control in quantity and quality of nodules and
sediment collected, huge sediment plumes on the seafloor and a relatively large amount of
sediment entering the riser systemls. There is no sophisticated mechanism to separate the nodules
from the sediment and passive collectors have a tendency to only accept