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Abstract: Seafloor massive sulfide(SMS) deposits which consist of Au, Ag, Cu, and other metal elements, have been a target of

commercial mining in recent decades. The demand for established and reliable commercial mining system for SMS deposits is

increasing within the marine mining industry. The current status and progress of mining technology and equipment for SMS deposits are

introduced. First, the mining technology and other recent developments of SMS deposits are comprehensively explained and analyzed.

The seafloor production tools manufactured by Nautilus Minerals and similar mining tools from Japan for SMS deposits are compared

and discussed in turn. Second, SMS deposit mining technology research being conducted in China is described, and a new SMS deposits

mining tool is designed according to the environmental requirement. Finally, some new trends of mining technology of SMS deposits

are summarized and analyzed. All of these conclusions and results have reference value and guiding significance for the research of

SMS deposit mining in China.
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1 Introduction

Seafloor massive sulfide(SMS) deposits, manganese
nodules, and cobalt-rich crust are important parts of
deep-sea mineral resources. With the increasing depletion
of land resources and demand of mineral resources, SMS
deposits will become an inevitable choice to satisfy the
national strategic resource demands and facilitate human
development in the future.

SMS deposits were discovered after manganese nodules
and cobalt-rich crust, and have been attracting growing
attention. SMS deposits are rich in Au, Ag, Cu, Pb, and
other metal elements and are distributed at depth of 1.5 to
3 km on the seabed' . SMS deposits originate from a
combination of submarine hydrothermal eruptions and cold
water, thus the formation of the ore has a thickness of up to
10 m or more on the seafloor. The distributed form of the
SMS deposits is shown in Fig. 1.
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SMS deposits were first found on the west coast of
Mexico and along the East Pacific Rise in 1979 and are
abundantly deposited in the shallow waters. Later, it was
confirmed that more than one hundred hydrothermal vents
exist. These vents are mainly distributed in mid-ocean
ridges, back-arc basins, and seamounts. Experts in the field
believe that there are more than 1000 active sites on the
seafloor™™. Moreover, scientific evidence shows that there
are more hydrothermal sulfide distributions in the vicinity
of the active vents. Since the 1980 s, many survey activities
have been concentrated in the southwest Pacific Ocean, and
an increasing numbers of sites of SMS deposits were found
around the Northern Mariana Islands, Fiji, Lau Basin, and
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Okinawa Trough. So far, most of the SMS deposit potential
mining areas are scattered. Due to its easy exploitation,
highly commercial value, and low exploitation cost, a lot of
money and resources are invested in this mineral source by
many developed countries. Along with the progresses of
the marine mining industry, further control of the marine
environment makes mining SMS deposits possible in the
shallow water that is more economical and environmentally
friendly than land exploitation.

The Nautilus Minerals was approved by the government
of Papua New Guinea(PNG) and given exploration licenses
for exclusive economic zones(EEZs) for SMS deposits. The
EEZ is shown in Fig. 2/, Neptune Minerals was also given
corresponding exploration licenses. Since 2006, the
technical preparation for commercial exploitation of SMS
deposits significantly strengthened by Nautilus
Minerals in the southwest Pacific area. South Korea’s
deep-sea mining consortium was approved by the
governments of Fiji and Tanga to get the exploration
licenses for the EEZs for SMS deposits, and a series of
exploration activities were carried out by them. The
international seabed areas of SMS deposits were distributed
in the mid-ocean ridges, which are shown in Fig. 30 The
regional prospecting and exploration regulations of SMS
deposits were approved by the International Seabed
Authority in 2011. China, Russia, South Korea and France
were approved and given approximately 10 000 km® of
contract area for SMS deposit exploration. At the same
time, the related mining systems and tools for SMS
deposits were proposed and studied by their teams.
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Figure 1: Nautilus Minerals PNG

Fig. 2. Nautilus Minerals’ granted tenement licenses
and explication in the EEZs of PNG

2 Technology and Recent Development
of SMS Deposit Mining

2.1 Key technologies of mining SMS deposits

It is well know that the seabed poly-metallic nodules are
laid on the soft seabed sediments; the nodules are several
centimeters in diameter; and the cobalt-rich crusts are
deposited on the surface of the substrates, which can be a
few centimeters thick. Their storage characteristics are

entirely different from that of SMS deposits. The terrains of
the SMS deposit mines are rugged, and the thickness of
SMS deposits is at least ten meters and can be up to tens of
meters. Therefore, the SMS deposit seabed mining vehicle
must include two functions: the first is cutting the SMS
deposit rock and the second is stable movement in the
rugged mining area.

Mid-ocean ridge and discoveries of poly-metallic
sulfide deposits(yellow dots)

Fig. 3.

