INTRODUCTION
Welcome to the 45th Underwater Mining Conference, UMC 2016 – Resource and
Environmental Assessments for Seafloor Mining Development. UMC 2016 in Songdo,
Incheon, Korea, provides technical presentations consisting of a good balance among
industrial, academic and government interests. The technical program this year, as usual,
represents a wide variety of nationalities, including presentations from Australia, Canada,
China, the Cook Islands, France, Germany, India Japan, Korea, the Netherlands, New
Zealand, Norway, Poland, Russia, Singapore, UK, and the USA.
Our technical focus in 2016 is on resource and environmental assessments for underwater
mineral development along with timely and significant topics related to other aspects of
marine minerals. We welcome your contributions and participation.
The 2016 banquet will be hosted by the Ministry of Oceans and Fisheries, Korea. The
2016 Field Tour will take participants to a variety of interesting sites, including visits to
the Sihwa Tidal Power Plant, Gahak silver mine, the Jeondeung Sa Temple and a
prototype manganese nodule miner, MineRo.
Since the first conference, which took place in Milwaukee, Wisconsin, USA, in 1970, the
Founder Professor Robby Moore actively sought the participation of industry, academia,
and government. After 45 years, the Underwater Mining Conference remains the premier
venue for bringing together these different sectors involved in marine minerals from
around the globe.
We extend our deepest gratitude to our sponsors this year, including:
•

Ministry of Oceans and Fisheries (MOF), Korea

•

Korea Institute of Ocean Science and Technology (KIOST)

•

Technip-France

•

Global Sea Mineral Resources (GSR) of the DEME Group, Belgium

•

Oceantech, Korea

•

Seafloor Investigations, USA

•

DeepSea Mining Alliance (DSMA)

•

Kongsberg Maritime, Norway

•

Lucky Susan Co., Ltd., Korea
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•

Deep Reach Technology, USA

•

James R. Hein, California USA

•

Georgy Cherkashov, St. Petersburg, Russia

•

Ocean Floor Geophysics, Canada

•

Hawai‘i Undersea Research Laboratory, University of Hawai‘i

Finally, this conference would not have been possible without the generous support from
our hosts, Ministry of Oceans and Fisheries and Korea Institute of Ocean Science and
Technology. KIOST (established in 1973 as the Korea Ocean Research and Development
Institute) plays a crucial role in researching and developing ocean science and technology.
The mission of KIOST is to perform basic and applied research in order to promote the
efficient use of coastal and ocean resources; to undertake a comprehensive survey and
study of Korea's seas and open oceans; to conduct scientific research in polar regions,
especially in Antarctica; to support and cooperate with other government agencies,
universities and private industries towards the development of marine resources and the
protection of the marine environment; and to coordinate international cooperation
concerning oceanographic research.
We strive to bring you the very best who are engaged in marine minerals and mining. We
trust that you will find professional benefit and personal camaraderie during your time
with us. Listen, ask questions, make connections and friends, and enjoy yourselves in
Incheon. We are so fortunate to be here with such gracious and generous hosts.

Samantha Smith
President, International Marine Minerals Society
Program Chair, Underwater Mining Conference
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THANK YOU TO OUR 2016 SPONSORS
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UMC BACKGROUND
The UMC
The International Marine Minerals Society
and the University of Hawai`i are the
primary sponsors of the Underwater
Mining Conference (formerly Underwater
Mining Institute; UMI) —an annual
conference that draws on the worldwide
expertise
of
researchers,
industry
professionals,
and
environmental,
resource, and policy managers to provide
the latest information relevant to seabed
minerals. The UMC has come a long way
since its first small gathering as the UMI
in 1970, led by founder Professor J. Robert
Moore, through the Sea Grant College
Program at the University of Wisconsin. Manganese nodule mining was the big impetus
for the startup of the conference. During the intervening years, new research discoveries,
technological advances, and commercial development have expanded the areas of interest
to include much more than just nodules. Throughout this evolution one constant is the
conference’s goal, which is to encourage prudent and responsible development of marine
mineral resources through technical presentations in venues that promote informal and
free exchange.
The theme varies each year, as does the location and host. This collection of abstracts and
brief biographical sketches of authors and or speakers is provided
to participants. In the early days these were distributed in threering binders and, in recent years, as digital electronic files. These
abstracts are now available through OneMine.org—an innovative service launched in
April 2008 by the Society of Mining, Metallurgy, and Exploration that manages an
extensive, online digital library for mining and minerals. Access to OneMine.org is made
available to current members of professional societies, such as the International Marine
Minerals Society. A significant benefit to UMC participants has been a one-year
membership to the Society, which also includes access to OneMine.org.
To encourage the freedom of our speakers to share their ideas, which can include
proprietary information, we insist that recording (sound or visual) of the technical sessions
is not permitted, unless explicitly approved by the presenter. Presentations are scrutinized
to ensure that the content and interactions of the UMC remain stimulating, fresh, and
reflective of the latest scope of this industry. To date more than 25 nations have been
represented at the UMC.

The Venue
The UMC has been held in Canada, England, Korea, United States, New Zealand,
Germany, Japan, Russia, China, Brazil, and Portugal. In 2003, KORDI (Korea Ocean
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Research and Development Institute) hosted the 33rd Underwater Mining Institute on Jeju
Island. Now, in 2016, it is with great pleasure to have the Ministry of Oceans and
Fisheries and KIOST (Korea Institute of Ocean Science and Technology) welcome us
back to Korea.

The Program Chair
Dr. Samantha Smith is the President of IMMS and has worked in the area of seabed
minerals for over a decade, focusing on the environmental and social aspects of their
development. As Chair, Samantha follows the footsteps of Dr. Charles Morgan who
served as the Technical Program Chair for 21 years from 1994 to 2015 and who, in turn,
succeeded the conference founder, the late J. Robert “Robby” Moore of Texas A&M
University (Austin, Texas), who presided over the Institute since its inception in 1970.

Technical and Programmatic Advisors
Dr. Samantha Smith, President of the International Marine Minerals Society, is directly
involved in the organization and planning of the UMC. Dr. John Wiltshire, Treasurer of
the International Marine Minerals Society and also Director of the Hawaii Undersea
Research Laboratory at the University of Hawai`i, provides administrative and financial
management support to the UMC. Karynne Chong Morgan holds the entire effort together
as Conference Coordinator.
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National University of Singapore
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DeepGreen Resources
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Seafloor Investigations LLC
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Korea Institute of Geoscience and
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FINAL PROGRAM
9 OCTOBER 2016 (SUNDAY)
WELCOMING RECEPTION & REGISTRATION
(THIRD FLOOR TERRACE; LILY ROOM, IF RAIN)
Orakai Songdo Park Hotel
151, Techno Park-ro, Yeonsu-gu
Incheon • Korea • Tel: +82-32-210-7000
19:00 – 21:30
UMC participants and guests are welcome

10 OCTOBER 2016 (MONDAY)
TECHNICAL SESSION I
(LILY ROOM)
Orakai Songdo Park Hotel
08:30 – 17:40
Participants staying at the Orakai should enjoy breakfast
before coming to the conference room.
08:30 INTRODUCTION AND WELCOME
Call to Order
Samantha Smith, IMMS President and UMC Program Chair, Ontario, Canada
Hosts’ Welcome (08:40)
Mr. Joon-Wook Choi
Director, Marine Industry Policy Bureau
Ministry of Oceans and Fisheries, Korea
Dr. Gi-Hoon Hong
President
Korea Institute of Ocean Science and Technology (KIOST)
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Presentations
09:00 Marine Environmental Baseline Surveys - Overcoming the Deep Water
Hurdle
Andrew Campbell, Gardline Marine Sciences Ltd, Singapore
09:20 A Recommended Practice for Managing Environmental Aspects and Impacts
of Seabed Mining
Tom Gorski, DNV GL, Environmental Monitoring, Hoevik, Norway
09:40 Toxic Trace Elements in Sulfides of Modern and Ancient Black Smokers:
Possible Influence on Ecosystems
Valery Maslennikov, Institute of Mineralogy, South Urals University, Miass
Chelyabinsk, Russia
10:00 A Geographical Information System for Exploration and Management of a
Hydrothermal Vent Marine Protected Area
Kim Juniper, Ocean Networks Canada, Victoria, British Columbia, Canada

10:20 Break (30 minutes)

10:50 Trace Elements in Sulfides from the Semenov-2 Hydrothermal Field,
13°31.13´ N, Mid-Atlantic Ridge: Isomorphism or Inclusions?
Irina Melekestseva, Russian Academy of Sciences, Urals, Miass Chelyabinsk,
Russia
11:10 Effect of Reworked Barite on Radiometric Dating Using 228Ra, 228Th and
226
Ra/Ba Values: Implications for Seafloor Volcanogenic Massive Sulfide
Deposits
Robert Ditchburn, GNS Science, Lower Hutt, New Zealand
11:30 Key SMS Parameters for Potential Mining Operations: Case of Mid-Atlantic
Ridge Deposits
Georgy Cherkashov, VNIIOkeangeologia, Saint Petersburg, Russia
11:50 Nautilus Minerals Project Update
John Parianos, Nautilus Minerals, Brisbane, Queensland, Australia

12:10 Break (2 hrs): Lunch (1 hr) followed by Poster Session (45 min), break (15
min)
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13:10 Poster Presentations (45 minutes)
Poster Presentations
Overview of Gold Main Features in Seafloor Massive Sulfides
Svetlana Babaeva, VNIIOkeangeologia (Institute for Geology and Mineral
Resources of the Ocean), Russia
Geodynamic Features and Distribution of the Hydrothermal Vent Fields in
Some Oceanic Regions
Svetlana Babaeva, VNIIOkeangeologia (Institute for Geology and Mineral
Resources of the Ocean), Russia
Serious Business in the Deep Seas for Mining Polymetallic Nodules
Laurens de Jonge, Royal IHC, IHC Mining, Kinderdijk, The Netherlands
Composition and formation of Gabbro-Peridotite Hosted Seafloor Massive
Sulfide Deposits from the Ashadze-1 Hydrothermal Field, Mid-Atlantic Ridge
Anna Firstova, St. Petersbug University, VNIIOkeangeologia, Saint
Petersburg, Russia
Fish Reef Project and Deep Sea Mining Offsets
Chris Goldblatt, Fish Reef Project, California, USA
Estimation of Manganese Crust Coverage by Seafloor Image Binarization
Jong Min Joo, KIOST, Ansan, Korea
Probabilistic Estimates of Seafloor Massive Sulphide Deposits along an Arctic
Mid-Ocean Ridge: A Multivariate Approach for Permissive Tracts
Cyril Juliani, Norwegian University of Science and Technology, Trondheim,
Norway
MarMine – Exploitation Technologies for Marine Minerals on the Extended
Norwegian Continental Shelf
Cyril Juliani, Norwegian University of Science and Technology, Trondheim,
Norway
Survey Plan for Mining Manganese Nodules in the Korea Contract Area,
Northeastern Pacific
Youngtak Ko, Deep-sea & Seabed Mineral Resources Research Center,
KIOST, Ansan, Korea
Ferromanganese Crusts from Shaka Ridge (South Atlantic)
Natalia Konstantinova, Saint Petersburg U and VNIIO, Saint Petersburg,
Russia
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A Self-Compensating Magnetometer (SCM) System for High-Resolution
Mapping on AUVs
Matthew Kowalczyk, Ocean Floor Geophysics. Inc., British Columbia, Canada
Initial Tests of an AUV-borne Controlled Source Electromagnetic (CSEM)
System
Matthew Kowalczyk, Ocean Floor Geophysics. Inc., British Columbia, Canada
Global Perspectives of Gas Hydrates Research and Development
Sung-Rock Lee, Korea Institute of Geoscience and Mineral Resources
(KIGAM), Daejeon, Korea
What’s in a Deepsea Mining Riser System?
Frank Lim, 2H Offshore, Surrey, United Kingdom
Integration of Modeling for Enhanced Marine Mineral Resource Project
Outcomes
Campbell McKenzie, Kenex Limited, Wellington, New Zealand
Understanding Element Accumulation in FeMn Crusts through the Lens of
Chlorine
Kira Mizell, U.S. Geological Survey, Santa Cruz, California, USA
The US National Ocean Exploration Program
Amanda Netburn, NOAA Office of Ocean Exploration and Research,
University of California, San Diego, San Diego, California, USA
Small-scale Occurrence, Growth Rate, and Mineral-chemical Composition of
Hydrogenetic Ferromanganese Crusts from Two Typical Seamounts within
the Japanese EEZ
Keisuke Nishi, Kochi University, Kochi, Japan
Platinum Group Element Geochemistry of Submarine Arc Lavas Associated
with Cu-Au Mineralization: Implications for Modern VMS Deposit
Exploration
Jung-Woo Park, Seoul National University, Seoul, Korea
Evaluating Deep-Sea Megabenthos after the Deepwater Horizon Oil Spill:
Lessons Learned and Applications to the Deep-Sea Mining Industry
Stephanie Sharuga, U.S. Fish and Wildlife Service, USA
Utility of Industrial Submersibles and Opportunistic Surveys for
Environmental Monitoring of the Marine Benthic Environment
Stephanie Sharuga, U.S. Fish and Wildlife Service, USA
Identifying Geochemical Signatures Associated with Subseafloor Massive
Sulfide Mineralization at Iheya North Knoll, Middle Okinawa Trough
Toru Yamasaki, Geological Survey of Japan (AIST), Japan
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Oral Presentations - continued
14:10 Near-seafloor Magnetics - An Essential Tool for Seafloor Massive Sulfide
Detection and Characterization
Jerome Dyment, Geosciences Marines, Paris Cedex, France
14:30 Hydrothermal Clay Minerals Recognized in Subseafloor of Active
Hydrothermal Fields in the Okinawa Trough
Jun-ichiro Ishibashi, Kyushu University, Kyushu, Japan
14:50 Gravity and Magnetics of the Central Indian Ridge: Preliminary findings for
the Vicinity of 18° S to 7° S
Michael Chandler, KIOST, Ansan, Korea
15:10 The Morpho-tectonic Features of Non-transform Discontinuity at 11°S and its
Hydrothermal activity, Central Indian Ridge
Sang Joon Pak, KIOST, Ansan, Korea
15:30 Denudation of Mantle Harzburgites and Mantle Heterogeneity Observed in
MORB from the Central Indian Ridge, Latitude 8°–17° S
Sang Bong Yi, Chonbuk National University, Jeonju, Korea
15:50 Break (30 minutes)
16:20 A Complex Hydrothermal System Around Dragon Horn Area (49.7¡E) on
Ultra-Slow Spreading Southwest Indian Ridge (SWIR)
Chunhui Tao, China Deepsea Exploration Tech and Geoscience R&D Center,
SIO, Hangzhou, China
16:40 Nodule Occurrence, Metal Content and Nodule Grain Size at Different
Bathymetry Horizons in the IOM Exploration Area
Ivo Dreiseitl, Interoceanmetal (IOM), Szczecin, Poland
17:00 Integrated Phosphate Supply Models for Sustainable Development
Tetsuo Yamazaki, Osaka Prefecture University, Osaka, Japan
17:20 Chatham Marine Phosphate Project will Rise Again
Chris Castle, Chatham Rock Phosphate Ltd., Wellington, New Zealand
17:40 End of Technical Session I, Closing Remarks
Samantha Smith
10 OCTOBER 2016 (MONDAY)
FREE EVENING
You are free to explore the surrounding Songdo area and to dine at your leisure. See
separate handouts with maps and a list of suggested restaurants, bars and pubs.
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11 OCTOBER 2016 (TUESDAY)
TECHNICAL SESSION II
(LILY ROOM)
Orakai Songdo Park Hotel
08:30 – 17:55
Participants staying at the Orakai Songdo Park Hotel should enjoy breakfast
prior to coming to the conference room.

Spouses Tour: Concurrent with Technical Session II. Meet at 09:00 in the Lobby of the Orakai
Hotel. Ms. Ji-Young Shin of KIOST will escort the group (Sue Atwood, Beatrice Goodden, Shona
Lynch, Karynne Morgan, Nicola Parianos, and Laurie Stemm).

08:30 International Marine Minerals Society: Annual General Membership Meeting
Samantha Smith, IMMS President

Presentations
09:00 ISA's Zero Draft Exploitation Regularions - What Contractors Should Be
Concerned About
Steve Potter, Pinsent Masons LLP, Singapore
09:20 Developing National Regulatory Frameworks and Standards for Resource
and Environmental Assessments for Deep Sea Mineral Activities
Paul Lynch, Seabed Minerals Authority, Rarotonga, Cook Islands
Introduction to Ocean Minerals LLC
Ron Rose, Ocean Minerals LLC, Jacksonville, Florida USA
09:40 Seabed Mining Exploitation Code: Review of Code and Commentary
Wylie Spicer, McInnes Cooper, Calgary Alberta, Canada
10:00 Investigating the Mining Potential of Marine Ferromanganese Deposits, A
Major Resource of E-tech Elements
Jeremy Spearman, HR Wallingford, Oxfordshire, United Kingdom

10:20 Break (30 minutes)
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10:50 Osmium Isotope Stratigraphy and Chemical Speciation of Elements of Ferromanganase Crusts in the Western Pacific Seamounts
Katsuhiko Suzuki, R&D for Submarine Resources, JAMSTEC, Yokusuka,
Japan
11:10 An Explanation for the Unique Composition of Arctic Ocean
Ferromanganese-Oxide Mineral Deposits
James Hein, U.S. Geological Survey, Santa Cruz, California, USA
11:30 Electron Microscopic Observation on Microbe-like Structures in the
Ferromanganese Crust from the Western Pacific Magellan Seamount
Jinwook Kim, Yonsei University, Seoul, Korea
11:50 The Gas Hydrates of the Indian Offshore Ð A Prospective and Retrospective
Subramonian Rajendran, Kerala University of Fisheries and Ocean Studies,
Cochiin, India

12:10 Lunch (1.0 hr)

13:10 Designing Geological Investigations for Commercial Success in the Transition
from an Exploration Project to Marine Mining
John Youngson, Marine Minerals Group, Dunedin, New Zealand
13:30 Classification of Manganese Nodule Resource Estimates: Can We Reach the
“Measured Resource” Level?
Thomas Kuhn, Federal Institute for Geosciences and Mineral Resources
(BGR), Hannover, Germany
13:50 Fit for Purpose Design for Deep Sea Mining Vessel
Govinda Singh Chopra, SeaTech Solutions, Singapore
14:10 On-board Support System and Operation S/W for Offshore Operation of
Pilot Lifting System
Tae Kyeong Yeu, KRISO (Korea Research Institute of Ships and Ocean
Engineering), Daejeon, Korea
14:30 Technology Achievements through 3rd Pre-Pilot Mining Test: Lifting System
Sup Hong, KRISO (Korea Research Institute of Ships and Ocean Engineering),
Daejeon, Korea

14:50 Break (30 minutes)
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15:20 The Development of Technology for the Mining of Polymetallic Nodules from
the Deep Sea
Rodney Norman, Royal IHC - IHC Mining, Kinderdijk, The Netherlands
15:40 A potential of Logging-while-Drilling (LWD) for Deciphering Subseafloor
Mineralization Processes
Hidenori Kumagai, JAMSTEC, Yokusuka, Japan
16:00 HUGIN AUV Configured for Underwater Mining Applications
Richard Mills, Kongsberg Maritime, Horton, Norway
16:20 Sea Trial Report of the Seafloor Drill UNICORN-1
Koji Ochi, Fukada Salvage and Marine Works, Tokyo, Japan
17:00 Potential Usage of Flexible Riser in Deep Sea Mining
Ning Yang, Institute of Deep-Sea Science and Engineering, Chinese Academy
of Science, Hainan, China
17:20 Preliminary Design of a Cutting Tool for SMS Deposits
Leonhard Weixler, DeepSea Mining Alliance (DSMA), Hamburg, Germany