According to the mechanical properties of a large
number of SMS deposit samples, the cutting characteristics
of the SMS deposit are similar to that of coal, whereas, the
toughness and plasticity are similar to that of salt and
potassium carbonate. The axial compressive strength of the
SMS deposit is less than 40 MPa. For cutting this type of
rock, onshore coal mining technology is appropriate. For
example, the spiral cutting head of the shearer used by
Alpine Voest Company can be used to cut through thick
rock layers up to 100 MPa in strength. In addition, the SMS
sample was successfully cut in deep sea by Nautilus
Minerals in 2008.

Seabed mining vehicles will need to be developed to be
able to maneuver around the rugged mining area typical of
SMS deposit mines. Taking into account the heavy load,
low traveling speed and other requirements, the crawl type
vehicle would be a feasible solution for a seabed mining
vehicle. In the sea trials of poly-metallic nodule mining,
scientists tested various forms of underwater mining
vehicles and verified the crawl type’s feasibility. Currently,
the crawler type has been successfully used on seafloor
trenching machines and seafloor diamond mining vehicles.
However, operate on relatively flat
sediments. SMS deposit mining vehicles are faced with
different terrains and technical difficulties. The off-road
vehicles are designed for complex terrains on land, such as
the Swedish Bv206S tracked vehicles and Japan's
articulated tracked vehicles, which could provide a model
for SMS deposit mining vehicles'”. But for submarine
operations, obstacle recognition and obstacle avoidance,
there are still many problems to be solved.

The density of the SMS deposit is similar to that of deep
sea poly-metallic nodules. The technology and equipment
of poly-metallic nodule mining can be used in deep sea
SMS deposit mining. In spite of the wear of the pumps and

these vehicles
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other problems, the technical principle is comparable. As
for mineral processing and smelting of the SMS deposit
rock, the mining experts believe that the established
technology used in sulfide ore extraction on land can be
directly used for deep-sea SMS deposit mining!®.

Thus, by combining relevant established mining
technologies used on the land with the recent development
of technologies in marine engineering, SMS deposit mining
is technically feasible. However, a lot of development will

be required to realize large-scale commercial exploitation

2.2 SMS deposit mining system designed
by Nautilus Minerals

The first mission of the mining system is to break huge
minerals into a recoverable size, collect the fragments of
deep-sea minerals, and then transport the mineral fragments
to a support vessel in some way. At the end of 1950 s,
comprehensive research and onsite test were conducted by
many scientists from many developed countries and
consortiums and a lot of deep-sea mining solutions were
proposed. The most famous was the system proposed by
the marine management company(Ocean Management Inc.,
OMI) funded by the United States, Japan, Canada,
Germany, and other countries. Considering the similarity of
the deep-sea environment, a mining system for SMS
deposit mining and pipe lifting system were put forward by
Nautilus Minerals which is shown in Fig. 4% According
to the company reports, the appropriate production tools for
SMS deposit mining will be transported to the mining area
and the corresponding control system, feedback system,
collection and detection system will be tested and subsea
production plan will be started in 2018!%'2],

2.2.1 Seafloor production tools(SPT5)

There are three types of seafloor production tools
(SPTs)!"): the auxiliary cutter(AC), the bulk cutter(BC),
and the collecting machine(CM)!"*%,

2.2.1.1 Auxiliary cutter

The AC is used to disaggregate ores on the seafloor by
excavating material through a continuous cutting process,
unlike coal or other bulk continuous mining machines on
land. The AC is a preparatory tool that deals with rough
terrain and creates platforms for the other tools from which
to work.

The AUX is a tracked system with studs to provide
additional traction. The rock cutting head of the AUX is
mounted on an articulated hydraulic arm consisting of slew
pivot and boom. The arm provides a very versatile mount
for the cutter and allows a large volume of rock to be cut
without moving the AUX itself. Although somewhat
different in application, the AUX is very similar to
diamond mining machines in some aspects. An articulated
boom mounted cutter is used on a 250 ton diamond mining
machine which is shown in Fig. 5, and the AUX is shown
in Fig. 6.

Seafloor production system

Production support
vessel

Subsea slurry
lift pump

~
/

};f’ Seafloor 8
- production |
& tools y

¥
|

Fig. 4. Mining system of SMS deposits proposed
by Nautilus Minerals!'”
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Fig. 5. 250 t Diamond Mining Machine with slewing arm!'*!

Fig. 6. Auxiliary cutter(AC)!'?
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2.2.1.2  Bulk cutter

The bulk miner(BM) is a large track mounted cutting
machine that will undertake the bulk of cutting operations.

The purpose of the Bulk Miner is cutting and grinding
the bulk of the minerals in the most efficient and practical
way as it can.