17:40 Announcement, UMC 2017, Berlin Germany
Leonhard Weixler, DeepSea Mining Alliance (DSMA), Hamburg, Germany
17:55 Closing Remarks
Samantha Smith

Final Program (as of 10/04/16) · 8
UMC 2016· Orakai Songdo Park Hotel, Incheon · Korea · 9-14 October 2016

11 OCTOBER 2016 (TUESDAY EVENING)

UMC 2016 BANQUET
ORAKAI MAIN CONFERENCE HALL - 18:00
Cocktails
Welcome and Dinner
Banquet Address 1 – President Emeritus Jung-Keuk Kang, KIOST
We are honored to have this year’s UMC banquet address be given by Dr. JungKeuk Kang, President-emeritus of the Korea Institute of Ocean Science and
Technology (KIOST) and its predecessor, the Korea Ocean Research and
Development Institute (KORDI). His vision contributed greatly to a vibrant and
world-class research marine mineral program for which he received specific
commendation from the President of Korea. He also received The Moore Award in
2003 for distinction in the development of marine minerals and has gained the
highest respect and admiration from an extensive network of international friends
and colleagues—many of whom are here today.
Banquet Address 2 – Dr. Sup Hong, KRISO
We are also honored to have Dr. Sup Hong address the conference. He received
B.Sc. and M.Sc. degrees in the department of Naval Architect and Ocean
Engineering of Seoul National University in 1983 and 1985, respectively, and in
1992, he received a PhD in Offshore Engineering at the Technical University of
Aachen, Germany. Since 1993, he has dedicated his work at KRISO (Korea
Research Institute of Ships and Ocean Engineering) to the research field of mining
technology of deep-seabed mineral resources. He is a leader and Project Manager
of the national project, Development of Mining Technology for Deep-seabed
Mineral Resources in Pacific Ocean. For nearly a decade now, Dr. Hong
continues to be a contributing participant at the Underwater Mining Conference.
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UMC GEOTECHNICAL FIELD TOUR
12 AND 13 OCTOBER 2016
(DEPARTING 7:45 AM FROM AND RETURNING TO THE ORAKAI HOTEL EACH DAY)
One two-day field tour to: Sihwa Tidal Power Plant, Gahak Silver Mine, and or Mn
Nodule Miner (MineRo), Gangwha DMZ, Dolmen Park, Tidal Flat, and or Jeondeung Sa
Temple (subject to change). Transport by Top Class Tours and escorted by KIOST
representatives. Two lunches and one dinner (Oct 12) provided. Please dress comfortably;
no special gear is necessary.
Babaeva, Svetlana

Knapp, Rodin

Ruhlemann, Carsten

Bleyenberg, Mick

Konstantinova, Natalia

Shimoda, Hitoshi

Castle, Chris

Kuhn, Thomas

Spicer, Wylie

Cherkashov, Georgy

Kurras, Greg

Stemm, Greg, Laurie & Adam

Chopra, Govinder

Li, Chuanshun

Sukhanova, Anna

De Bruyne, Kris

Lynch, Paul

Van Nijen, Kris

De Jonge, Laurens

Machin, Jon

Wang, Xiumei

Ditchburn, Robert

Maslennikov, Valerii &
Svetlana

Weixler, Leo

Firstova, Anna

McConnell, Dan

Wyatt, Christopher

Goldblatt, Chris

McKenzie, Campbell

Yamasaki, Toru & Kiku

Goodden, Robert & Beatrice

Meikle, Reuben

Yamazaki, Tetsuo

He, Zongyu

Melekestseva, Irina

Yan, Yun

Hein, James

Mizell, Kira & John

Henry, Michael

Mizuochi, Yoichi

Huber, David

Morgan, Charles & Karynne

Hughes, Billy

Nagao, Takaaki

Ishiyama, Tadayuki

Neale, Peter

Juliani, Cyril

Netburn, Amanda

Kalyan, Bharath & Anjali

Norman, Rodney

Kapusniak, Stef

Okamura, Brian & Deb

KIOST

Paddington, Scott

KIOST

Parianos, John & Nicola
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TOTAL: 66

13 OCTOBER 2016
CONCLUSION OF UMC 2016
UMC Colleagues and Friends:
We hope that you have benefitted professionally and personally from your time with us at
the 45th Underwater Mining Conference in Incheon, Korea. We are very grateful to our
hosts, the Ministry of Oceans and Fisheries (MOF) and the Korea Institute of Ocean
Science & Technology (KIOST), as well as our Sponsors whose contributions greatly
enhance our conference experience. If you have any comments or concerns, please feel
free to contact us.
We look forward to seeing you at the 46th UMC 2017 in Berlin.
Samantha Smith

Robert Goodden

IMMS President and UMC
2015 thru 2016
samantha@blueglobesolutions.com

IMMS President and UMC Chair
2017 thru 2018
rgoodden@btinternet.com

www.underwatermining.org
www.IMMSoc.org
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Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Geodynamic features and distribution of the
hydrothermal vent fields in some oceanic regions
Sergei Andreev, Svetlana Babaeva (Speaker), Kazakova Varvara
VNIIOkeangeologia
Ocean Mineral Resources Department
1, Angliysky Avenue, Saint-Petersburg, 190121, Russia. E-mail: okeangeo@vniio.ru
http://vniio.ru
E-mail: sveta.babaeva@gmail.com
INTRODUCTION
This work is aimed, on one hand, at drawing attention to the order and scale of the
events of oceanic hydrothermal ore genesis in geodynamic activated (seismic activity, thermal
flow, volcanism) axial rift zones in the ocean, in particular within the reasonably well-studied
segments: Mid-Atlantic Ridge - Russian exploration area – seafloor massive sulfides (MAR REA - SMS). On the other hand, these studies are able to arouse interest in the poorly studied
geodynamical activated zones, but noticeably different by their structural and geological
specificities. We specifically talk about the Okhotsk back-arc zone, which also includes
featuring widely expressed volcanism, seismic activity and heat flux.
Geodynamic structured features of SMS location
SMS location in the MAR (axial rift in the range 120 40’ - 200 54’N.)
For the MAR - REA - SMS segment we have compiled one of the first geological and tectonic
maps at a scale of 1: 5,000,000, on the basis of actual observed morphological and geological
structures of the area. Its legend uses traditional principles of cartography, highlighting the
main morphological elements evolving the geological complexes represented by basalts of
different ages and mafic-ultramafic association of heterogeneous rocks.
At conditional abnormally low spreading (~ 1.5-2.0 cm / year), the energy potential of the
axial rift structure is represented by concentrations of seismic centers, increased heat flow,
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delineating the geodynamic zone which is probably compliant with the location of activated
deep magma chambers, and central volcanoes scattered on the bottom and sides of the valley.
During 30 years of annual marine expeditions in the MAR - REA – SMS over 20 ore targets
were discovered in the rank of occurrences, ore fields and clusters of pyrite ores with high
copper and gold content (Andreev et al., 2014). Regarding the locations of ore targets we may
say that they tend to be at the bottom areas which are subject to high geodynamic stress:
deformational (side), combined linear-tectonic (lateral raising) and volcano-structural
(volcanic structures). If the heat flux allows delineating the activated area of the MAR - REA
– SMS, which is promising potential in respect of hydrothermal mineralization, then the areas
of concentration of seismically active centers determine the position of the deep ore-magmatic
systems, in which the processes of hydrothermal ore genesis likely occurs. The position and
its derivatives in the vicinity of the surface is controlled by tectonic strain distribution,
generating a structural plan (side, bottom) and complicating these (lateral rise, volcanic cones)
structures on a smaller scale.
Ultimately, a combination of these factors determines the patterns of distribution of pyrite ore
targets on the bottom surface.
SMS location in the Back –Arc Okhotsk Basin
(Aleutian-Kuril segment of the Western Pacific Transition Zone)
Information about the features of structural, tectonic and hydrothermal ore genesis in the
MAR - REA – SMS may be interesting for the scientists, though it is not the sole objective of
this report. It is necessary to pay attention to a geodynamical active structure, – the Okhotsk
back-arc basin, which is promising potential in relation to a discovery of seafloor massive
sulfide, at present remaining outside the sphere of attention of geologists. The probability of
discovering here a large SMS target (Cu, Zn, Pb, Au and Ag), by analogy with the southern
regions of the Western Pacific Transition Zone on the Izu-Ogasawara Arc near Japan (Iizasa
et al., 1992, 2005, Hannington at al.,2005) and Okinawa ( Aoki et al., 1989, Halbach et al.,
1993);
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On the "Forecast-metallogenic map of the waters of the Far East seas and Aleutian-Kuril
Pacific area", at a scale of 1: 7,500,000 we have already scheduled six promising sites for
researching to find SMS (Fig.1, inset B): 1. the Atlasova -Alaidskaya caldera rift; 2. north of
the island Onekotan; 3. Ushishir volcano; 4. a Group of underwater structures south of the
island Simushir; 5. west of Iturup Island; 6. west of Kunashir island.
The history of the study of ores in the MAR - REA – SMS shows that this problem is not
simple, and one should not hope for a quick and easy solution. It is necessary to prepare, on
the road to success, for a long and complex study of the Okhotsk back-arc basin.

Figure1. Promising for finding Deep Sea Polymetallic sulfides (DSPS) in the Okhotsk back- arc basin of the
Great Kuril ridge (inset B)
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Overview of gold main features in seafloor massive
sulfides
Svetlana Babaeva 1, Anna Sukhanova 1,2 , Sergey Andreev 1
1

- VNIIOkeangeologia
Department of Geology and Mineral Resources of the Ocean
1, Angliysky Avenue, Saint-Petersburg, 190121, Russia
www.vniio.ru
sveta.babaeva@gmail.com
2 – Saint-Petersburg Mining University
ABSTRACT
This work comprises generalization of the current studies of gold and analytical data in
seafloor massive sulfides (SMS) of Russian Prospecting Area (RPA) in the Middle
Atlantic Ridge.
The actual material for the study was compiled using atomic absorption analysis for gold
on a Perkin Elmer Analyst-800 at the laboratory of the All-Russian Research Geological
Institute (VSEGEI) and at the laboratory of Sevzapgeologia for 843 samples of 15 RPA
ore fields. Microprobe studies were performed on the electron probe microanalyzer
CamScan MV-2300 at the VSEGEI, Saint Petersburg.
Summarizing results of this research are two groups of SMS which differ in geochemical
specialization and geological positions: South and North.
South group includes SMS with high contents of major metals (copper and zinc), and
associating elements, in particular gold in geochemical types as zinc-copper and copperzinc, which are not in the North group.
In examining gold and copper (grades, resources and quality ore) of SMS it is customary
to compare the same in land-based massive sulfides. This is impossible due to insufficient
research of SMS at the present prospecting work stage.
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RESULTS AND DISCUSSION
Some SMS of the RPA, which is located in the range 12о48’36’’ – 20o54’36’’ N on the
MAR, are characterized by high gold content (S.F. Babaeva, 2014), which, is
economically important. The RPA ore fields are marked by elevated average
concentrations of this element from 2.5 ppm for the Ashadze-1 ore field to 19.1 ppm for
Semenov-2 ore field.
According to the geological/tectonic position and geochemical specialization the ore
targets in the RPA can be divided into two groups: the North and the South one (Table 1).
Table 1
Geochemical types in SMS of RPA
Group of RPA

Hydrothermal vent field

South
(from
12о48’36’’ N to
Cape Verde
Fracture Zone)

Ashadze-1
Ashadze-2
Logatchev-1
Logatchev-2
Irinovskoye
Semenov-2

North
(from Cape
Verde Fracture
Zone to
20o54’36’’ N)

Krasnov
Zenith-Victoria
Peterburgskoye
Jubileynoye

Geochemical types
Type
Symbol - Cu and Zn contents
Pyrite
Cu < 1 %, Zn < 2 %
Cu-rich sulfides with
Cu-Fe - Cu ≥ 1 %, Zn < 2 %
high copper contents
Zinc-pyrite
Zn-Fe - Zn ≥ 2 %, Cu < 1 %
Copper-zinc-pyrite
Cu-Zn - Zn ≥ 2 %, Cu ≥ 1 %,
Cu/2.6 > Zn/7.8
Zn-Cu - Zn ≥ 2 %, Cu ≥ 1 %,
Zinc-copper-pyrite
Cu/2.6 < Zn/7.8
Pyrite
Fe-S - Cu < 1 %, Zn < 2 %
Copper-pyrite with low
Cu-Fe - Cu ≥ 1 %, Zn < 2 %
copper contents
Zinc-pyrite

Zn-Fe - Zn ≥ 2 %, Cu < 1 %

In general, all geochemical types are in SMS of the South group. SMS in the South group
are predominantly of zinc-copper specialization and Cu-rich sulfides (e.g., in the fields
Ashdaze-1, Ashadze-2, Logatchev-1). The North group is represented by the fields mainly
of copper-pyrite and pyrite specialization (e.g., the Jubileynoye, Zenith-Victoria, Puy de
Foll).
The North group is characterized by predominantly low gold content of 0-2 ppm, the
South group is characterized by different intervals of gold grades (from 0-2 ppm to 10-12
ppm).
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Diagram 1. Gold distribution in the North
Diagram 2. Gold distribution in the
RPA group targets
South RPA group targets
0 – 2 ppm
6 – 8 ppm
Only for Cu-Zn, Zn2 – 4 ppm
8 – 10 ppm
Cu and Cu-Fe types
4 – 6 ppm
10 – 12 ppm

An abundance of gold in SMS of South group (Diagram 1, 2) belongs to copper-zincpyrite (Cu-Zn) and zinc-copper-pyrite (Zn-Cu).
At least two specializations of VMS include an abundance of gold (L.N. Ovchinnikov,
1983) in land-based deposits. The pyrite deposits of the Urals, on the average contain 2.1
ppm gold. So, in the Jubileynoye field the average content of Au is 5.2 ppm; in the the
Maiskoye - 3.9 ppm; the Uchalinsky - 1.5 ppm; the Sibay - 1.0 ppm. These Ural VMS
include metals of copper association (Cu, Co etc.), and metals of polymetallic association
(Zn, Pb, Ag, etc.).
In according to oceanic sulfide geochemical classification, these land-based associations
correspond to copper-pyrite (Cu-Fe) and copper-zinc-pyrite (Cu-Zn) geochemical types.
The highest gold content is found in the SMS of copper-zinc-pyrite specialization (Cu-Zn
geochemical type). For example, Logatchev-1 – 19.1 ppm, Ashadze-1 – 4.4 ppm,
Ashadze-2 – 7.2 ppm. In the rich copper-pyrite type gold content makes 5.1 ppm, 3.2 ppm
and 7.6 ppm respectively, for the above mentioned fields.
There is a certain correspondence between the geochemical and mineral types, represented
by an example of the ore field Logatchev-1 in Table 2.
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Table 2
Compliance between the geochemical and mineral types of the Logatchev-1 ore field
Geochemical

Mineral

Mineral

Type

Type

associations
Sph-Chp

Cu-Zn
Chalcopyrite

Chp
Gm-Chp

Cu-Fe

Zn-Cu

Pyrite

Mc-Py
Chp-Py

Cu-rich

Cc-Chp

sulfides

Sph-Cc-Chp

Sphalerite

Py-Chp-Sph
Py-Sph

Py – pyrite, Chp – chalcopyrite, Sph – sphalerite,
Cc – chalcosite, Mc – marcasite, Gm – hematite.

Fig.1. Zoning of the mineral types of sulfide ores in the
contour of the Logatchev-1 hydrothermal field

The northwestern part of the Logatchev-1 ore field is characterized by the Cu-Zn
geochemical type, which corresponds to chalcopyrite, sphalerite-chalcopyrite and pyritechalcopyrite associations (Fig. 1). The western and central parts of the field are
represented by the Cu-Fe geochemical type. The western part is composed of chalcopyrite
mineral type. The central part of the field is composed of chalcocite-chalcopyrite
association with non-stoichiometric copper sulfides to the south-west of the central part
chalcopyrite-sphalerite association (in sphalerite mineral type) dominates. In the marginal
parts of the ore bodies the pyrite type is occasionally appeared (Babaeva S.F., 2014).
In the mineral types gold is distributed very unevenly. The highest concentrations of gold
are found in the north-western part of the ore field, where chalcopyrite and sphalerite
types are localized.
According to geostatistical research gold is part of Cu-Au-Co associations. Thus, for the
SMS of the Ashadze-1 field the correlation coefficient r (Cu-Au) = 0.40 (middle bounding
force). The same correlation between copper and gold is typical for the SMS of
Logatchev-1 field.
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The distribution schemes for copper and gold (Fig. 2-5) in SMS of the Logatchev-1 and
Ashadze-1 fields have been designed, there the overlapping of the areas with high
concentrations of copper and gold can be observe.
These zones with the highest grades of both copper and gold are comparable with the
above selected areas of mineral types (Fig. 2, 3).

Fig.2. Distribution of gold concentration coefficients
in the contour of the Logatchev-1 hydrothermal
field. The concentration coefficients were
normalized for oceanic basalts.

Fig.3. Distribution of copper concentration
coefficients in the contour of the Logatchev-1
hydrothermal field. The concentration coefficients
were normalized for oceanic basalts.

Ashadze-1 field has the areas with high gold and high copper contents, which overlap as
well as Logatchev-1 field (Fig. 4, 5).

Fig.4. Distribution of gold in the contour of the
Ashadze-1 hydrothermal field.

Fig.5. Distribution of copper in the contour of the
Ashadze-1 hydrothermal field.
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Most of sulfides of the South group have high gold contents in comparison with SMS of
the North group. Table 3 shows the average copper, zinc, gold contents and preliminary
indicated resources for all RPA ore targets and some Ural deposits.
Table 3
Mean content and resources of copper, zinc and gold in the ore targets of the Russian prospecting area

Field

N

Ashadze-1
Ashadze-2
Semenov-1
Semenov-2
Semenov-3
Semenov-4
Semenov-5
Irinovskoye
Logatchev-1

115
53
11
20
9
47
9
41
78

9.8
14.3
4.6
27.5
1.6
1.1
9.4
18.5
26.2

Krasnov
Zenith-Victoria
Peterburgskoye
Puy de Foll
Jubileynoye

199
116
29
51
57

1.4
2.7
7.3
11.8
4.8

Uchalinsky
Sibay
Jubileynoye

-

1.2
1.1
1.5

%

Cu
Resources,
%
th.t
South group:
23.5
15.5
710.4
0.8
44.9
0.2
415.6
3.9
69.3
0.1
325.5
0.1
140.4
0.3
54.8
2.0
592.3
3.3
North group:
185.8
1.1
461.9
1.1
206.8
0.2
1414.6
2.4
99.6
0.7
Ural deposits:
209.5
4.6
1106.4
3.4
1724.6
1.0

Zn
Resources,
th.t

ppm

Au
Resources,
tons

37.1
38.4
2.2
59.2
2.8
26.5
3.8
5.2
47.4

2.5
7.5
5.3
19.1
0.6
0.7
2.0
2.2
9.6

0.6
37.3
5.2
28.8
2.5
20.1
3.0
0.4
14.8

139.9
166.6
6.1
332.9
13.9

1.3
1.1
0.5
0.3
0.4

17.6
16.8
1.6
3.6
0.9

902.8
1740.7
1103.3

1.5
1.0
5.2

30.3
33.3
166.6

In mineral types gold is found in a native mineral phases (Fig. 6-9), less often in
compounds with selenium (selenides of gold). At fluid or other high temperature
processing gold leaves solid solutions and forms its own minerals (E.M. Spiridonov,
2010), which often leads to the occurrence of this element in native mineral phase, rather
than as isomorphic impurities. The size of native gold ranges from 1 micron to 10
microns. In the oceanic sulfides gold is high-grade with an admixture of silver and copper
(Table 4).
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Table 4
The results of microprobe analysis of gold
Ore field

Sample №

Ashadze-2

234-M-3/1
234-M-1
1354-М-4

Ashadze-1
1320-М-1/2
1347-P-2

Contents, wt %
Au
Ag
Cu
86.18
5.94
7.89
86.49 11.03
2.47
97.39
2.61
90.27
6.87
2.86
89.23
7.01
3.76
86.33 10.08
3.59
97.95
2.05
94.28
2.48
3.24

Sum

Formula

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

Au 0.71 Ag 0.09 Cu 0.20
Au 0.76 Ag 0.17 Cu 0.07
Au 0.92 Cu 0.08
Au 0.81 Ag 0.11 Cu 0.08
Au 0.79 Ag 0.11 Cu 0.10
Au 0.74 Ag 0.16 Cu 0.10
Au 0.96 Ag 0.04
Au 0.87 Ag 0.04 Cu 0.09

Fig.6. Ashadze-2 field. Sample 242-М-1
Is - isocubanite; Cv - covellite; Au - native gold.

Fig.7. Ashadze-1 field. Sample 1354-М-4
Py - pyrite; Is - isocubanite; Cv - covellite; Au native gold.

Fig.8. Ashadze-1 field. Sample1320-М-1/2
Is - isocubanite; Au - native gold.

Fig.9. Ashadze-1 field. Sample1347-P-2
Po -pyrrhotite; Au - native gold.

The SMS test processing (for Ashadze-1 and Semenov-2 fields) has showed that the
method of gold extraction from the oceanic sulfides is similar to continental sulfides.
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High contents of copper and gold in SMS of South group can be considered as mineral
resources potential for mining perspective.
References
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Marine Environmental Baseline Surveys – Overcoming
the Deep Water Hurdle
Mr. Andy Campbell
Gardline Marine Sciences Ltd
Singapore Branch (Gardline Pte Ltd)
9 Serangoon North Avenue 5, Singapore 554531
www.gardlinemarinesciences.com
andy.campbell@gardline.com
ABSTRACT
Physical disturbances to the seabed associated with the sustainable exploitation of deep sea
resources mean that environmental benthic baseline surveys are required early in the planning
and siting stages of a development. The extent and quality of potential sensitive habitats need
to be assessed prior to further development. This presentation reviews the logistical and
technological complexities of undertaking environmental baseline surveys in water depths in
excess of 3,500m. Using Gardline’s extensive experience in conducting deep sea surveys we
will explore the equipment and knowledge required to survey a deep sea environment. Some
of the equipment presented will include:



Deep Water Drop Down Camera System



A Lander Camera System deployed for between 12-24 hours at a time



0.25m2 Boxcorer and a 12-barrel Megacorer



5 Litre Niskin Bottles



And a Water Profiler rated to 6,000m

Keywords: environmental, baseline, benthic, habitat, deep water, coral, communities, camera,
photos, videos, sediment, water, samples.
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Andy Campbell – Author & Speaker
Andy worked offshore as Gardline’s Principal Environmental
Scientist from 2004 to 2013. His main role in that position was to
lead teams of environmental scientists in conducting offshore
baseline surveys, habitat surveys and monitoring surveys across the
globe. Since 2013 he has been Gardline’s Business Development
Manager in SE Asia which has seen Andy travel extensively across
the region delivering presentations to various marine sector clients including Oil & Gas,
Renewables, Port Developments and Deep-Sea Mining.
Gardline is an international and multi-disciplinary marine service company at the forefront of
marine management. We combine high quality marine science, real world commercial
acumen with the latest technology and software, research analysis and management tools,
offering a full range of marine scientific services. Our historical strength is in collecting,
analysing and reporting on the marine environment using sound science, best practice and
modern, efficient equipment and technology covering the following areas:
Geophysical

Geotechnical

Sediment Quality

Water Quality

Oceanography

Sub-tidal Ecology

Inter-tidal Ecology

Marine Mammals

Underwater Noise

Ornithology

This combination of world class survey capability and extensive knowledge of marine
planning and consenting gives Gardline the ability to efficiently carry out, manage and deliver
marine survey projects across the world’s seas, oceans and associated coastal zones.
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Chatham Marine Phosphate Project will rise again
C D Castle, R A Wood, R K H Falconer and C J McKenzie
Chatham Rock Phosphate Ltd
chris@crpl.co.nz
ABSTRACT
There is a deposit of phosphate nodules on the Chatham Rise approximately 450
kilometres to the east of Christchurch in the South Island of New Zealand. The deposit
contains sufficient rock phosphate to supply New Zealand’s phosphate fertilizer needs for
at least 20 years. It was first investigated commercially 50 years ago by Global Marine,
followed by JBL Minerals in the early 1970’s. NZ and German government research and
industry groups then took it up again, with major field programs in 1978 and in the early
1980s.
Due to difficult global and local economic conditions the project ground to a halt in 2004.
The project was resurrected in 2007 when Chatham Rock Phosphate applied for a
prospecting licence. This was granted in 2010 and a successful subsequent mining permit
approval followed in 2013. The initial application for the separately required
environmental permit was declined in February 2015.
The presentation examines the reasons for decline of the initial environmental consent
application, what lessons have been learned, and why Chatham Rock Phosphate is
confident that a revised consent will be successfully granted next time.
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Gravity and Magnetics of the Central Indian Ridge:
Preliminary Findings for the Vicinity of 18o S to 7o S
Michael Chandler1, Sang Joon Pak1, Hyun-Sub Kim1, Seung-Sep Kim2 ,
Jonguk Kim1, Seung Kyu Son1, Jai-Woon Moon1
1Deep-sea

and Seabed Mineral Resources Research Center
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787 Haeanro, Ansan, 15627, Korea
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of Geology & Earth Environmental Sciences
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www.cnu.ac.kr
Abstract
We devised a semi-automated approach for computing synthetic magnetic
anomalies at the intersections of survey lines and spreading ridges. In the Central
Indian Ridge vicinity, the ridge axis and offsetting transform faults are strongly
visible in the latest vertical gravity gradient field derived from satellite altimetry.
By first digitizing these plate boundaries in Google Earth, their intersections with
ship tracks were then determined rapidly using the x2sys_cross program
distributed with the popular Generic Mapping Tools (GMT) software. This
program outputs the location of intersections as well as the heading of ship tracks
and of the ridge as well. These outputs include ridge latitude and ridge strike
which are the necessary parameters for computing synthetic magnetic anomalies
via the method of Schouten (1971). By this approach, synthetic anomalies are
calculated at each survey line—ridge intersection in a fast, iterative manner. By
computing synthetic anomalies at the exact location of each ship track—ridge
intersection, we were able to model variations in magnetic asymmetry along the
ridge axis. In order to improve correspondence between ship and synthetic data,
we projected each shipboard profile to be perpendicular to the ridge axis. This step
also brought the ship data into the reference frame of the synthetic profiles (i.e.,
distance-from-axis). Interpretation of the data is ongoing and, as is well
documented at the Central Indian Ridge, is complicated by amagmatic spreading,
Oceanic Core Complexes and Non-Transform Discontinuities known to occur
along slow-spreading centers. To further understand the study area, we also
analyzed the gravity field. The method thus far: grid both shipboard bathymetry
and satellite-derived Free-air gravity at 1 arc-minute resolution at identical map
extents, and prepare the bathymetry grid for Fourier analysis by populating empty
cells with 1 arc-minute global topography and by tapering the perimeter to zero.
Assuming a crust—water density contrast of 1875 kg/m3, we then compute the
gravity effect of the water layer (a.k.a, Bouguer correction) using GMT’s gravfft
program. Subtraction from the Free-air anomaly yields the Bouguer anomaly.
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Next, assuming a mantle—crust density contrast of 400 kg/m3 and 6 km constant
crustal thickness, we calculate the mantle Bouguer correction using gravfft; this
subtracted from the Bouguer anomaly yields the mantle Bouguer anomaly. Our
analysis reveals negative mantle Bouguer anomalies along the ridge axis, possibly
indicative of mantle upwelling, as well as evidence of anomalous density contrast
or crustal thickness variability especially near fracture zones and transform faults.
Keywords: Central Indian Ridge, marine magnetic anomalies, Bouguer gravity

2 – Michael Chandler
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Michael Chandler
Michael Chandler is a postdoctoral scientist working at
the Deep-sea and Seabed Mineral Resources Research
Center of the Korea Institute of Ocean Science and
Technology (KIOST). In 2011 he got his Ph.D. from
the University of Hawaii at Manoa, where he
specialized in Marine Geology and Geophysics. His
research interests include plate tectonics, large igneous
provinces, marine geophysical data quality control, and
data analysis.
.

Michael Chandler - 3
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Key SMS parameters for potential mining
operations: case of Mid-Atlantic ridge deposits
Georgy Cherkashov
Institute for Geology and Mineral Resources of the Ocean (VNIIOkeangeologia)
1, Angliysky ave., 190121, St. Petersburg, Russia
St. Petersburg State University
Institute of Earth Sciences
7/9 Universitetskaya nab., 1999034, St. Petersburg, Russia
Email: gcherkashov@gmail.com
ABSTRACT
In 2015 Legal and Technical Commission of the International Seabed Authority issued the
recommendations with new, comprehensive template for the annual reporting, including
the types and formats of data to be submitted to the Authority [1]. The recommendations
include specific guidance for reporting on the exploration activities under contract for
each category of mineral resources and list parameters, which are to be reported to the ISA
[2]. All Contractors have to submit annually the data to further management in the
secretariat of the ISA.
Most of data required are important for future deep-sea mining systems design. The
designing process should take into consideration different settings and characteristics of
deposits to be mined. Following information is essentially valuable for this issue:


Water depth and bathymetry/bottom relief/geomorphology/obstacles - main
parameters for the areas of distribution of all types of marine minerals (nodules,
crusts and sulfides).



Characteristics of mineralization such as dimensions and continuity of deposits as
well as their thickness (for crusts and sulfides).



Morphology of ore bodies, physical/mechanical properties of both deposits and
hosted rocks are critical for designing of seafloor production tools which are
planning to cut and collect minerals on the sea bottom (for SMS mainly).
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Specific feature of seafloor massive sulfide (SMS) deposits is associated
hydrothermal activity (presence or absence). This information is crucial for
environmental aspects of mining operations.



Last but not least is the set of data related to the composition of SMS deposits and
in particular – content of chemically hazardous components and corrosion features
of massive sulfides controlled by their composition.

All these characteristics and parameters of 12 SMS deposits from the Northern Equatorial
Mid-Atlantic ridge within Russian Exploration Area (12 - 20N) will be reviewed in the
presentation.

REFERENCES
ISBA/21/LTC/15, Recommendations for the Guidance of Contractors on the Content,
Format and Structure of Annual Reports. 2015.
Madureira P., Brekke H., Cherkashov G., Rovere M. Exploration of polymetallic nodules
in the Area: Reporting practices, data management and transparency. Marine Policy. 2016.
70. 101–107.

Keywords: Seafloor massive sulfides, Mid-Atlantic ridge
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Fit for Purpose Design for Deep Sea Mining Vessel
Govinder Singh Chopra
SeaTech Solutions International (S) Pte Ltd
Director
8 Boon Lay Way 8@Tradehub21 #09-09 Singapore 609964
www.seatechsolutions.com
info@seatechsolutions.com

With the growing global population, demand for raw materials is growing and the resources

on land are gradually diminishing in both quantity and quality. The deep sea offers abundant

supply of some of the key metals such as copper, manganese, rare earth, zinc, gold and

nickel, and the mineral density of these ores are proven to be much higher than those found

on land. It is estimated that approximately $100 billion annual production value will be

generated from deep sea mining. Deep sea mining is soon to become a reality with the
world‟s first deep sea mining vessel under construction and expected to start operations.

With many kinds of minerals available on the seabed at various locations and water depths,
there is no “one size fits all” and different mining methods must be applied and solutions
customized for the application and operations, including logistics. The „fit for purpose‟
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design will optimize the vessel for intended operations at lower CAPEX and OPEX.

Additionally, the deep sea mining vessel must meet the higher standards of safety. The

mining operations must remain environment friendly and not upset ecological balance, as

well as social problems.

There are some potential impacts of deep sea mining on the environment which include

physical disturbance to the environment, sediment plumes, acoustic and waste water

disposal. Technology must also be used to mitigate and overcome the potential impacts on

the environment and the aquatic ecosystem.

The „fit for purpose‟ design must allow for flexibility and improvements in a learn-as-we-

operate strategy and precautionary approach for deep sea mining to deal with the mysteries

and unknown challenges.

Keywords: deep sea mining, fir for purpose, design, environmental challenges
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Serious Business in the Deep Seas for Mining
Polymetallic Nodules
Laurens de Jonge & Rodney Norman
Royal IHC
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ABSTRACT
On 1 February 2016 a European consortium launched a new Horizon 2020 project, Blue
Nodules. Royal IHC, based in The Netherlands, is leading the consortium consisting of 14
partners from 9 different countries in Europe. Blue Nodules will address the challenge of
creating a viable and sustainable value chain to retrieve polymetallic nodules from the
ocean floor. It will develop and test the seafloor harvesting vehicle and collector, in-situ
seabed processing and nodule dewatering, with the primary aim of minimizing the impact
on the marine environment.
Keywords: Blue Nodules, European Consortium, Polymetallic Nodules, Deep Sea
Mining.
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assignments for dredging and offshore projects. In 2008 his career turned back to his
favourite subject Marine Mining when Royal IHC decided to boost Marine Mining. One
of the first achievements was the development and build of a 2km aluminium fallpipe, in
all respects a very innovative project. After that Laurens became responsible for the
Design and Estimating group of Marine Mining and as such was involved in many
challenging projects for the mining of subsea resources. Recently he is heavenly involved
in the submission and implementation of two major EU funded innovation projects: Blue
Mining and Blue Nodules. The project consortia aim to develop technology for the
harvesting of Deep Sea polymetallic nodules economically with the least environmental
impact.
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Effect of reworked barite on radiometric dating
using 228Ra, 228Th and 226Ra/Ba values: Implications
for assessing seafloor volcanogenic massive sulfide
deposits
Robert G. Ditchburn and Cornel E.J. de Ronde
GNS Science Limited
Department of Marine Geoscience
1 Fairway Drive, Avalon 5010; PO Box 30-368, Lower Hutt 5040, New Zealand
www.gns.cri.nz
r.ditchburn@gns.cri.nz
INTRODUCTION
The time taken to amass economic deposits of metal-rich massive sulfide found at
submarine arc volcanoes can be estimated using the radioactive isotopes
and

226Ra,

226Ra

with half-lives of 5.75 yrs and 1600 yrs, respectively. The

228Ra

228Ra

and

co-precipitate with barite, a common mineral in VMS mineralization, and

then decay because they are no longer supported by their parent thorium isotopes,
232Th

and

230Th,

which are not extracted from rock by the ascending hot acidic

hydrothermal fluids (Fig. 1).
238U

→
9

10

→
5

4.49×10 y
232Th

234U

1.41×10 y

228Ra

5.75 y

→

4

2.48×10 y

→

230Th

7.7×10 y

→

228Ac

226Ra

→

1600 y

→

6.13 h

Fig. 1. Relevant isotopes of the

228Th

→

3.82 d

→

1.913 y
238U

222Rn

and

224Ra

3.64 d
232Th

214Pb

→

26.8 m

→

220Rn

55.3 s

214Bi

→

19.8 m

→

212Pb

10.6 h

210Pb

22.3 y

→

208Tl

3.07 m

decay chains and their half-lives.

Units are: d = days, h = hours, m = minutes, s = seconds, y = years.

The

226Ra/Ba

therefore decreases with time. About fifteen years ago we began

dating volcanic massive sulfide (VMS) mineralization assuming that the Ba and
Ra came from a common source such that the initial 226Ra/Ba value, i.e., the value
at the onset of mineralization, was constant (de Ronde et al., 2005, 2011). Thus,
the age of an “old” chimney (up to 15,000 yrs) was calculated by comparing its
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226Ra/Ba

value with the initial value established from nearby “young” chimneys

(<35 yrs) that were active, or still contained

228Ra

(Ditchburn et al., 2012). Since

then, we have discovered that chimneys and other forms of seafloor VMS
mineralization can contain barite from two or more hydrothermal events, and that
older barite can be reworked from earlier mineralization deposited sub-seafloor
(de Ronde et al., 2014). In many cases, the

226Ra/Ba

dating did not provide an

absolute age for the older material, but a difference in age between two samples
that had incorporated varying proportions of older barite that was low, or dead,
with respect to 226Ra due to radioactive decay.
Model for VMS mineralization containing barite of mixed age
By definition, “new” barite (mineralization) is <35 years, and contains only Ba,
226Ra

and 228Ra extracted directly from the host rock. “Old” barite, aged between

35 and 15,000 years, contains decayed 226Ra only, and therefore lowers the initial
226Ra/Ba

and 228Ra/226Ra values in newly formed chimneys. “Dead” barite, aged

>15,000 years, has virtually no 226Ra so it lowers the initial 226Ra/Ba value without
affecting the 228Ra/226Ra value.
As only new barite contains 228Ra, the proportion of new and reworked old barite
in each VMS sample can be estimated from the initial

228Ra/Ba

value, assuming

the sample with the maximum initial 228Ra/Ba value contains 100% new barite.
Where sufficient samples contain
calculated from the

226Ra/Ba

228Ra,

an age for the reworked older barite is

value at intercept of a

226Ra/Ba

versus

228Ra/Ba

mixing line, at the time of mineralization. In this theoretical model, new barite
with 228Ra/Ba and 226Ra/Ba values of 90 Bq.g-1 and 30 Bq.g-1, respectively, and old
barite with decayed

226Ra

only and a

226Ra/Ba

value 20 Bq.g-1, are mixing in

varying proportions (Table 1; Fig. 2).
This model was applied to recent VMS mineralization, mostly chimneys, from
hydrothermal vent sites at intraoceanic arcs (e.g., Kermadec and Mariana), backarcs (e.g., Manus Basin and Mariana) and mid-ocean ridges (e.g., Endeavor Ridge
part of the Juan de Fuca spreading ridge system).
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228

% new

Ra/Ba
-1

barite
100
90
60
40
10
0

Bq.g
90
81
54
36
9
0

226

Ra/Ba
-1

Bq.g
30
29
26
24
21
20

Table 1. Initial
226Ra/Ba

228Ra/Ba

and

values for mixtures of

new and old barite

35

226Ra/Ba

(Bq.g-1)

30

Fig.2. Theoretical mixing of new

25

barite (226Ra and

20

barite (decayed

15

228Ra)

226Ra

with old

only) in VMS

mineralization. The intercept gives
y = 0.1111x + 20

10

the

226Ra/Ba

value for the old barite

and hence its age can be calculated.