The BM cuts the mineral but does not gather any
material. The BM is shown in Fig. 7, and the onshore road
miner tools for cutting coal are shown in Fig. 8. From the
picture, the BM is very similar to mining tools used for
cutting coal in Fig. 8.

[13]

Fig. 8. Onshore road miner tools for cutting coal
2.2.1.3 Collecting machine

The BC and the AC machines leave mineral fragments
on the seafloor for collection by the CM. The CM, also a
large robotic vehicle, will collect the mineral fragments by
drawing it in with seawater slurry using internal pumps and
pushing it through a pipe to the Riser and Lifting System
shown in Fig. 9.

2.2.2  Riser and lifting system

The riser and lifting system(RALS) is designed to lift the
mineralized slurry to the production support vessel(PSV)
using a Subsea Slurry Lift Pump(SSLP) in a vertical riser
system. The mixture of seawater and rock is delivered to
the SSLP at the base of the riser where it is pumped to the

surface via a gravity tensioned riser suspended from the
PSV. The RALS comprises a large pump and rigid riser
pipe suspended from vessel that delivers the slurry to the
surface of the PSV.

Fig. 9. Collecting machine(CM)!'?!

The SSLP is a key piece of equipment in Nautilus
Minerals’ plan to transport metal minerals from the seafloor.
Working with a small environmental footprint, the SSLP
enables the transfer of the mineralized material as slurry
from the seafloor to PSV with no interaction with the
outside water shown in Fig. 10.
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Fig. 10. Subsea slurry lift pump(SSLP)!'”

2.2.3  Production support vessel

The production support vessel(PSV) provides a stable
platform for operations using global positioning
technologies that ensure it stays on location irrespective of
weather conditions. The PSV is designed for use in offshore
construction and seafloor mining. The PSV is equipped
with a moon pool through which the subsea slurry and lift
pump(SSLP) and riser system can be deployed. On the
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deck of the PSV, the slurry is dewatered. The dewatered
ores are stored temporarily in the hull of PSV and then
discharged to a transportation vessel moored alongside the
PSV every 5-7 d. Filtered seawater is pumped back to the
seafloor through the riser pipes, which provides hydraulic
power to operate the SSLP.

2.2.4  Progress of mining SMS deposits
by Nautilus Minerals

Nautilus Minerals, as a pioneer in the exploitation of
deep sea SMS deposit, makes a lot of contributions in the
field of exploration, and plays a crucial role in the
exploitation of SMS deposits''* '*. The concepts of mining
were put forward by Nautilus Minerals, which are widely
inspired marine scientists from many countries. The
company's technical section is described in details in the
previous section, and the progress of Nautilus Minerals can
be found from the latest company annual report!'”: the
SPTs and the RALS including the SSLP are to be finished
by the end of 2016; and the final component of the seafloor
production system, the PSV is to be completed by the end
of 2017, seafloor mineral production will commence and
operate in the Bismarck Sea of PNG in the first quarter of
2018.

2.3 SMS deposit mining technical research
and sea trial in Japan

In recent years, a series of plans to explore SMS deposits
were published and a series of onsite tests were carried out
on the SMS deposits on the seafloor by the Japanese team.
The development plan was divided into two stages!'®: the
first stage(2009-2012) includes a detailed report of the
known SMS deposits in the EEZ, the baseline survey of the
marine  environment, the establishment of the
environmental impact prediction model and the
development of pilot mining experimental prototype for
SMS deposits; the second stage(2013-2018) includes the
exploration of new SMS deposits, carrying
environmental impact validation experiments and designing
the sample mining machine for SMS deposits.

A similar SMS deposit mining system was proposed in
Japan which is shown in Fig. 11"\ This mining system
consists of mining support vessel, mining machine,
submerged pump unit, riser pipe, etc. The mining machine
is remotely controlled through an umbilical cable. The
mining machine is used to collect and dredge ores. A
submerged pump is connected to the machine by a flexible
pipe to lift the ores up to the support vessel through a riser
pipe. The recovered ores are stored in the mining support
vessel and transported to the smelters by other ships.
Comparing the Japanese proposal with mining tools
designed by Nautilus Minerals, only one mining tool was
designed to combine the collecting and cutting stages as
laid out in Japanese system.

Until 2013, about 20 percent of pilot commercial mining
system for SMS deposits was completed and the mining

out

trial was carried out on the seabed SMS deposit at the depth
of 1600 m in the Okinawa Trough in November 2012!'*],
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Fig. 11. Mining system proposed by Japan

Manufacturing of the pilot mining machine!'”
completed and delivered to Japan Oil, Gas and Metals
National Corporation(JOGMEC) in March 2012. The land
and onsite tests were conducted using this system in August
2013 and January 2014 respectively. The structure of the
mining machine!'”! for SMS deposits proposed by the
Japanese team is shown in Fig. 12, and the structure of the
mining cutter!'” for SMS deposits designed by the Japanese
team is shown in Fig. 13.
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Fig. 12.  Structure of SMS deposit mining machine
developed by Japan
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3 SMS Deposit Mining Technical Research
in China

China owns seabed areas of multi-metallic nodules,
cobalt-rich crusts and SMS and has become the first
country which has three kinds of mineral seabed areas on
the seafloor. For SMS deposits, many resources were
invested by Chinese teams in the seabed areas to complete
the corresponding survey work.