5
0
0

20

40

60

80

100

228Ra/Ba (Bq.g-1)

We found mixing of barite of different age occurs to varying degrees in all these
tectonic settings and that hydrothermal activity has occurred at some locations for
>15,000 years. Such long histories of hydrothermal activity indicate the
propensity for producing large metal-rich deposits.
In some cases, the
228Ra/Ba

226Ra/Ba

had a wide range of values and the

226Ra/Ba

versus

mixing line could easily have passed through the origin. If it did, the

reworked barite would have been dead, or >15,000 years old with all its

226Ra

since decayed. This is supported by very similar initial 228Ra/226Ra activity ratios,
which are not affected by the addition of dead barite.
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By contrast, the

226Ra/Ba

versus

228Ra/Ba

mixing line for other suites of young

samples had a positive intercept and showed that the barite was basically a
mixture of two different age end-members. Where the data was scattered due to
fluctuating 226Ra/Ba values, we attributed this to the addition of small proportions
of dead barite. This is reasonable because the initial

228Ra/226Ra

activity ratios

were virtually constant. Thus, we have identified, new, old and dead barite, i.e.,
>15,000 years, in the same VMS mineralization (Ditchburn and de Ronde, in
prep.).
We conclude that radiometric dating techniques yield far more than just the age
and growth-rate of black-smoker chimneys. Although chimneys and other VMS
mineralization are commonly transitory manifestations of complex hydrothermal
processes, they are also a source of mineralization history relevant to the
formation of metal-rich deposits on the seafloor.
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INTRODUCTION
The IOM exploration area (IOM area) is situated in the eastern part of Clarion-Clipperton
zone on the western slope of East Pacific Rise. The distance from the axis of the Rise is
about 1500 km, from the Mathematicians’ Seamounts [W.H. Menard, 1960] ~ 1000 km.
Water depths within IOM area vary from 3400 meters on tops of the seamounts to 4600
meters in the troughs of horst-grabens bottom topography systems [2]. Generally, the
seabed of the IOM area is found bellow the CCD level, although, pre-Recent carbonate
exposures [4] occur. The seabed is formed by argillaceous clays with various grade of
amorphous opal A admixture. According to side scan sonar data [1] as well as deep sea
drilling data (borehole DSDP 159) the thickness of sedimentary cover runs to 90-100
meters. The age of crystalline basement is of late Oligocene, not younger than 23 mil
years. It means that at mean sedimentation rate 5 mm per 1000 years [2,3] the thickness of
sediments is adequate.
In the course of contracting period1 two promising blocks Н11&Н22 of approximate area
9000 km2 were selected [1]. On them, for the purpose of allocation of the most productive
bathymetry horizons, nodule abundance and other relevant parameters on different water
depths were studied. According to the box corer stations data water depths in H11 vary
from 4217 to 4530 m. Dispersion of water depths within H22 are from 4185 to 4501 m
which is slightly shallower than in H11. For the purpose of this specific research 5

1

15 year’s contract for exploration with International Seabed Authority (2001-2016)
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bathymetry horizons per 100 meters were marked on which following tables have been
compiled:
 Nodule abundance (tables 1, 1a),
 Metal content (tables 2, 2a),
 Nodule grain size (tables 3, 3a and 4).
I.

Bathymetry horizons and nodule abundance

Wet nodule abundance and its frequency in particular bathymetry horizons is presented in
tables 1 (H11) and 1a (H22). The tables are divided on 5 columns of nodule abundance
limits (≤ 5.0, 5.1 - 10.0, 10.1 - 15.0, 15.1 - 20.0,

20 kg/m2) + 1 column of nodule free

stations.
Within the exploration block H11 103 stations with adequate information of sampling
have been taken into account. Following table 1 the most productive looks horizon 43004400 m on which 56 stations are located which is more than 50 % of all stations in H11.
Notwithstanding the occurence of 3 nodule free stations, the second for the importance is
the horizon 4400-4500 m. The most frequent nodule abundance limits for H11 are 10.115.0 and 15.1-20.0 kg/m2.
Table 1. Nodule abundances in exploration block H11 according to the bathymetric
horizons.
Depth
interval, m

Number
of
stations

Nodule
free
stations

≤ 5.0

4200 - 4300
4300 - 4400
4400 - 4500
4500 - 4600
Σ

10
56
33
4
103

0
0
3
0
3

0
2
1
1
4

Wet nodule abundance, kg/m2
5.1 - 10.0 10.1 - 15.0 15.1 - 20.0
4
10
6
2
22

4
22
11
1
38

2
21
11
0
34

20
0
1
1
0
2

Within the exploration block H22 then 98 stations of sampling have been analyzed.
However, the shallowest (4100-4200 m) and the deepest (4500-4600 m) horizons in H22
contain only per one station that underestimates the force of their informational power. For
H22, the horizon 4300-4400 m is the most productive one, too. With 58 stations that
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respective horizon is the most representative and the most frequent abundance limits are
10.1-15.0 and 15.1-20.0 kg/m2 copying the H11. However, unlike H11, the second for the
importance is the horizon 4200-4300 m (22 stations) and the limit 5.1-10.0 kg/m2 is the
most frequent.
Table 1a. Nodule abundances in exploration block H22 according to the bathymetric
horizons.
Depth
interval, m
4100 - 4200
4200 - 4300
4300 - 4400
4400 - 4500
4500 - 4600
Σ

Number
of
stations
1
22
58
16
1
98

Nodule
free
stations
0
0
1
0
0
1

Wet nodule abundance, kg/m2
≤ 5.0
1
1
6
3
0
11

5.1 - 10.0 10.1 - 15.0 15.1 - 20.0
0
9
9
5
0
23

0
7
21
4
1
33

0
5
19
4
0
28

20
0
0
2
0
0
2

Tables 1 and 1a can be also expressed by the charts of nodule abundance/water depths
(Fig. 1. a,b). Following the charts no correlation was established, but visually to see the
most productive horizon 4300-4400 m is at H22 and H11 as well. It is noticeable that from
two clouds of points (stations) look more compact that of H11.

Fig.1. Correlation of nodule abundance and bathymetry horizons in Н11&Н22.
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II.

Bathymetry horizons and metal contents

The variability of major metal contents in selected bathymetry horizons in Н11&Н22 is
presented in tables 2 and 2a. Within the exploration block H11 100 stations with adequate
information of sampling have been taken into account. High productivity of the horizon
4300-4400 m as of nodule abundance and major metal contents (Mn + ΣNi,Cu,Co) is
confirmed.
Table 2. Nodule abundance and major metal contents at different bathymetry horizons
(H11, 100 stations).
Depth
interval, m
4200 - 4300
4300 - 4400
4400 - 4500
4500 - 4600
Σ

Number
of
stations
10
56
30
4
100

Mean nodule
abundance,
kg/m2
10,7
13.2
13,1
8.4

Major metals, %
Mn

Ni

Cu

Co

ΣNi,Cu,Co

30.12
31.73
31.74
31.61

1.27
1.32
1.30
1.21

1.26
1.32
1.29
1.27

0.16
0.16
0.16
0.18

2.69
2.79
2.75
2.67

Within the exploration block H22 97 stations take part in the analysis. High grade ore with
ΣNi,Cu,Co = 2.98 was discovered at station 3545. It is very promising due its localization
within exploitation block H22_NE. On the other hand ΣNi,Cu,Co = 1.41 at station 234
testifies about hydrogenetic origin of nodules on the top of volcano and, subsequently, low
ore grade.
Table 2a. Nodule abundance and major metal contents at different bathymetry horizons
(H22, 97 stations).
Depth
interval, m
4100-4200
4200-4300
4300-4400
4400-4500
4500-4600
Σ

Number
of
stations
1
22
57
16
1
97

Mean nodule
abundance,
kg/m2
1.8
11.5
12.7
10.5
12.7

Major metals, %
Mn

Ni

Cu

Co

ΣNi,Cu,Co

18.33
30.59
31.25
30.60
32.05

0.73
1.30
1.30
1.24
1.31

0.61
1.27
1.28
1.25
1.35

0.07
0.17
0.17
0.17
0.17

1.41
2.74
2.76
2.67
2.83
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III.

Bathymetry horizons and nodule grain size

The assessment of nodule occurrence on the marked bathymetry horizons was carried out
also on nodule grain size. The real assessment was carried out on H11 with participation
of 100 stations. From each station the prevailing fraction was considered (table 3).
Table 3. Nodule grain size according to bathymetry horizons on exploration block H11.
Depth interval, m Number of stations
4200 - 4300
4300 - 4400
4400 - 4500
4500 - 4600
Σ

10
56
30
4
100

0-2 cm
0
0
0
25

Fractions, in % of stations
2-4 cm 4-6 cm 6-8 cm
50
40
10
19.6
37.5
26.8
26.7
30
23.3
25
25
0

8 cm
0
16.1
20
25

Leading bathymetry horizon 4300-4400 m with the prevailing fractions 4-6 and 6-8 cm
has again emerged. Table 3 shows that fraction 4-6 cm prevails in 37.5 % stations (21 of
56 of horizon 4300-4400 m). The second horizon is that of 4400-4500 m with 30 stations,
9 of which represent fraction 4-6 cm. The other bathymetry horizons, 4200-4300 (10
stations) and 4500-4600 (4 stations), hardly can be taken into account statistically
seriously.
Of 57 stations situated in bathymetry horizon 4300-4400 m in H22, medium and big
fractions dominate, in 84 % or 48 stations. This the difference in comparison with H11
where small and medium fractions prevail.
Table 3a. Nodule grain size according to bathymetry horizons in exploration block H22.
Depth interval, m

Number of stations

4100 - 4200
4200 - 4300
4300 - 4400
4400 - 4500
4500 - 4600
Σ

1
22
57
16
1
97

Fractions, in % of stations
0-2 cm 2-4 cm 4-6 cm 6-8 cm

1.8

100
27.3
14
37.5

27.3
29.8
12.5

31.8
28.1
37.5
100

8 cm
13.6
26.3
12.5

The similar analysis was carried out for promising exploitation block H22_NE (table 4).
More than a half of all stations H22_NE, i. e. 12 of 22, belongs to bathymetry horizon
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4300-4400 m where total frequency of fractions 4-6 and 6-8 cm makes 75 % which
confirms all Н11&Н22 trend. No results of two nodule trawlings within H22_NE were
included in this assessment due disintegration of particular nodules during the recovery
process.

Table 4. Nodule grain size according to bathymetry horizons in exploitation block
H22_NE.

Depth interval, m Number of stations
4200 - 4300
4300 - 4400
4400 - 4500
4500 - 4600
Σ

6
12
3
1
22

Fractions, in % of stations
0-2 cm 2-4 cm 4-6 cm 6-8 cm
0
16.7
16.7
50
0
41.7
33.3
25
0
0
33.3
66.7
0
0
0
100

8 cm
16.7
0
0
0

Conclusions
 The knowledge of water depths of potential nodule deposits is important for
planning of various technical solutions connecting with the future exploitation. For
the IOM exploration area and, in particular, exploration blocks Н11&Н22,
bathymetry horizon 4300-4400 m plays the main role.
 The most frequent nodule abundance limits are 10.1-15.0 and 15.1-20.0 kg/m2 for
both H11 and H22.
 The ranges of stations’ water depths are approximately the same in H11: 313
meters, and in H22: 316 meters.
 Bathymetry horizon 4300-4400 m is the most productive as for the nodule
abundance (13.2/12.7 kg/m2 wet) and major metal contents (ΣNi,Cu,Co =
2.79/2.76).
 Bathymetry horizon 4300-4400 m is the most representative: prevailing fractions
in H11 are 4-6 and 6-8 cm, in H22 fractions 4-6, 6-8 and
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INTRODUCTION
Since the discovery of hydrothermal vents at mid-ocean ridge at the end of the 70s, detailed
deep-sea exploration has been carried out in all oceans, revealing a variety of hydrothermal
sites in terms of geological substratum, minerals, emitted fluids and ecosystems. This effort
has been recently boosted by the increasing need of metals for the World economy, which
makes foreseeable the exploitation of submarine massive sulfide deposits accumulated at
hydrothermal sites in a near future. We present high resolution, near seafloor magnetic
surveys carried out on several basalt-hosted and ultramafic-hosted hydrothermal sites. To this
end, a magnetometer has been installed on deep-sea vehicles such as manned deep-sea
submersible Nautile, remotely-operated vehicle (ROV) Victor, and autonomous underwater
vehicle (AUV) AsterX of Ifremer. These surveys reveal various magnetic signatures.

MAGNETIC SIGNATURE OF BASALT-HOSTED SITES
Basalt-hosted hydrothermal sites are characterized by a negative (reduced-to-the-pole, or
RTP) magnetic anomaly indicating a lower or null magnetization. Three processes are
considered to explain this observation: (1) temporary thermal demagnetization or (2)
permanent alteration of titanomagnetite, the magnetic mineral hosted by extrusive basalt, in
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an hydrothermal pipe or (3) the presence of low-magnetized hydrothermal deposits above the
basaltic basement. Our ROV survey of the inactive hydrothermal site Krasnov (MAR - for
Mid Atlantic Ridge - at 16°38'N) shows that the observed magnetic signature survives the end
of hydrothermal activity and therefore demagnetization cannot be the cause of the observed
magnetic signature, which instead would result from alteration and the presence of
hydrothermal deposits (Szitkar et al., Geochem. Geophys. Geosyst., 2014). Conversely, our
reinterpretation of data collected at the active hydrothermal site TAG (MAR 26°08'N)
suggests that demagnetization may explain a part of the anomaly in this area (Szitkar and
Dyment, Geology, 2015). Our deep-sea submersible survey of a small active hydrothermal
site in the Southwestern Pacific reveals a total lack of magnetization above the hydrothermal
deposit, in an otherwise complex area displaying basalt with normal and reversed polarities
(Szitkar et al., Geophys. Res. Lett., 2015). In all these three examples, the presence of nonmagnetic (or significantly less magnetized) sulfide deposits accounts for a significant part of
the observed negative magnetic anomaly.

MAGNETIC SIGNATURE OF ULTRAMAFIC-HOSTED SITES
High-temperature ultramafic-hosted hydrothermal sites are characterized by either a positive
magnetic anomaly, indicating a stronger magnetization, at the larger sites such as Rainbow
(MAR 36°13'N) and Ashadze 1 (MAR 12°58'N), or by a lack of significant magnetic
signature at the smaller sites, e.g. smoking craters such Logachev (MAR 14°45'N) and
Ashadze 2 (MAR 12°59'N) (Szitkar et al., Geology, 2014). Rock magnetic measurements
show that the magnetic bearer is magnetite, which remains unaltered within sulfurimpregnated serpentinized peridotites. Magnetite produced by serpentinization of the
peridotite host rock in the stockwork reflects the high temperature and greater fluid flow at the
site compared with the surrounding rocks, because iron is preferentially partitioned into
brucite below ~150 °C and magnetite between ~150 °C and 300 °C. In addition, the high
hydrogen content of hydrothermal fluids resulting from serpentinization creates a more
reducing environment than on a basaltic substratum, protecting magnetite from oxidation.
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A METHOD TO DETECT AND CHARACTERIZE INACTIVE SITES
Available near-seafloor magnetic surveys on hydrothermal sites show that both active and
inactive sites exhibit a significant magnetic signature. Deduction and, when possible,
numerical modeling show that this signature is directly or indirectly related to the presence of
a stockwork or other hydrothermal deposits. Near-seafloor magnetics are therefore a suitable
method to detect hydrothermal mineralization. Unlike the widely-used chemical search for
hydrothermal plumes in the water column, which can only detect the active hydrothermal
sites, near-seafloor magnetics are able to detect both the active and inactive sites. The latter
may have a better mining potential, because (1) they no longer show the high temperatures
that would damage mining devices or installations at active sites; (2) they no longer host the
peculiar chemosynthetic ecosystems present at active vents - although it does not mean that
they are devoid of environmental issues; and (3) they are probably bigger, having had the time
to complete their growth. Active and inactive basalt-hosted sites show a negative RTP
anomaly indicative of less-magnetic or non-magnetic minerals, whereas active and inactive
ultramafic-hosted sites display a positive RTP anomaly due to more-magnetic minerals : the
anomaly reflects the type of host-rock and mineralization. Ultramafic-hosted sites generally
present grades in copper, zinc, and gold (among other) that are higher than at basalt-hosted
ones. The intensity and shape of the magnetic anomaly are related to the geometry of the
magnetic source and can therefore be used to characterize the potential mineral deposit.

CONCLUSION
High-resolution, near-seafloor magnetic surveys are able to detect and characterize active and,
more importantly, inactive hydrothermal sites. We anticipate that they will play an important
role in future deep-sea mineral exploration for seafloor massive sulfides.
Keywords: Seafloor massive sulfide deposits, Active and inactive hydrothermal sites, Nearseafloor magnetics, Deep-sea mineral exploration.
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INTRODUCTION
The Ashadze-1 deposit is associated with the uplifted lower crust and upper mantle rocks
(oceanic core complex, OCC) of the MAR segment characterized by asymmetric mode of
accretion. The OCC rocks have been tectonically exhumed during sea oor spreading on
the rift valley slope along the detachment fault.. Abundant chimneys and enrichment in
particular metals, including copper, zinc, gold, cobalt and tin are typical for this type of
SMS deposit. We consider Ashadze-1 as a typical example of an OCC-associated SMS
deposit in the primary stage of formation due to the young age of the sul des (less than
7.2 kyr (Cherkashov et al., 2010)) and the lack of signi cant hypergene alteration
(Firstova et al., 2016)
We present data for sul de mineralogy and geochemistry of samples from the Ashadze-1
SMS deposit collected during cruise 24 of RV Professor Logatchev (2005). In total, 55
sul des samples have been studied. The major and minor mineralogical phases were
identi ed using re ected light microscope and X-ray diffraction analyses (25 samples).
Whole rock chemistry (55 samples) was completed at the VNIIOkeangeologia (VNIIO),
St. Petersburg. Major element analyses of ore-forming minerals (31 samples) were done
on a scanning electron microscope (SEM) with energy dispersive X-ray spectroscopy
(EDX) and wave length dispersive X-ray spectroscopy (WDX) (Geomodel Center, St.
Petersburg State University) (operators Vladimir Shylkovskyh and Natalia Vlasenko), The
δ34S values (1σ = 0.3–0.4) of 17 samples and standard NBS—123 (sphalerite) were
measured on a DELTA plus XL with preparative adapters (on line) EA 1112 and ConFlo
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III mass spectrometer at the Centre of Isotopic Research of VSEGEI, St. Petersburg,
Russia.

Results
Mineralogical Characteristics
Recovered massive sulfides were represented mainly by chimneys and their
fragments. Based on the major mineral distribution, the chimneys are subdivided into
chalcopyrite, pyrrhotite-isocubanite and sphalerite types. The mineral composition of the
three chimney types is presented in Table 1 (based on X-ray, microprobe and optical
analyses).
Table 1. Major and minor minerals of chimneys from Ashadze-1 field.
Type

Chalcopyrite

Pyrrhotiteisocubanite

Sphalerite

Mineral
Pyrite (FeS2)
+
+
+
Pyrrhotite (Fe1-x S)
+++
++
Marcasite (FeS2)
+
+
Greigite (FeFe2S4)
+
Sphalerite ((Zn,Fe)S)
Zn
++
+++
Wurtzite ((Zn,Fe)S)
++
Rudashevskyite ((Fe, Zn) S)
++
Chalcopyrite (CuFeS2)
Cu
+++
++
++
Isocubanite (CuFe2S3)
+
+++
++
Y-phase (Cu2Fe3S5)
+
Bornite (Cu5FeS4)
++
Chalcocite (Cu2 S)
+
Roxbyite (Cu9 S5)
++
Digenite (Cu9 S5)
++
Geerite (Cu8 S5)
++
+
+
Spionkopite (Cu1.4S)
+
+
Yarrowite (Cu9 S8)
++
+
Covellite (Cu S)
+
5
9
12
N (hand samples)
Here +++ - indicates dominant mineral > 25%; ++ - indicates abundant mineral 25%- 10%; + indicates rare mineral < 10%
Fe

Chalcopyrite chimneys. Two mineralogical zones are recognized in the
chalcopyrite chimneys. Generally, an inner chalcopyrite zone and an outer secondary
bornite and Cu-sulfide zone surround a single conduit. Chimneys have rhythmic-layered
texture. Accessory minerals: Co-pentlandite and millerite, which could be considered as
the main typomorphic minerals of chalcopyrite chimneys. Co-pentlandite occurs at the
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bornite-chalcopyrite contacts. Millerite is not common and often occurs in granular or
massive chalcopyrite. Nickel telluride—melonite (with Bi content up to 1.2 wt %) was
recorded in a single sample in chalcopyrite. Native gold was reported in isocubanitechalcopyrite aggregates.
Pyrrhotite-isocubanite chimneys differ from the chalcopyrite type in that the
chimneys are massive and have no central conduit. The chimneys are massive, porous,
granular pyrrhotite-isocubanite aggregates penetrated by conduits of different size and
orientation. A thin sphalerite layer occurs sporadically in the outer part. Chimneys of this
type are marked by subsequent transformation of major minerals. The outer layer is
composed of dendrite or granular sphalerite. Fe-content in sphalerite varies and averages
15.06 wt %. Accessory minerals: Co-mineralization in this type of chimney differs from
that of chalcopyrite chimneys. Co-As-Cu minerals (cobaltite, glaucodite, carrolite, etc.)
are common. These minerals occur at the contact of sphalerite-pyrrhotite-isocubanite
aggregates in cracks and intergranular space. Native gold is associated with altered
isocubanite-chalcopyrite aggregates. Electrum, is associated with unaltered sphaleritechalcopyrite and sphalerite-isocubanite aggregates. It occurs in cracks and pores. Rare
stibnite (SbS) grains were reported from isocubanite aggregate. The great variety of Co-As
minerals associated with Fe-sphalerite in intergrowth with unaltered pyrrhotite and
isocubanite is a specific feature of this type of chimney.
Sphalerite chimneys. Most chimneys exhibit a clear zonal structure with two layers
of variable thickness: a central massive porous layer with sphalerite-pyrrhotitechalcopyrite-isocubanite and an outer layer represented by sphalerite. The central massiveporous layer consists of sphalerite-isocubanite-pyrrhotite aggregate. The outer blackbrown sphalerite layer has mainly dendritic structure with powder-like or granular parts.
Fe content does not exceed 5 wt % in sphalerite. There are a number of samples composed
mainly of Zn-sulfides and with a thick central layer (up to 0.5 mm width). These small
chimneys (up to 10 cm) and edifices grow directly on ultramafic rock and form platy
flanks on the chimneys. All of them are characterized by platy, high Fe-wurtzite or
compositionally zoned Zn-sulfides. Accessory mineral: Electrum and cobaltite are
associated with Zn-sulfides with high Fe content. Minerals of Pb (galena) and Ag (native
silver, acanthine, Ag-pyrite) are associated with dendritic sphalerite with low Fe content.
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Fe content in sphalerite varies from 1.16–20.17 wt %. The presence of Sn (up to 5 wt %)
in sphalerite with high Fe content or in Zn-sulfides was a feature of this type of chimney.
Typomorphic minerals in sulfides chimneys from Ashadze-1 are minerals of Co, Ni
and Au, rarely Ag and Pb. Generally, regarding accessory mineralization, Ashadze-1
deposit is characterized by wide diversity of Co-minerals which are typical for ultramafichosted sulfides. Co in high-temperature chalcopyrite chimneys occurs in Co-pentlandite.
However, Co occurs in Co-As minerals as well as being detected in sphalerite in
pyrrhotite-isocubanite chimneys, which indicates lower temperature parameters. Au
associated with high-temperature chalcopyrite-isocubanite aggregates occurs in native
form and occurs as electrum when associated with lower-temperature sphalerite.
Thus, accessory mineralization is related to specific mineral types with particular
parameters of ore-forming processes.
Geochemical Characteristics
Ashadze-1 deposit as a whole as compared to sulfides of MAR are strongly enriched
in Co (average = 2373 ppm) and Ni (average = 250 ppm), as well as Cu (average = 12.14
wt %), Zn (average = 21.51 wt %) and Zn-associated elements: Cd (average = 329 ppm),
Pb (average = 319 ppm), Ag (average = 99 ppm) and especially Sn (average= 419 ppm)
(Table 2).
Table 2. Average element concentrations in SMS.
Elements
Chalcopyrite
(Cu)
Fe, wt.%
S
Cu
Zn
Si
Ca
Mg
Al
Ti, ppm
Co
Ni
Bi

27.51
29.52
31.00
0.33
0.31
0.80
0.14
0.23
300
3200
1262
2.1

Sulfides
Type of chimneys
PyrrhotiteSphalerite
All types of
Isocubanite
(Zn-Cu)
chimneys
(Cu-Zn)
(VNIIO data)
35.20
21.81
25.73
31.55
25.86
27.86
5.06
12.14
15.02
7.57
33.41
21.51
0.50
0.52
0.48
0.23
0.61
0.53
0.17
0.19
0.17
0.08
0.16
0.14
697
381
468
5362
941
2373
16.5
5.9
250
2.6
3.5
5.7
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MAR*
(VNIIO data)

32.43
36.44
9.56
4.39
3.2
0.42
0.14
0.16
450
619
55.4
4.5

Basalthosted
[Lein et
al., 2003]
30.75
34.06
9.64
5.21
12.1
1.51
0.4
0.25
220
200
29
2.2
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Se
Pb
Ga
Ge
Sn
Cd
Sb
As
Mn
Ba
Ag
Au
n

12
229
280
157
523
319
12.2
10.2
19.1
43,9
36.1
78.7
64.5
713
419
110
516
329
32.9
70.6
50,6
186
130
318
158
159
271
664
2900
1171
3.2
155
99.7
1.9
2.9
48.5
30
55
1051*
7.1±0.6;
Age, kyr
5±0.9;
[Cherkashov
3.3±0.3;
et al., 2010]
6.2±1.5
7.2±1.8
2.1±0.3
Note: underlined – 5-10 times higher than average on MAR sulfides; bold – 1.5-5 times
than average on MAR sulfides; n.d. – not determined. *massive sulfides data (Fe+Cu+Zn
n=1051)
1237
5.0
4.9
2.0
32.6
4.3
25.0
57.1
23.9
105.0
0.5
1.9
10

33
73.5
10.2
15.5
164.2
126.2
25.0
94.6
39.1
126.9
23.5
6.4
15

11
33
41,2
39.2
20.9
190
n.d
270
483
790
77.2
3
427

higher
> 25%,

Chalcopyrite chimneys have Cu enrichment and are characterized by high
concentrations of Cu (average = 31 wt %), Co (average = 3200 ppm), Ni (average = 1262
ppm) and Se (average = 1257 ppm). A relative depletion in Zn and its associated elements
(especially Ag—0.5 ppm) as well as low Au content (1.92 ppm) are also characteristic
features of these types of chimneys.
Pyrrhotite-isocubanite chimneys have Cu-Zn enrichment. Cu content (average =
15 wt %) is twice as large as Zn (average = 7.6 wt %). As compared to other ore fields
(Table 2), these chimneys are extremely enriched in Co (average = 5362 ppm), Bi
(average = 5.7 ppm) and Au (average = 6.4 ppm). They differ greatly from chalcopyrite
chimneys in low Ni (average = 16.5 ppm) and Se (average = 33 ppm) contents.
Sphalerite chimneys have Zn-Cu enrichment dominated by Zn (average = 33.41 wt
%) over Cu (average = 5.1 wt %) and strong enrichment of Zn associated elements: Cd,
Ag, Pb, Sb, Ge and Sn (Table 2). Chimneys with high ferric Zn-sulfides exhibit high Zn
concentrations (average = 53–63 wt %) from outgrowth and edifices which are growing
directly on the gabbro-peridotite basement. These samples also have maximal
concentrations of Sn (1100–1800 ppm), Ge (110–200 ppm) and Cd (600–1100 ppm). Au
content in sphalerite chimneys is insignificant (average = 1.95 ppm).
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Sulfur isotope characteristics
Sulfur isotopic composition was studied in chalcopyrite (isocubanite), sphalerite
and pyrrhotite. In general, δ34S values vary from +3.7‰–+14.1‰, averaging +5.8‰
(Table 3).
Table 3. Sulfur isotopic composition in major minerals.
Type of chimney

Chalcopyrite

Pyrrhotite-Isocubanite

Sphalerite

Sample
1319-Т-10
1319-Т-10 (I)
1319-Т-10 (II)
1354-Т-1/1
1368-Т-1
1319-Т-2
1319-Т-2/1
1354-Т-3
1354-Т-3/2
1354-Т-3/3
1354-Т-4
1354-Т-5/1
1321-ТК-2/1
1321-ТК-1
1319-Т-3/2
1312-Т-2
1021-Т-1

Chalcopyrite
+4,3
+3,7
+3,7
+3,9
+4,5

δ34S (‰)
Isocubanite Sphalerite

Pyrrhotite

+4,5
+3,8
+4,4
+6,5
+7,3
+7,1
+4,1
+4,4
+4,4
+6,4
+7,8
+11,9

+14,1

The isotopically lightest and slightly variable δ34S is identified mainly in
chalcopyrite chimneys and varies from +3.7‰–+4.5‰ (average +4.1‰). These values
correspond to the isotopic characteristics of minerals formed directly from the initial
portions of the fluid.
In pyrrhotite-isocubanite chimneys the δ34S have wider range: from +3.8‰–
+7.3‰ (average +5.6‰). There are two groups of values: minerals formed from the initial
portions of fluid correspond to δ34S +3.8‰–+4.5‰ and heavier sulfur isotope +6.5 ‰–
+7.3‰.
The widest scatter of sulfur isotopic composition identified in sphalerite and
pyrrhotite of sphalerite chimneys was +4.1‰–+11.9‰ and +4.4‰–+14‰, respectively.
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Formation model
1.

Chalcopyrite chimneys (1A) formed directly on the basement rocks are indicated

by high Ni contents (0.12 wt %) in sulfides, which is typical for stockwork mineralization.
Assemblage of isocubanite, Co-pentlandite and millerite along with high Cu, Co, Ni and
Se content points to high fluid temperature (>350 °C). The fluid is characterized by a
range of δ34S of between +3.9‰–+4.5‰. Rhythmic-layered texture of chimneys indicates
a pulsing regime of fluid discharge. Based on these characteristics, chalcopyrite chimneys
mark the initial stage of “pulse-type” venting followed by stable hydrothermal discharge.
Chalcopyrite chimneys are located in the centre of the discharge zone above the main
fluid conduit.
2.

Pyrrhotine-isocubanite chimneys are formed in two stages. During the first (2A),

short-term stage, the pyrrhotite-isocubanite fine-grained aggregate is formed at high fluid
temperature (350 °C). This process is also indicated by a presence of Co replacing other
elements in other mineral crystal lattices (for example, Co in chalcopyrite or pyrrhotite);
the sulfide minerals precipitated from the initial portion of the fluid (δ34S +3.8 ‰–
+4.5‰). During the second stage (2B), sulfides precipitate from fluids with temperatures
lower than 350 °C and a δ34S range of +6.5‰–+7.3‰. Samples with isotopically heavy
δ34S (+6.5‰–+7.3‰) probably indicate that sulfides were likely formed as a result of
anhydrite replacement. At these parameters sphalerite and Co-As accessory minerals also
precipitate. These second stage fluid alters the first stage sulfides: pyrrhotite altered to Fesulfides and isocubanite altered to Y-phase. New generations of unaltered pyrrhotiteisocubanite and Fe-sphalerite (Fe average 15.06 wt %) are deposited in the cracks and
cavities. Fe-sphalerite also forms a thin discrete outer layer and platy outgrowth on the
chimney. We propose that pyrrhotite-isocubanite chimneys mark the initial stage of the
stable hydrothermal activity starting from the “stable intensity” high-temperature fluid
discharge. These chimneys are located next to chalcopyrite ones in the main discharge
zone and penetrate anhydrate rim. We propose that the initial stage of “stable intensity”,
high temperature fluid discharge destroys the pre-existing chalcopyrite chimneys.
3.

Sphalerite chimney formation and composition is quite variable and represented

by two types. The first type (3A) of sphalerite chimneys are formed at high- and mediumtemperature from a fluid ranging in δ34S +4.1‰–+4.4‰. These varieties are located
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directly on the basement and are characterized by Fe-sphalerite (Fe content 16–20 wt %),
wurtzite and polytype of wurtzite, rudashevskyite-2H (Fe content up to 50 wt %). The
accessory minerals are represented by cobaltite and electrum. Extremely high content of
Sn (up to 1800 ppm), Ge (up to 200 ppm) and Cd (up to 1700 ppm) are typical for these
samples. The second type (3B) of sphalerite chimneys are formed at medium- and lowtemperature from fluids (δ34S +6.5‰–+14‰) and marked by low Fe content in sphalerite
(1–10 wt %), abundant galena and the presence of Ag-minerals. Thus, the sphalerite
chimneys are formed at a stable stage of hydrothermal activity and their composition is
controlled by the distance from the main discharge zone. The high- and medium
temperature Zn chimneys (type 3A) are located close to the centre of the discharge zone
and enriched in Fe, Sn and Ge. Medium- and low-temperature sphalerite chimneys (3B
type) with variable Cu-Fe and Zn mineral ratios are formed more distal from the discharge
zone. The second type of sphalerite chimneys marks the peripheral conduit characterized
by circulation of medium- and low-temperature fluids.
Overall, we propose the following scheme of the Ashadze-1 ore structure and
formation (Figure 1):

Figure 1. Scheme of ultramafic-hosted Ashadze-1 deposit structure and formation.
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The age of the Ashadze-1 field is estimated as less than 7.2 kyr (Table 2), whereas
most hydrothermal fields on the MAR are much older, up to 170 kyr (Kuznetsov et al.,
2005). The Ashadze-1 deposit is considered as example of a hydrothermal system in its
initial stage of evolution marked by the young age of the sulfides (<7.2 kyr). The
mineralogy of Ashadze-1 reflects primary processes, unlike other older deposits on the
MAR which exhibit post formation hypergene alteration. We propose the above model as
the primary ore-forming hydrothermal process in an ultramafic-hosted environment on the
modern seafloor.
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for mineralogical data and Vladislav Kuznetsov for age determination of sulfides. The authors appreciate the
valuable comments and advice from the anonymous reviewers. We are grateful to Nicholas Dyriw for
reviews and editing. The study was partly financed by project 3.37.135.2014 of St. Petersburg State
University.
Reference
Cherkashov, G.; Poroshina, I.; Stepanova, T.; Ivanov, V.; Bel’tenev, V.; Lazareva, L.; Rozhdestvenskaya, I.;
Samovarov, M.; Shilov, V.; Glasby, G.; et al. Seafloor massive sulfides from the northern equatorial MidAtlantic Ridge: New discoveries and perspectives. Mar. Georesour. Geotechnol. 2010, 28, 222–239.
Firstova, A.; Stepanova, T.; Cherkashov, G.; Goncharov, A.; Babaeva, S. Composition and Formation of
Gabbro-Peridotite Hosted Seafloor Massive Sulfide Deposits from the Ashadze-1 Hydrothermal Field, MidAtlantic Ridge. Minerals 2016, 6, 19.
Kuznetsov, V.; Tabuns, E.; Kuksa, K.; Cherkashov, G.; Maksimov, F.; Zherebtsov, I.; Grigoriev, V.;
Baranova, N.; Bel’Tenev, V.; Lazareva, L. The oldest seafloor massive sulfide deposits at the Mid-Atlantic
Ridge: 230Th/U chronology and composition. Geochronometria 2005, 42, 100–106.
Lein, A.U.; Cherkashov, G.A.; Ulyanov, A.A.; Stepanova, T.V.; Sagalevich, A.M.; Bogdanov, Y.A.;
Gurvich, E.G.; Torokhov, M.P. Mineralogy and geochemistry of sulfide fields Logachev-2 and Rainbow:
Similarities and differences. Geochemistry 2003, 3, 304–328. (In Russian)

Anna Firstova
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Keywords: seafloor massive sulfides; ultramafic hosted deposits; Mid-Atlantic Ridge;
oceanic core complex; hydrothermal processes

Anna Firstova
Anna Firstova graduated from St. Petersburg State University
(bachelor and master levels) in 2010 and in 2012 respectively, and
currently is a PhD student of the same University. Since 2008, she
has been working at VNIIOkeangeologia (Department of geology
and mineral resources of the Ocean). The primary focus of her
research is study of mineral and chemical compositions of seafloor
massive sulfide.

10 – Anna Firstova
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

A recommended practice for managing
environmental aspects and impacts of seabed mining
Tom Gorski (Speaker)
Jens Laugesen1, Sophie Davidsson1, Karsten Hagenah2, Erik Hektor1 and Tor
Jensen1
1DNV

GL
Veritasveien 1, 1363 Hoevik, Norway
www.dnvgl.com
E-mail: jens.laugesen@dnvgl.com

2DNV

GL
Brooktorkai 18, 20457 Hamburg, Germany
ABSTRACT
DNV GL has issued a Recommended Practice (RP) for managing environmental aspects
and impacts of seabed mining.
The overall objective of the RP for seabed mining is to establish risk-based guidelines and
recommendations for the processes required to protect the environment during seabed
mining activities in the exploration and the exploitation phase as well as during
decommissioning.
Furthermore the RP aims at increasing the overall awareness of environmental impacts
and risks from seabed mining activities and demonstrate how to best manage these risks.

Background
DNV GL as worldwide classification and certification company develops rules, standards
and guidelines based on the competence and experience of its engineers, extensive
research and development programs and in close cooperation with the customers
worldwide.
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Recommended Practice (RP) documents are issued by DNV GL in areas where there is
need for guidance and recommendation. The RP for managing environmental aspects and
impacts of seabed mining is a risk-based guideline with recommendations for the
processes required to protect the environment during seabed mining activities.


The RP delivers guidance on the development of mitigation measures and
evaluation criteria for the acceptance of possible and inevitable environmental
impacts from seabed mining.



The RP is based on international guidelines from ISA (International Seabed
Authority) but uses a practical risk-based approach that can be applied in
evaluating environmental aspects from seabed mining.