The mechanical properties of SMS deposits!'”, and the
simulation and optimization of the roller cutting were
studied by the deep-sea research team from the College of
Mechanical and Electrical engineering of Central South
University™. The uniaxial/triaxial test of SMS specimens
are shown in Fig. 14.

Fig. 14. Specimens of SMS deposit

For the mining tools, the basic requirements for the
cutting and mining of SMS deposit include the following
two points: the first is efficiency and the second is
environmental protection. The operation of mining must, as
far as possible, be done to reduce the pollution created in
the process. Based on the above requirements, a dual roller
mining tool was proposed by Central South University in
which the operation of cutting and collecting SMS deposit
are integrated together™. The new mining device for
deep-sea SMS is shown in Fig. 15.

Fig. 15.

New mining device for deep-sea SMS deposit

1. Left roller; 2. Right roller; 3. Collecting cover; 4. Lifting pump;
5. Lifting pipe; 6. Mining ship; 7. Ore trolley, 8. Rocker arm;
9. SMS Deposit.

This mining tool comprises left and right rollers,
collecting cover, lifting pump, pipeline, mining ship,
mining trolley and rocker arm. The left and right cutting
rollers are used to cut ores from the SMS deposit. The
collecting cover is used to avoid polluting the surrounding
environment during the mining process. The ore trolley is
designed to drive the whole tool forward and the pipeline is
the transportation channel for the extracted minerals. Using
this method, pollution of the environment can be reduced
effectively in deep sea condition.

4 New Trends in Mining Technology
of SMS Deposits

4.1 Multi rollers cutting tools

Since the 1990 s, mining cobalt-rich crust was studied, and
a roller mining method was proposed by scientists in the
USA, Russia and Japan!®’, A single vibrating roller cutter for
deep-sea minerals was designed by scientists from the
College of Mechanical and Electrical Engineering of Central
South University. Some simulation tests, experiments and
optimized designs were carried out using this system”> ). In
recent years, it has been realized that the single roller cannot
meet the requirements of the marine mining industry. The
Auxiliary Cutter designed by Nautilus Minerals has multi
rollers and the mining tool designed by JOGMEC is also a
multi rollers tool. The main consideration is the efficiency as
well as other factors, and a corresponding double roller cutter
for SMS deposit mining was designed by the scientists from
Changsha Research Institute of Mining and Metallurgy. The
cutting experiments were carried out under the double roller
tool in the lab.

4.2 Environmental protection of mining equipment
According to the requirements of the International
Seabed Authority, an increasing number of policies are
being published to strengthen the management of deep sea
areas. Many scientists recognize that environmental issues
are becoming more and more important for the deep sea
mining industry?®>"! and a variety of tailing placements
and pollution treatment programs were put forward for
discussion'®®). For example, an assessment of the ecological
impact for tailings return was proposed by WIEBE, et al®..

4.3 Intelligent mining tools

Due to the special conditions of the deep sea
environment, human cannot access the mine sites as easily
as land mines. Therefore, more strict requirements are
being demanded by the marine mining industry. With the
development of artificial intelligence, self-learning and
twin robot technology™*~* is likely to be applied in marine
mining industry. For example, an intelligent mining tool
with self-learning concept was put forward by CHUNG, et
al™, which could be developed for use in the marine
mining of SMS deposits.
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5 Conclusions

(1) Due to mineral grade, distribution characteristics and
depth of mineral, it is possible for SMS deposits to become
the first solid metal mineral to be the subject of commercial
exploitation on the seafloor.

(2) The mining application and commercial exploitation
of SMS deposits are speeding up in some countries, and
some exploitation tools have been proposed and studied by
the teams from Nautilus Minerals and Japan. The
production tools designed by Nautilus Minerals include the
AC, the BC, and the CM, but the exploitation tools
designed by the Japanese team integrate cutting and
collecting functions into a single machine.

(3) A lot of work on mining SMS deposits has been done
by the Chinese team. For example, a double drum cutter for
SMS deposits has been tested in the lab; however,
compared with developed countries, there is still a lot of
development required.

(4) Based on the experiences from mining other minerals,
new ideas and methods are being put forward by some
scientists that show potential for being developed into new
ideas for the commercial exploitation of SMS deposits in
the future.
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