The RP has been mainly developed for the following target groups but can also be used by
others:


Mining companies or general contractors



Companies developing equipment for seabed mining



Regulatory authorities (national and international like the International Seabed
Authority (ISA) for seabed mining)



Consulting companies



Technical experts and third parties



Insurance companies



Investors/Lenders



NGOs
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Structure of the Recommended Practice
The Recommended Practice is structured as follows:
Section 1 “Preamble” shortly describes DNV GLs general purposes.
Section 2 “Introduction” describes what seabed mining is, and highlights the objective,
application, scope and approach of the Recommended Practice. The difference between
what is typically mined in deep water and in shallow water is described and the
relationship to other codes and standards is provided.
Section 3 “Definitions and abbreviations” presents the definitions and abbreviations that
are used in this Recommended Practice.
Section 4 “Regulatory requirements” presents vital regulatory requirements for seabed
mining activities.
Section 5 “Environmental impacts from seabed mining” summarizes the most important
environmental impacts that are expected from seabed mining.
Section

6

“Environmental

risk

management

for

seabed

mining”

provides

recommendations for the environmental baseline study (EBS), the environmental impact
assessment (EIA) and the environmental statement (ES). Furthermore it describes the
planning process for the definition of preservation reference areas (PRA), how to develop
an environmental management plan (EMP) and how decommissioning and the postoperations survey could be carried out.
Section 7 “Example case” gives an example of how an environmental risk assessment in
an early design phase can be carried out for a seabed mining project. The example uses a
fictitious polymetallic nodule mining case.
In the following Section 5 to 7 are described more in detail.
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Environmental impacts from seabed mining
The most significant environmental impacts that are expected from seabed mining
operations are:


Direct destruction of seabed habitat



Sediment disturbance and plume discharges



Emissions to air



Discharges to water



Thermal pollution



Light pollution



Noise and vibrations



Invasive species

It is important to note that although there are environmental impacts that could be
regarded as general for seabed mining, the impacts depend strongly on the local
environmental conditions for each site and the technology, design and operational
procedures implemented to mine the resources. Environmental impacts and hazards are
site and project specific and require a thorough data collection and analysis to be assessed.
Direct destruction of seabed habitat
The effects from seabed mining will differ depending on the type of mineral resource, but
a seabed mining operation will generally destroy and/or eliminate the existing habitats
within the mining zone. This is an inherent consequence of the removal of the mineral
resource from the seabed, and is largely independent of the specific mining technique.
Little is known today on the recovery and recolonization of species inhabiting the seabed
in deep waters, but the significance will always depend on the uniqueness of the specific
habitat’s ecosystem and its organisms.
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Sediment disturbance and plume discharges
In the deep ocean natural sedimentation rates and dispersion potential of sediments in the
water column are very low (a few mm/thousand years).
Even though the effects of dispersion of fine sediments through disturbance of the seabed
on the different ecosystems are relatively unknown, it can be established that it will create
abnormal conditions that have the potential to degrade affected habitats. The release and
dispersion of fines into the water column or onto the seabed could cause smothering of
organisms and give rise to eutrophication and possible toxicological effects depending on
the content of the dispersed particles. The negative effects would be most significant for
organisms without the ability to move, such as tube worms that inhabit polymetallic
sulphides deposits, or deep sea corals and sponges.
Spreading of fines is also an issue with regards to the discharge of the dewatering liquids
from surface processes in an offshore mining project. For most of the existing seabed
mining technical concepts, a subsea discharge pipe is suggested for discharge of return
water at a relatively deep level in the water column, preferably close to the seabed.
Emissions to air
Although the main focus of seabed mining research and environmental concern is focused
on effects directly related to seabed disturbance and/or the discharge of a sediment plume,
other environmental effects associated with any industrial activity such as air and water
pollution should not be forgotten. Typical air emission sources are waste incineration,
combustion engines and turbines.
Marine diesel or other hydrocarbon fuel is not only a burden for the environment through
emissions to air, but also a significant operational cost. Lessons should be learned from the
oil and gas industry, and the latest technological advancements in the maritime industry
regarding fuel saving should be considered for each project. This could for example be
Liquid Natural Gas (LNG) technology, fuel cells/battery technology as well as alternative
and renewable sources for energy. In addition, measures to reduce fuel consumption such
as heat recovery and optimization of power generation should be analyzed in detail.
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Discharges to water
Typical sources for discharges to the sea are cooling water, often containing antifouling
chemicals and corrosion inhibitors and other chemicals, as well as any other utility or
process related discharges which will depend on the type of surface vessel used. The
potential releases of ballast water, e.g. from bulk transport carriers could also have an
effect depending on the local and regional ecology.
Contingency plans for accidental events that could result in such releases of harmful
substances to sea should also be put in place. This includes designing barriers and
planning for events that includes significant spills of hydrocarbons.
Thermal pollution
Thermal pollution is the degradation of water quality that is caused by heating or cooling
of the ambient water. The main sources for thermal pollution would be from water
discharges from various processes on the surface vessels. Direct heating of the water could
also occur although it is expected to be very minor and non-significant. Increased
temperature in the water typically reduces the levels of dissolved oxygen in the water. It
might also have a more direct affect, having a cellular and molecular impact and
increasing organism’s metabolism. It can also increase the growth rate of plants (causing
e.g. algal blooms), which in turn leads to a further decrease of the oxygen levels in the
water.
Light pollution
Light pollution refers to the introduction of light to an environment where there are no
natural light sources or any occurring light is much weaker and/or irregular. Light
pollution can have the impact of deterring animals, thereby causing and/or enhancing
habitat fractioning and potentially reducing the size of habitats. Light sources can also
have the effect of attracting organisms and animals, especially smaller organisms, which
then in turn also attract their predators. Furthermore, constant sources of artificial light can
disturb the activities and natural rhythms of plants and animals normally regulated by the
shifts in light between day and night and different seasons.
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Noise and vibrations
Noise and vibrations primarily affect marine mammals by disturbing their acoustic
communication, which is their primary mean of communications. Powerful and shorter
sounds and blasts also have the potential to cause physical injury to marine mammals. This
can be sound and noise from any part of the mining operations.
Invasive species
Marine ecosystems are made up of species which interact with each other and their
environments, in ways that have evolved over millions of years. Transporting marine
species and their larvae over huge distances and introducing them into alien ecosystems
can put ecosystems under severe stress when alien species overgrow the native species or
introduce exotic diseases. In the worst cases - especially when combined with other human
stressors, such as overfishing - the affected ecosystems can collapse completely. This is
already an issue for marine vessels traveling the oceans, and seabed mining operations
would not be an exception.
There is a high potential for very large volumes of ballast water to be discharged at the
surface of any seabed mining site due to the constant traffic of bulk carriers transporting
the ore to land-based refineries. The land-based refinery could, in some cases, be located
at large distances from the mining site and therefore introduce alien species.
Environmental risk management for seabed mining
The risk management process and procedures should be consistent with the ISO 31000 or
equivalent process and take appropriate account of specific considerations for seabed
mining activities.
The term risk management is in this Recommended Practice applied in the more narrow
sense as the management processes required to protect the environment from harm. These
processes should be integrated into the overall risk management framework and processes
of the organization.
In consistence with ISA recommendations the Contractor should also apply the principles
of ISO 14001 on environmental management and is encouraged to apply the Code for
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Environmental Management of Marine Mining adopted by the International Marine
Minerals Society (IMMS, 2011).
The BAT (Best Available Technique) and BEP (Best Environmental Practices) shall be
applied to all the aspects of mining activities under consideration of the ALARP (As Low
As Reasonably Practicable) principle. Figure 1 shows the process for a typical seabed
mining project and the different environmental risk management tasks and activities that
should be performed.

Figure 1 Process for a typical seabed mining project and the environmental risk management tasks and
activities that should be performed.

Environmental risk management activities start with an environmental baseline study
(EBS), thereafter an environmental impact assessment (EIA) and an environmental
statement (ES) should be developed within the different design phases. Furthermore
Preservation Reference Areas (PRAs) need to be defined for the project according to ISA
regulations. The EIA lays the foundation for the environmental management plan (EMP);
the EMP should be actively applied within the exploitation and decommissioning phase of
the project. The final task is the decommissioning of the site and the post-operations
survey (POS).
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For the decommissioning phase the Contractor needs to submit a decommissioning plan.
The plan must include proposals for the fate of the area after production ceases.
Installations on the seabed shall be put in a state that ensures that no hazardous compounds
from the equipment are released during removal. The state of the installations before
removal has to be inspected and the removal process has to be observed.
Depending on the impact of the mining operation, the decommissioning should also
include monitoring of the environmental status in the former mining area.
In the decommissioning plan, the Contractor also has to state how the removed
installations will be brought to land and how they will be handled at an approved waste
facility.
Before the Contractor can be released from its responsibility for the site, an inspection has
to be done by the owner of the area or an independent authority representing the owner.
Based on experiences from the Oil & Gas sector there should be a way to secure funding
for the decommissioning (and against bankruptcy). This can be achieved by obliging the
Contractor to deposit the estimated cost of the decommissioning before the mining
operation can start. The deposit will be paid back to the Contractor after the site
inspection, provided that the decommissioning has been done in accordance with the
contract.
Example case – polymetallic nodules
The RP has an example case which is a hypothetical seabed mining case for polymetallic
nodules located somewhere in the Clarion-Clipperton zone at 5 000 m water depth.
To be able to do a risk assessment of the seabed mining operation a probability and
consequence scale has to be developed for the possible environmental impacts of each
hazard that is identified for the operation.
In Table 1 and Table 2 an example of a probability and consequence scale is shown for
assessing environmental hazards.
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Table 1 Probability scale for environmental impacts from seabed mining.
Likely
Reasonably
probable
Unlikely

> 50% probability of one incident during the project period

Remote
Extremely
Remote

0.1-1% probability of one incident during the project period

10-50% probability of one incident during the project period
1-10% probability of one incident during the project period

< 0.1% probability of one incident during the project period

Table 2 Consequence scale for environmental impacts from seabed mining.
No
The hazard is not expected to cause any negative effects on water or sediment quality.
There are no expected negative effects on the ecosystem (no chronic effects). This
means that the water concentration and/or sediment concentration is not expected to
exceed limit values for chronic effects on biota.
Low

The hazard for causing negative effects on water or sediment quality is low.
The hazard for negative effects on the ecosystem is low (chronic effects). This means
that the water concentration and/or sediment concentration is not expected to exceed
limit values for chronic effects on biota.
Recovery is possible.

Considerable

The hazard causes considerable negative effects on water or sediment quality.
The hazard causes considerable negative effects on the ecosystem (chronic effects).
This means that the water concentration and/or sediment concentration is expected to
exceed limit values for chronic effects on biota.
Only partial recovery is possible, but in a long-term perspective (>1000 years).

Large

The hazard causes large negative effects on water or sediment quality.
The hazard causes large negative effects on the ecosystem (chronic or acute effects).
This means that the water concentration and/or sediment concentration is expected to
exceed limit values for chronic effects on biota.
Only partial recovery is possible, but in a long-term perspective (>1000 years).

Severe

The hazard causes severe negative effects on water or sediment quality.
The hazard causes severe negative effects on the ecosystem (chronic or acute effects).
This means that the water concentration and/or sediment concentration is expected to
exceed limit values for chronic effects on biota.
Recovery is not possible.

Based on the risk assessment the hazards may be placed in a risk matrix, as shown in
Figure 2.
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The three risk categories are:


Critical risks (red) shall be reduced by means of risk-reducing actions (reduce the
probability and/or consequence (reduce the probability and/or consequence).



Significant risks (yellow) shall be monitored and one should consider risk-reducing
actions.



Insignificant risks (green) do not need to be reduced.

Likely

Reasonably
probable

Unlikely

Remote

Extremely
remote

Probability/
Consequence

No

Low

Considerable

Large

Severe

Figure 2 A risk matrix with probability and consequence scale.

During the further development of the project the initial risk assessment has to be revised
with updated environmental information, new hazards and new risk reducing actions.
Further work also includes planning of PRA, develop an EMP and a plan for
decommissioning of the site.
The risk assessment is a living document subject to regular revisions as the project
proceeds.
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Abstract
Co-rich ferromanganese crust (Fe-Mn crust) distributed on seamounts in the
western Pacific are potential economic resources for cobalt, nickel, platinum, and
other rare metals. A prospective mining site can be evaluated based on the
abundance and grade of Fe-Mn crusts in the site as well as requiring that
topography be smooth enough for mining operations. We thereby characterized
the spatial distribution of Cobalt-rich ferromanganese crust covering the summit
and slopes of a seamount in the western Pacific, using acoustic backscatter from
multi beam echo sounders (MBES) and seafloor video observation. Acquisition of
seafloor photographs using a Deep-sea camera is an important process for
checking the presence or absence of Fe-Mn crust deposits around the seamount.
In order to perform a quantitative evaluation of seafloor images observed during
the camera tow, we analyzed video data using image processing software which
aids in distinguishing crust from sediments. The binarization of seafloor images
was applied to seafloor images in order to exploit the methods of texture
segmentation using texture filters and color-based segmentation using K-Means
clustering. The images extracted via texture segmentation using texture filters
reflect well the spatial variation of the central part of seafloor compared to original
images, but the extraction of crustal shapes along each edge of seafloor
photographs was not as defined. Whereas the images extracted by color-based
segmentation using K-Means clustering reflect the spatial distribution of crust as a
whole, the method is time consuming. Texture segmentation is faster, but failed to
match the complicated boundary between the manganese crusts and sediments.
We will provide enhanced estimates of the distribution of Fe-Mn crust on the
seamount, which were produced using these seafloor image analysis techniques.

Keywords: ferromanganese crust, seamount, seafloor video observation, image analysis
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INTRODUCTION
Our current state of knowledge in marine mineral exploration has been achieved in an
attempt to understand both the distribution and characteristics of seabed resource minerals
(e.g. seafloor massive sulphides or SMS). Mineral exploration is a multi-stage process
involving analysis of collected and processed data at various scales. It aims at locating
where undiscovered deposits might be, and complementary joins quantitative resource
estimations seeking to define how much metal is likely to be discovered. Those concepts
are nowadays integrated in conceptual frameworks used for resource assessment onshore
(e.g. Singer, 1993) that can be applied in offshore systems.
In 2012, The Norwegian University of Science and Technology (NTNU) and Nordic
Ocean Resources AS, with support from Statoil ASA, established a project to assess the
seabed mining potential in Norway with a focus on increasing knowledge of massive
sulphide mineralization along a large part of the Arctic Mid-Ocean Ridges located inside
the Norwegian jurisdiction (e.g. Mohn’s Ridge; Fig.1). In this area, SMS deposits are
formed from hydrothermal activities. To estimate the potential of finding undiscovered
deposits along the ridge, this research transposes known assessment methodologies to
marine mineral investigation by using Geographical Information System (GIS) that has
potential for integrating, managing and processing different geo-spatial data. Combined
data are used for a synthesized favourability map that will be outlined.
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Figure 1. (a) Two Arctic Mid-Ocean Ridges situated in the Norwegian-Greenland Sea, the
investigated Mohn’s Ridge is highlighted by dashed lines; (b) Bathymetric map of the
northern part of the Mohn’s Ridge, at the bending transition with the Knipovich Ridge,
showing the Loki’s Castle hydrothermal vent field located on the crest of an AVR.
Scope: Targeting Exploration
The assessment of undiscovered minerals requires areas with particular geology
permitting the existence of mineral deposits (the “permissive tracts”; Singer, 1993). For
this purpose, targeting criteria are selected depending on various geological features
derived from studies of known SMS deposits within and outside the area of interest (e.g.
North and South Mid-Atlantic Ridges). With the help of publically available data, this
study aims at configuring and modelling permissive tracts along the a slow-spreading
ridge in an attempt to refine previous prospectivity mapping (Cherkashov et al., 2013) and
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quantitative assessments (Sinding-Larsen and Ellefmo, 2014) made on the Norwegian part
of the Mid-Atlantic Ridge. The principal outcome will tend to evaluate the performance of
multivariate statistics in delineating favourable regions where key geological elements are
involved in the formation of SMS deposits along the ridge. Permissive areas are important
in that they can be used to reduce the uncertainty of what may exist in regards to the
number of deposits and may also provide guidelines to make these estimates.
Data Processing
Mappable data sets are key requirements for mineral potential mapping. Various
geological features have been defined along the Mohn’s Ridge, based on the analysis of
multibeam bathymetry data and knowledge from past investigations (e.g. Pedersen et al.,
2010). They mainly consist of large recognizable volcanic structures, various scarps and
faults evidence layers (Fig.2). Those large-scale evidences are determined essentially
based on morpho-structural analyses and were used for further spatial analysis (distance
and density) using GIS-based software.

Figure 2. Geological interpretation of the northern part of the Mohn’s Ridge. Data are
extracted using GIS software.

Cyril Juliani - 3
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Methodology
The strategy used for extracting and combining particular geological information is based
on the characteristic analysis (McCammon et al., 1983). Each type of information
constitutes different evidential layers (spatial data) that need to be processed and
integrated for further manipulation (Fig.3). The procedure involves the following steps:
1) Identification of geological features that constitute target criteria for mineralization
(review of pertinent literature)
2) Data extraction, preparation and structuring (map classification)
3) Producing spatial evidence maps (data transformation)
4) Combining of spatial evidence maps with a grid of regularly spaced cells (logical
combinations)
5) Generating a synthesized “mineral potential map” (or MPM) for which each cell
determines a degree of favourability for the occurrence of SMS deposits
The weight of the relative importance of evidence maps is obtained during the correlation
of associated data by principal component analysis (PCA).

Figure 3. Principles of the methodology: (1) Regional datasets are converted into a regular
grid where they can be compared and subjected to statistical analysis. (2) Data are then
referred to a common grid map with fixed cell size. (3) The analysis of the integrated data
signature of cells can be used to construct mineral potential maps (MPM). Those maps
outline the most permissive areas with predicted favourabilities.
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Results
The result of the predictive modelling is a prospectivity map referring to chance or
likelihood that undiscovered deposits can be found along the ridge’s axis (Fig.4).
Particular clustered cells on the AVRs delineate interesting high favourability areas with
distinctive signatures, locating several promising areas. In particular, the favourability
measures are in good accordance with the Loki’s Castle occurrence which can be used as
an exploration model to locate similar undiscovered deposits elsewhere. Indeed, the set of
observations or measurements around this occurrence (i.e. a set of selected regional cells)
may be observed in unknown areas that likely match with the model at certain degrees.
Note that the modelling has been constrained for a magmatic setting, and thus, further
works need to implement tectonic systems where common SMS deposits are known along
slow-spreading ridges (e.g. German et al., 2016).

Figure 4. Regional favourability map for mineral deposits along the northern part of the
Mohn’s Ridge. Clustered cells with high favourability outline prospective areas. Cell size:
100m for calculations, 500m displayed on this map.
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Conclusion
Permissive areas for marine minerals can be configured by statistical methods. Common
approaches require a conceptual model in which the relationship between identified
geological features and mineral deposits plays a major role in predictive analysis. For
offshore systems, determining morpho-structures helps to delineate potential zones for
SMS deposits. Their implementation in MPM requires procedural transformation and
combination of data. While the methodology is sensitive on the data processing, the results
strongly depend on the quality of the inputs. For this purpose, geographic information
systems represent an excellent solution for data extraction, modelling operations and
visualization of data.
Future work


Automatic definition of permissive tracts involving classification of geo-objects
linked to SMS deposits.



Developing a statistical framework with descriptive models for delineating
prospective areas at different confidence levels.



Linking mineral prospectivity models to metal endowment: how to constrain the
endowment and density of mineral deposits based on the properties of permissive
tracts?

Crucial need for future improvements of predictive analysis is an increased level of
geosciences information to apply these sophisticated computer-driven methods to.
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ABSTRACT
Resource assessments by NTNU researchers have indicated a large potential of marine
minerals on the extended Norwegian continental shelf; on the Arctic Mid Ocean Ridge
(AMOR). These assessments are based on the same methods used by the Norwegian
Petroleum Directorate and the oil and gas industry to estimate undiscovered oil and gas
resources on the continental shelf. The methodology is called play analysis and share
similarities with the 3-part assessment developed by USGS and used to assess the amount
of undiscovered mineral resources on land.
During August and September 2016, researchers from NTNU and partners carried out a
research cruise to the Arctic Mid Ocean Ridge (AMOR), between the island of Jan Mayen
and the Svalbard archipelago. The cruise was part of the MarMine project, a 5-year
research project co-funded by the Norwegian Research Council and leading Norwegian
companies. The aim of the MarMine project is to investigate the potential for mineral
extraction from the seabed and better understand the biology and ecology of an inactive
site.
The cruise was targeted to visit selected areas of the AMOR, north of Jan Mayen. These
areas have previously been identified by the University of Bergen as active and in-active

Cyril Juliani - 1
45th Underwater Mining Conference · 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 · Orakai Songdo Park Hotel, Incheon, Korea

vent fields. During the cruise, AUVs and ROVs were used to collect data and geologicaland biological samples.
The collected data and samples will be exposed to research activities regarding
technological, biological and geological aspects associated with mineral extraction from
the seabed.
The poster will present initial results from the research cruise and future plans for research
on the collected data and samples.
Keywords: Marine Minerals; Mineral Characterization; Exploration Technologies;
Mining Systems; Mineral Processing
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ABSTRACT
Fe-Mn crusts and nodules dredged from the Chukchi Borderland to the Alpha Ridge, an
area of continental crust located north of Alaska in the Arctic Ocean, show uniquely high
concentrations of the rare metal scandium (Sc) as well as markedly high concentrations of
arsenic (As), vanadium (V), lithium (Li), thorium (Th), and mercury (Hg) [1]. Sc, Li, and
Hg are not enriched in hydrogenetic Fe-Mn crusts elsewhere in the global ocean (Fig. 1).
The Arctic bulk crust/nodule Sc concentrations range from 38-62 ppm Sc, compared to the
continental crustal mean of 14 ppm. Sc is rarely found in high enough concentrations to
form an ore deposit and is produced only in small quantities as a byproduct of processing
of other metals. Scanning Electron Microscopy-Energy Dispersive X-ray spectroscopy
and microprobe data for the Arctic samples show that Sc is disseminated homogeneously
throughout the matrix of the Fe-Mn crusts (up to 400 ppm; mean 49 ppm) and is also
concentrated in a large variety of detrital and biogenic grains (mean 50 ppm) that were
incorporated into the Fe-Mn crusts via settling during hydrogenetic growth. Example
concentrations of Sc in detrital minerals are ferromagnesian minerals (0.11-0.14 wt.% Sc),
apatite (0.17-0.41 wt.% Sc), zircon (0.08-0.28 wt.% Sc), titanite (0.13-0.16 wt.% Sc),
dolomite and calcite (0.44-0.66 wt.% Sc), and foraminifera (0.54-0.78 wt.% Sc). Massbalance calculations, supported by correlation coefficients, indicate that these detrital
phases cannot account for the high Sc concentrations in the bulk Fe-Mn crusts. This is true
even though the detrital fraction (mean 35%) is two to three times higher than typical
open-ocean crusts and nodules. Sc is associated primarily with the Fe oxyhydroxide
minerals (goethite, feroxyhyte, ferrihydrite) and to a lesser extent with the detrital
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minerals, Li is associated primarily with the detrital minerals, Th with the Mn oxide (MnO2), and V and As with the Fe oxyhydroxide and to a lesser extent with the Mn oxide.
Multiple working hypotheses are being developed to determine the ultimate source of the
Sc, which must occur in the depositional environment in both dissolved and particulate
forms, but data needed to constrain some of these sources are not typically available for
the Arctic Ocean. The unique composition of the Arctic crusts and nodules is not likely
the result of diagenetic or hydrothermal input, at least not significantly, and all chemical
data plot in the hydrogenetic field of discrimination plots. The unique compositions are
the result of the unique characteristics of the Arctic Ocean itself, which will be discussed
in detail. Similar Sc-rich deposits have been found to the NW of the Chukchi Borderland,
on the Mendeleev Ridge [2], which attests to the widespread occurrence of these
characteristic deposits in the western Arctic Ocean.
[1] Hein, J.R., et al. (2013), AGU Annual Fall Meeting, Abstract OS12B-O6. [2]
Konstantinova, N. et al. (2015), Goldschmidt 2015, Prague, Abstracts, p. 1655. [3] Hein,
J.R., et al. (2009), Marine Georesources and Geotechnology, 14, 177-203.
Keywords: Arctic Ocean, ferromanganese deposits, scandium, rare metals

Figure 1. Comparison of Arctic Ocean and Pacific Prime Crust Zone [3] Fe-Mn crusts for
selected elements.
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INTRODUCTION
Deep-seabed mining operation consists of three-step processes: the 1st step process is
collecting by mining robot on seafloor, the 2nd step is lifting through vertical lifting riser
and the 3rd step is on-board processing. A buffering step is considered as an intermediate
process between collecting and lifting for the purpose of safe and eco-friendly mining: the
buffer station is where the collecting process ends at and the lifting process starts from.
The collecting process by mining robot crawling on seafloor is inherently time-variant due
to inconstant nodule coverage, inhomogeneous sediment properties and undulating
seafloor topography etc., which consequently make hard immaculate performance of
mining robot in nodule pick-up and driving on seafloor. It is why the development of
mining robot had been focused on the controllability on seafloor sediment [Hong et al.,
2013].
Hydraulic lifting using riser and pump needs prevention of pipe clogging, i.e. slurry flow
assurance. The buffer station, developed with functions of storage and feeding of nodules,
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controls the volumetric concentration of slurry in lifting pipe to be optimal [Hong et al.,
2014].
Validation of hydraulic lifting performance requires a large scale test, which is able to
represent the complexity of slurry transportation phenomena passing through buffer, riser
and pump. As the last step of a series of PPMT(pre-pilot mining tests), the 3rd PPMT has
been planned and carried out with respect to the lifting system, which is supported by onboard devices and facilities especially developed for the 3rd PPMT.

Nodule separation-and-measurement facility

Control VAN
On-board pipeline

Lifting pump

Buffer

Fig. 1 Concept of 3rd PPMT of Pilot Lifting System

Pilot Lifting System
A pilot lifting system was developed by KRISO, which is composed of buffer station, riser
and lifting pump [Hong et al., 2015]. The primary design requirement is to meet the safe
and eco-friendly nodule lifting process following the collecting of 10kg/s in average.
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The buffer station is capable of nodule storage for 12min collecting and of nodule feeding
for 10kg/s (max. 15kg/s). The electric power of buffer is 150kW (hydraulic 135kW), the
weight is 8.6ton (in air), the height is 7.1m, and the diameter is 3m. The heading angle of
buffer is controlled by two thrusters to keep the riser and umbilical from extreme twist. It
is remotely operated by electric-hydraulic aggregate. The underwater position is
monitored by USBL navigation system [Hong et al., 2014].
The type of lifting pump was chosen as borehole pump in order to use the identical
equipment for the launch-and-retrieval of risers. The design specifications of the lifting
pump are: flowrate of 500m3/h, head of 26.5bar (for vertical lifting of 2,500m),
installation water depth of 400m, volumetric concentration of 5%, and pipe ID of 200mm.
A 6-stage centrifugal pump driven by submersible electric motor was developed: the
designed efficiency is 58% and the electric power is 800kW (6.6kV, 3P/4p, 60Hz) driven
by invertor of 3,930kW. The aligned assembly of pump and E-motor is enveloped by
shroud for provision of nodule flow passage through the annular space between shroud
and E-motor and for protection as well.
Two umbilical cables and winches were customized for the remote operations of buffer
station and lifting pump.
The lifting riser was manufactured by SAW(Submerged Arc Welding) patented by one
Korea company. Material grade is API 5L X80, unit length 12.5m, ID 202.7mm. The
installation depth 500m was reached by flange connections of 38 riser units.
Integrated operation system (S/W and H/W) was developed for the purpose of real-time
remote operations and monitoring of lifting system together with database system [Yeu et
al., 2016].
The total lifting system is configured by sequential connection of buffer, riser, pump and
riser from bottom to top. Two umbilical cables are installed down fixed on the outer
surface of lifting riser at intervals.
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Fig. 2 Pilot Lifting System: buffer station (left), lifting pump (mid) and lifting riser (right)

On-board Equipment and Facilities
A multipurpose OSV of 5000ton class was utilized for the 3rd PPMT, which has DP2,
moon-pool (MP: 6.5m×6.5m), AHC crane of 100tons and available deck space of 950m2.
All on-board equipment and facilities were designed, constructed and integrated with
vessel [Hong et al., 2015].
MP tower was designed to support the launch and retrieval of buffer, riser and pump. A
sophisticated MP gate equipped with gimbal cradle was conceptualized and manufactured
for the purpose of launch and retrieval operation of lifting riser, pump and buffer station.
With repeated operations of MP gate, “open-and-close”, the top-flanges of risers and
pump are supported by and freed from the gimbal cradle, which is capable of supporting
the whole weight of lifting system. The opening stroke of MP gate was designed to pass
the buffer station through.
An additional pipeline on board was designed and installed in order to simulate the total
pressure drop in 2,500m vertical lifting, which was realized by multiple bents, orifices and
valves. The on-board slurry flow terminates at the nodule separator. There, the lifted
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nodules are separated and recovered, while the seawater was discharged out of board. The
nodule separator has an additional measurement tank, in which the nodule-and-seawater
slurry flow during a certain time (about 1min) is stored and weighed for the purpose of
investigation of volumetric concentration.

Fig. 3 Topside Completion on the Support Vessel

Lifting Test
In December of 2015, the 3rd PPMT was conducted for the performance validation of the
pilot lifting system. The test site is East Sea of Korea near Pohang, where water depth is
about 800m. Lifting system was freely hanged, while the support vessel was positioned by
DPS.
Prior to the installation under water, the buffer was charged with approximately 2tons (dry)
of artificial nodules. The lifting system was launched one by one from buffer station via
lifting pump to the final riser unit in sequence. Two umbilical cables were deployed by
slow operation of winches. The top riser was connected with the diverter, “Crown Block”,
which is hung by the wire rope of AHC vessel crane. Whereas CB is connected by a
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flexible hose to the on-board pipeline, whose end is connected to the nodule separation
facility.
After the launching completed, the nodule lifting test is conducted in the following steps:
1) Lifting pump is started and stepwise raised up to 60Hz using the invertor. 2) Flowrate is
set to 500m3/h by means of two valves in the on-board pipeline for pressure drop control.
3) The nodules charged in the buffer station are fed into the lifting pipeline by remote
operation of the feeder by hydraulic control of 15lpm. 4) The slurry flow through CB is
guided through the on-board pipeline to the nodule separator. 5) Pressures are tapped at 5
locations along the on-board pipeline, and the lifted slurry during a certain time period
(about 1min) is weighed. 6) The lifted nodules are separated, recovered and measured in
weight.
Nevertheless the pilot lifting system was designed manufactured and all the performances
were tested and confirmed in laboratory and factory, the nodule feeding condition was for
the sake of safety set to 5.4kg/s (15lpm), instead of 10kg/s, because of the remarkable
reduction of passage in the on-board pipeline for pressure drop simulation.
The fresh water pumping performance of the lifting pump, installed in 450m water depth,
showed the identical results obtained from the factory test without the shroud: it says that
the shroud effect on water pumping is negligible. On the other hand, the design of the
annular space between E-motor and shroud provided an excellent passage for nodules
flows.
About 13.172 tons of slurry was transported into the measurement tank during 77 seconds,
which gives an estimation of nodule transportation ratio of 2.2% in mass. Entirely 1,446kg
of nodules were measured on board, which corresponds to average transportation of
3.65kg/s. The discrepancy between feeding (5.4kg/s) and recovery (3.65kg/s) says there
was a notable loss of nodule recovery by powderization and tailing out of board together
with seawater.
The integrated performance tests of lifting pump and buffer station have been successfully
conducted based on the flawless function of the integrated operation system. The design

6 – Sup Hong
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

requirements of lifting pump for 2,500m vertical lifting have been successfully and
effectively validated by means of the pressure drop simulation on board.

Fig. 4 Recovery of Lifted Artificial Nodules on Board

CONCLUSIONS
Through PPMT’s, the viability of the operational concept of deep-seabed mining system
has been verified, and a set of technical data and operational experiences has been
acquired and is to effectively apply to basic design of commercial mining platform.
The powderization phenomenon of artificial nodules didn’t provide any quantitative
reference for polymetallic nodules. At present, it is presumed that the problem was
exaggerated than real nodules. However, the on-board treatment of lifted slurry, mixed
with fine particles of nodules and seafloor sediment as well, would require a prudent
solution in the view point of environment and economy.
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INTRODUCTION
Diverse occurrence of hydrothermal clay minerals has been documented for seafloor
hydrothermal fields in the Okinawa Trough, where the fluid discharge zone develops within
thick sediment layer (Marumo and Hattori, 1999; Miyoshi et al., 2015a). Occurrence of clay
minerals would provide important clues to understanding the physicochemical condition
above and/or below an active seafloor hydrothermal field, because the formation of clay
minerals is controlled by specific temperature and chemical conditions. Furthermore, in the
case that occurrence of sulfide minerals can be related to occurrence of specific clay mineral,
we may discuss physicochemical condition for hydrothermal mineralization process.
Recently, some scientific drilling campaigns were conducted in the Okinawa Trough (e.g.,
Takai et al., 2011; Ishibashi et al., 2015). They provide us a unique opportunity to directly
access the subseafloor of active hydrothermal fields. Most of the obtained sediment cores are
characterized by intense hydrothermal alteration, suggesting hydrothermal interactions are
ongoing within the sediment layer (Takai et al., 2012). In this report, results of mineralogical
and geochemical studies of the hydrothermal clay mineral in the Okinawa Trough are
reviewed.
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SAMPLE RECOVERY DURING SCIENTIFIC DRILLING CAMPAIGNS
Scientific drilling under the international framework IODP (Integrated Ocean Drilling
Program) was conducted as Expedition 331, in September 2010 employed Drilling Vessel
“Chikyu” (Takai et al., 2011, 2012). The active hydrothermal field named Original Site at the
Iheya North Knoll (27°47.5' N, 126°53.8' E; water depth = 1000 m) was selected as the target
field, and five sites were drilled along the east slope of the knoll. A variety of hydrothermal
sulfide/sulfate deposits were successfully recovered from Site C0016 drilled beside the NBC
mound from which hydrothermal fluid of 311°C is venting (Yeats et al., 2012). Sediment
cores obtained from two drilled sites, Site C0013 located at 100 m and Site C0014 at 450 m
east from the NBC mound, were characterized by intense hydrothermal alteration along most
of the whole length of 46 m and 130 m (Takai et al., 2011).
Two drilling campaigns employed D/V “Chikyu” followed in the Iheya North Knoll
(Kumagai et al., 2015). During CK14-04 cruise conducted in July 2014, Site 9016B was
drilled about ~1 km apart from the activity center of Aki Site in the Iheya North Knoll
(27°46.1' N, 126°54.1' E; water depth = 1070 m). White colored alteration was visually
observed around 10 mbsf (meters below the seafloor) in the obtained cores. Sediment cores
were more extensively recovered during CK16-01 cruise conducted in March 2016, which
results will be reported in other papers.
Another series of scientific drilling was conducted in June 2011, as a part of the TAIGA
project (Ishibashi et al., 2015). A seafloor deploying shallow drilling system named BMS
(Benthic Multi-coring System) was employed. While one site BMS-I-4 was drilled at the
Iheya North Knoll to corroborate the IODP drilling, two sites were drilled at the Hakurei field
(27°15' N, 127°04' E; water depth = 1660 m) and three sites were drilled at the Jade field
(27°16' N, 127°05' E; water depth = 1380 m) in the Izena Cauldron that is about 60 km apart
from the Iheya North Knoll.
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OCCURRENCE OF HYDROTHERMAL CLAY MINERALS
Occurrence of hydrothermal clay minerals in subseafloor at the Original Site was studied
systematically using sediment cores obtained by IODP Expedition 331 (Miyoshi et al.,
2016b). Similar series of distinctive clay mineral assemblages is recognized commonly
among two drilled sites C0013 and C0014 located within ~500 m distance, indicating zonal
distribution of clay minerals. The alteration zones are, from shallow to deep, Zone 1 consists
mainly of montmorillonite and sometimes of kaolinite, Zone 2 of chlorite and chloritesmectite mixed-layer mineral, and Zone 3 represented by co-occurrence of illite (sericite) and
chlorite. The zonal distribution is reasonable for hydrothermal structure developed in the
sediment layer. The thermal gradient is likely to be steeper than expected, based on the
abundant occurrence of illite only at ~40 mbsf (meters below the seafloor). The chlorite and
chlorite-smectite mixed-layer mineral showed significantly Mg-rich chemical composition.
Together with that unaltered volcaniclasitc sediment showed felsic composition rather
depleted in Mg, abundant occurrence of Mg-rich chlorite suggests involvement of seawater
during the formation.
Occurrence of kaolin minerals was minor but characteristic for the subseafloor of active
hydrothermal fields in the Okinawa Trough, because it suggests acidic alteration as well as
high temperature alteration has occurred in the hydrothermal environment (Tsutsumi et al.,
2016). Focused occurrence of kaolin minerals was recognized in sediment cores from Site
9016B located at the peripheral region of the hydrothermal field. Among the core of 140 m
total length, kaolin minerals were identified at a depth from 8.5 to 11.0 mbsf (meters below
the seafloor). Within this range, dominant kaolin minerals changed along the depth; from
halloysite of fine spherules (~1 μm), kaolinite of hexagonal booklets morphology with
halloysite of tubular shape, to dickite of rhombohedral shape (~15 μm). Below the kaolin
minerals layer, illite and anhydrite appeared as dominant altered minerals. Together with
recognition of unaltered volcanic material even at 9.1 mbsf, this change would reflect steep
gradient of physical and chemical condition below the seafloor. Furthermore, the occurrence
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of kaolin minerals in such a narrow layer suggests the formation by focused lateral migration
of acidic fluid.

DISCUSSION AND FURTHER STUDIES
Since the initial discovery in 1988, seafloor hydrothermal activity in the Okinawa Trough is
considered a modern analog to ancient Kuroko-type VMS (volcanogenic massive sulfide)
deposits. Occurrence and characteristics of hydrothermal clay minerals around the Kurokotype VMS deposits were extensively studied in the northeast Honshu where is the type
locality, using huge numbers of core samples drilled for exploration (e.g. Shirouze, 1974;
Utada, 1988). They demonstrated that a typical arrangement of the alteration zones is
summarized, from the center to the margin, an illite-chlorite zone, a mixed layered
(interstratified) clay mineral zone, and a montmorillonite zone. We can recognize that
occurrence of clay minerals in the active hydrothermal systems in the Okinawa Trough is
comparable to that of Kuroko-type VMS deposits, although the main sulfide ore body has not
been discovered beneath the Iheya North Knoll.
Such comparative study would be important because studying active seafloor hydrothermal
systems benefits from availability of fluid samples, which enable to examine ongoing
hydrothermal alteration processes in future studies. Drilling studies targeting an active
seafloor hydrothermal field would significantly promote our understanding of dynamic
processes for formation of VMS deposits.
Keywords: hydrothermal clay minerals, Kuroko-type VMSD, subseafloor hydrothermal
interactions, volcaniclastics of felsic composition
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ABSTRACT
The Endeavour Hydrothermal Vents Marine Protected Area (EHVMPA) is located
approximately 250 km offshore of Vancouver Island, British Columbia. Since its
discovery in 1982, there have been hundreds of submersible dives, samples collected,
measurements made, and debris left behind. In 2003, the Canadian government declared
the region as a Marine Protected Area (MPA) under Canada’s Oceans Act, to be managed
by the Department of Fisheries and Oceans (DFO). Marine scientific research is the only
allowable human activity in the EHVMPA, and managers are interested in developing
capacity to monitor the impact of research activities on the conservation objectives for the
EHVMPA. At the same time, research activities are the only source of information on the
distribution of hydrothermal vent organisms in the EHVMPA, and changes to habitat
conditions and organism distributions over time. In addition to frequent research
expeditions, sensors from Ocean Networks Canada (ONC) provide near real-time
information from several locations within the EHVMPA, and sensor data have been
building into an observational time series since 2011. ONC’s observatory data, combined
with observations made during research and maintenance expeditions provide insight that
supports the management and preservation of the MPA.
In 2014, DFO partnered with ONC to build a geodatabase to enhance and inform the
knowledge base for the EHVMPA Management Plan. The geodatabase, built in ArcGIS,
contains data integrated from ONC’s observatory sensors, third parties, and relevant
publications. Layers include high-resolution bathymetry, annual observatory infrastructure
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deployments, remotely operated vehicle (ROV) dive tracks, sampling activity,
anthropogenic debris, observations of species of interest, and locations of hydrothermal
vents. The combined data support efforts to better understand the environment and the
resulting stressors that impact the MPA. The tool also links observed features such as
debris and biological observations to time-correlated ROV dive video using ONC’s
SeaTube video viewing tool allowing for further analysis. Through 2017, the geodatabase
will be further updated by ONC and enriched with expedition data from organizations
such as Monterey Bay Aquarium Research Institute, Woods Hole Oceanographic Institute,
and the University of Washington. A new addition in 2017-2018 will be the incorporation
of information on stressors and risk-based indicators for significant ecosystem
components. The end result is a tool that can integrate many types of data obtained from
this and other hydrothermal areas, and encourages systematic management of a remote
and dynamic environment.
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ABSTRACT
Understanding the biogeochemical process in the Fe-Mn crust layers is important to
reconstruct the paleo-environment when the Fe-Mn crust layers form. Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Electron Energy Loss
Spectroscopy (EELS), and Polymerase Chain Reaction (PCR) were utilized to determine
the redox states of Fe/Mn and microbial diversity at each layer. Fe-Mn crust sample was
dredged from the western Pacific Magellan Seamount (OSM11) that consists of five welldefined layers from the rim (L1) to the core (L5). Some microbial-like structures and
biogenic-derived structures of sheath-like with filaments, tube-shaped (L1 – L3), capsuleshaped (L2), fossilized coccolith mounds with phosphatized globules (L4), and beanshaped (L4) were detected in entire layers of Fe-Mn crust. The cross sectional observation
of bean-shaped microbial-like structures encrusted with Fe-vernadite (L3) by Scanning
Transmission Electron Microscopy (STEM) and Focused Ion Beam (FIB) technique
revealed ~ 1-μm diameter cavity in the center and porous structures of encrusting Fevernadite in periphery. Moreover, the organic carbon in the center cavity compared with
inorganic carbon (from carbonate) in periphery was differentiated by C-K edge EELS
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spectra, suggesting that the microbe used to occupy. Indeed, the PCR analysis indicated
the presence of functional gene (cumA; 1056bp & coxC; 810bp) association with Mn &
Fe oxidizer that might promote the formation of the crust. The cloning and sequencing of
DNA PCR fragments revealed the appearance of geobacter species in L3 (G.
sulfurreducens and G. lovleyi). The DNA molecular biological analysis and SEM direct
observations suggest the evidence of biotic process in the formation of Fe-Mn crust.
Keywords: Fe-Mn crust, EELS, PCR, redox state, microbial-like structures
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ABSTRACT
Ferromanganese crusts (FMC) were recovered during the geological studies at the Shaka
Ridge onboard the RV “Akademik Fedorov” in March 2016 (Figure 1).
Shaka Ridge is located between 800 and 1200 km east of the Bouvet Triple Junction
(BTJ), where the South American Plate, the African Plate, and the Antarctic Plate meet.
The area is characterized by the alkaline magmatism associated with the Bouvet Hot Spot
and the rift magmatism of three spreading: the Mid-Atlantic Ridge, the AmericanAntarctic Ridge and the Southwest Indian Ridge. The Shaka Ridge is an extinct part of the
hot spot trail of the Bouvet Hot Spot and was probably formed 40 – 25 Ma. Just east of the
Bouvet Island, where the Southwest Indian Ridge intersects the hot spot track, the hot spot
magmatism totally overprints the spreading ridge activity.
Ferromanganese crusts were recovered at two dredge stations located on the slopes of
middle and sourthern part of the Shaka Ridge (Figure 1).
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Figure 1. Sampling location at the Bouvet Triple Junction area. Upper left, location of the research
area (inset); white squares show the two stations from this study; white dots are the sites of
preceding studies [1].

Five crusts samples were selected for the study. Four 1-2 mm-thick crusts cover the
substrate, which is represented by altered basalt, apobasaltic crystalline schist and
gabbroide. The fifth crust is thicker (approximately 20 mm). It has formed on a large
basalt fragment (1 meter wide) (Figure 2A). Crust has black color. Surface textures vary
from smooth to rough and microbotryoidal with local polished patches (Figure 2B). Crust
cross-section is massive with metallic luster.
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Figure 2. Ferromanganese crusts. A: onboard picture (wet); B: microbotryoidal surface texture.

The southern Atlantic Ocean remains a poorly explored region for deep-sea marine
minerals. Fe-Mn mineralization within the region of BTJ was obtained at 13 dredge sites
during Russian expeditions on RV “Akademik Nikolay Strakhov” and “Gelendjgik” [1]
(Fig. 1). Three types of Fe-Mn formations were recognized: iron crusts (most abundant);
manganese crusts with high contents of Co, Ni and Pb; and Fe-Mn cement of breccia and
conglomerate. According to E. Bazilevskaya [1], the crust formation within the study area
depends on three factors: volcanic activity of spreading ridges; manganese input from
adjacent continents and presence of strong Antarctic current.
Chemical composition of crust samples studied here was analyzed by using AA S (Mn, Fe,
Co, Ni, Cu, Pb, Zn), X-ray Fluorescence Spectroscopy (major elements) and I C P M S
(trace elements and REY).
Results of chemical and mineralogical composition studies and comparative analysis with
published data will be presented at the conference.
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ABSTRACT
Controlled source electromagnetic systems (CSEM) are used to map subsurface resistivity
structure. In 2014 and 2015, OFG used a towed CSEM system developed by the Scripps
Institution of Oceanography to map gas hydrate deposits to depths of several 100 metres
below the seafloor. We would like to be able to perform CSEM surveys over submarine
massive sulfide (SMS) deposits. However, towing the system at a constant depth in terrain
with steep bathymetric gradients, such as in the vicinity of hydrothermal chimneys
associated with SMS deposits, would prove difficult. Other difficulties with a towed
system include requiring a large ship to deploy and power the system, and long, time
consuming, turns for high resolution surveys with tight line spacing because the receivers
extend well behind the ship.
A novel approach to overcome these difficulties would be to mount electrodes on an AUV
with the transmitter towed in the ocean by a ship or emplaced on the seafloor. It would
require a smaller ship to launch an AUV than to launch and power a long source/receiver
array, and the AUV is capable of tight turns, saving ship time when little useful data is
collected. In addition to deployment considerations, the largest potential benefit is the
ability to simultaneously collect high-resolution multibeam, sidescan, subbottom profiler,
magnetometer, and chemical sensor data.
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The largest uncertainty regarding an AUV-borne CSEM system is whether the signal (of
the received electric field) to noise (related to the vehicle propulsion plus payload) ratio is
sufficiently high.

OFG, Scripps, and Fukada Salvage and Marine Works Co. Ltd.

(Fukada) devised an experiment was to record the ambient electric field noise on CSEM
electrodes mounted to an operating AUV graciously provided by Fukada. A series of tests
were designed and run to investigate how the ambient noise levels on the electrodes
changed with the vehicle operating while (1) turning off the payload devices one by one;
(2) varying the heading of the vehicle; and (3) varying the speed of the vehicle. Data were
analyzed together by OFG and Scripps and results are presented. As well, EM modelling
results using these preliminary test results are presented here to show the sensitivity of the
electric field response over typical massive sulfide deposits.
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ABSTRACT
In June this year OFG released a new Self-Compensating Magnetometer (SCM) system,
designed specifically for AUVs, to the subsea industry. In 2014, Ocean Floor Geophysics
developed a method to compensate raw survey magnetic data collected inside an the AUV
using data collected during a calibration maneuver prior to the survey. Correction
coefficients were calculated from the calibration maneuver data to account for the
magnetization of the AUV itself, its motion through the Earth’s magnetic field, and for
variable currents related to the AUV’s propulsion and maneuvering. The process was not
automatic and required operator supervision at all stages.
This has led to the further development to the only Self-Compensating Magnetometer
(SCM) system on the market. The system is a combination subsea magnetometer sensor
(up to 6000m rated), a processor/data logger, mechanical calibration procedure, and a
proprietary software algorithm that computes a series of correction coefficients and
applies them to calculate compensated and corrected magnetic data in real time.
Potential high-resolution mapping applications for this system that require the use of
AUVs include geologic mapping, engineering applications for pipeline and cable mapping
and tracking, mine countermeasures, mapping of unexploded ordinance (UXO), and
archaeological applications for mapping ship wrecks. Examples of maps of the
compensated magnetic data that were collected on surveys for some of these various
applications will be shown.
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Abstract
A mineral resource estimation can be realized using a classical geostatistical approach based
on variography and kriging. The results of such an estimation are the absolute tonnages of
a certain area, the distribution of the resources within the area as well as the absolute and
relative prediction errors and their spatial distribution (Akin & Siemens, 1988). For a mining
project it is also necessary to classify the resource estimate as “inferred”, “indicated” or
“measured” mineral resource (e.g., JORC 2012). In order to do this we used two different
statistical key values (according to Benndorf, 2015): the accuracy of the resource calculation
(i.e., the relative prediction error) as well as the continuity of the mineral resource and its
measured content (i.e., the range of the variogram). In this contribution we will present some
results of the classical geostatistical resource estimation and will discuss whether it is
possible to reach the “measured resource” level with the common seafloor sampling tools.
Classical geostatistical resource estimation
Introduction
We carried out a mineral resource estimation for a manganese nodule field within the
German license area using a classical geostastical approach based on variography and
kriging. Kriging is a well-known geostatistical method for interpolation of point data. Its
advantage compared to other classical interpolation methods is that it accounts for the
spatial variance of a value, which can be determined and described by a variogram. The
variogram model mathematically specifies the spatial variability of the data set in each
geographical direction. Scale, range, and nugget effect of the variogram model are required
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input parameters for kriging (Akin & Siemens, 1988). The range of the variogram defines
the maximum distance between the sample points at which samples statistically influence
each other. The scale represents the non-random component of the variability of the data set
and the nugget effect stands for the random component.
For the prediction at any unknown location, known values from the spatial neighborhood
are weighted by keeping the estimation error variance low. This error depends on the fitting
quality of the variogram function.
In this case study we used Voronai mosaics with Delaunay neighbors to calculate the
average sample distances. For the geostatistical calculations universal kriging was used. A
spherical model was applied as variogram model in each case. Block kriging was applied in
order to estimate the absolute and relative prediction error at different block sizes of
500×500, 1000×1000, 2000×2000 and 5000×5000 meters. This provides an overview of the
spatial distribution of the prediction error and shows areas with lack of training data to
interpolate correctly. A relative prediction error (RPE) was calculated. It was defined as the
true value, which is distributed with 95% probability. Absolute tonnages of manganese
nodules were calculated by adding up the block values.
Results
As an example the mineral resource estimation presented in this chapter is confined to one
sub-region of the German license area in the equatorial Pacific. In order to apply
geostatistical methods on the dataset it is necessary that the input data follow a normal
distribution which can be tested with normal probability plots.
A spherical variogram model was used for all calculations. The range value used in the
kriging model was about 2500 meters indicating the spatial variance of manganese nodule
abundance. The nugget value for the nodule abundance is about 1.5 kg/m making up 14 %
of the total variance of the data set. The average sample distances was 1330 m. The relative
prediction error ranges from about 7% to 25% with an average of 16% (Fig. 1). The average
manganese nodule abundance is 22.7 ± 0.2 kg/m2, resulting in a total of 4.8 million tons of
nodules within an area of 230 km2.
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Figure 1: Distribution of the relative prediction error for the nodule abundance based on
block kriging with 1000 m block size. The blue dots mark the locations of box core samples.
Note that the prediction error can also be calculated in areas without samples.

Classification of the resource estimation
Based on the calculated mineral resources of manganese nodules, the mineral resources for
the analyzed area can be classified by using geostatistical key values. Regarding the grade
of geological knowledge, three mineral resource classes can be defined after JORC (2012;
with increasing level of knowledge): (i) inferred mineral resources, (ii) indicated mineral
resources and (iii) measured mineral resources.
According to Benndorf (2015), the following two criteria can be used to evaluate the
geological knowledge of a mineral resource based on statistical key values:
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•

Accuracy of the calculated mineral resources with a certain defined confidence
interval (i.e., the relative prediction error).

•

Continuity of the mineral resource and its measured content (i.e., the range value of
the kriging model).

It has to be stated that there is no definition of the absolute degree of the accuracy required
after JORC (2012) to classify any mineral resource into one of the described three classes.
However, in a classification guide published by the GDMB society in 1983, a table is
provided, which links the verbal knowledge classes used in JORC to maximum acceptable
average prediction errors for each class. Based on this table, measured mineral resources
are assumed to have a relative prediction error of less than 10 %; indicated mineral resources
have a relative prediction error between 10 % and 20 %; and inferred mineral resources to
have a relative prediction error between 20 % and 30 %. Accordingly, with a relative
prediction error of 14%, the resource shown in Figure 1 is classified as “indicated mineral
resource”.
As discussed above, the range value of the kriging model can be used to evaluate the
continuity of the raw material and its grade. This can be done by comparing the average
sampling distance with the range value of the variogram. According to Benndorf (2015),
the classification can be done as follows: measured mineral resources are assumed to have
an average sampling distance of less than half of the range value; indicated mineral
resources are assumed to have an average sampling distance between half of the range value
and the range value; and inferred mineral resources are assumed to have an average
sampling distance of larger than the range value (Fig. 2).
With a range of the variogram of 2500 m and an average sampling distance of 1329 m our
resource estimation is classified as “indicated mineral resource” in line with the
classification based on the relative prediction error (see above).
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Figure 2: Resource classification based on the continuity of the deposit using the variogram
range (after Benndorf, 2015).

Sampling of manganese nodules with the purpose of measuring the nodule abundance is
always realized with so-called box corers. These box corers usually have dimensions of 0.5
m x 0.5 m x 0.5 m (length, width, height). Repeated box core sampling at the same vessel
locations resulted in a relative error of the nodule abundance between 20% and 25%
(unpublished BGR data). This is consistent with geostatistical analyses which resulted in
nugget effects (the nugget effect represents the random component, see above) between
16% and 23%. If the classification of the mineral resources is solely based on the prediction
error it is, thus, impossible to reach the “measured” level, even if the average sample
distance is further minimized.
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the geostatistical resource estimation of the nodule fields. Furthermore he has 15 years
experience in marine technology with respect to ROVs and autonomous drilling devices.
He has also worked on hydrothermal systems north off Iceland, in the central Atlantic
(Logatchev area), and the Indian Ocean (southern Central Indian Ridge). He has participated
in more than 25 research cruises to all major oceans.
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Potential of Logging-while-Drilling (LWD) for
deciphering subseafloor mineralization processes
Hidenori Kumagai1, Saneatu Saito1, Tatsuo Nozaki1, Jun-ichiro Ishibashi2,
Lena Maeda1, CK16-01 on-board member
1JAMSTEC, 2Kyushu

University,

Project team for next-generation exploration technique on ocean resources
2-15 Natsushima, Yokosuka, Kanagawa 237-0061, JAPAN
http://www.jamstec.go.jp/res/ress/kumagai/index-e.html
kumagai@jamstec.go.jp
ABSTRACT
Logging-while-Drilling (LWD) is a standard technique in industrial drilling investigation,
especially in oil and gas exploration. We, a project team attracted for a development of
brand-new technique, applied the LWD technique on an active hydrothermal field to
investigate sub seafloor structure using D/V Chikyu. Because the large hydrothermal
reservoir beneath the seafloor have a potential to foster metal-sulfide deposits, it is
important to locate and bound subseafloor fluid reservoir. Here we report investigations
during two scientific drilling expeditions, which have revealed effectiveness and
usefulness of the LWD technique even in the area of active hydrothermal areas.
Background and Operations of two scientific drilling expedition
In an IODP Exp. 331 scientific drilling conducted in 2010, an occurrence of vast subseafloor hydrothermal reservoir was suggested beneath the Iheya-North Knoll, Okinawa
Trough (Takai et al., Sci. Drill., 2012). Further, a seismic reflection analyses suggests that
such a reservoir may extend a kilometer area indicated as a reverse polarity reflector. On
the other hand, an interdisciplinary national project, “The Strategic Innovation Promotion
Program (SIP),” has chosen a R&D project on submarine mineral resources as one of
eleven urgent projects promoted within five years. In the project, to formulate
commercial-base exploration of submarine mineral resources is required. Thus, in our SIP
project, Next-Generation Technology for Ocean Resources Exploration (“Zipangu in the
Ocean”), an in-situ measurement of formation temperature using LWD apparatus was
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applied to confirm the occurrence of such vast reservoir in hydrothermal fields in Okinawa
Trough. Following a preliminary expedition in 2014 (CK14-04), three high temperature
applicable tools applied to two hydrothermal sites: Iheya North Knoll and Iheya Minor
Ridge in the expedition CK16-01, 2016. Three tools consisted in sensors to measure
annular temperature and pressure, resistivity and natural gamma ray in borehole. The tool
utilized were able to tabulate high-resolution resistivity images in borehole. To protect
these tools from extremely high temperature in hydrothermal fluid, exceeding 300°C, we
attached bypass pumping system of drilling muds not to stop the circulation drill mud even
at the connection of drill strings throughout the LWD operations. Typical flow-rate of drill
muds were several hundreds gallons per minutes.
LWD results and interpretations
At most of holes near active hydrothermal vents/mounds, clear increase of borehole
temperature were recorded even above described vigorous pumping of drilling muds.
There are two possible phenomena to interpret the recorded temperature increase; one is a
hot formation without free high temperature fluid and the other is an injection of high
temperature fluid. Such an injection may exceed in the order of 105 m3 calculated from a
heat balances with the drill mud injection as like as preceding expedition (Hamada et al.,
AGU Fall Meeting, 2015). Further, coupling with two parameters, resistivity and gamma
ray, seems to decipher the nature of strata as follows. In normal strata composed by
pelagic to hemi-pelagic sediment, there is a good correlation of the values between
gamma-ray intensity and resistivity, which forms parallel shape of both depth profiles. In
our trial at hydrothermal fields in Okinawa Trough, non-standard shapes of profiles were
obtained: 1) two types of anti-correlations between two values 1-a) weak increase of
gamma ray with strong decrease of resistivity and 1-b) moderate decrease of gamma ray
with strong increase of resistivity. Further 2) an independent excursion of natural gammaray intensity with extremely high values. Respective profiles were interpreted as very
conductive sulfide-rich layer, silicified very hard layer and altered cray-rich layers. These
interpretations have been confirmed by cores retrieved in the expeditions.
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Summary
The LWD technique and apparatus at least equipped on D/V Chikyu are very powerful
method and tool even for exploration of sub-seafloor hydrothermal deposits.

Keywords: D/V Chikyu, LWD, Hydrothermal field, Fluid reservoir, Resistivity, Natural
Gamma Ray
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Global perspectives of gas hydrates research and
development
Sung-rock Lee
Korea Institute of Geoscience and Mineral Resources (KIGAM)
Petroleum and Marine Research Division, Gas Hydrate Department
124 Gwahang-no, Youseong-gu, Daejeon, Korea, 305350
http://www.kigam.re.kr
srlee@kigam.re.kr

Introduction
Natural gas has become a major source of energy over the past decade with its abundance,
versatility, relatively low carbon content. Natural gas is recovered from conventional and
from unconventional reservoirs, but natural gas can also be found in gas hydrate
accumulations. Natural gas hydrates are naturally-occurring, ice-like substances of natural
gas and water, stable at the high pressure and low temperatures found in the deep-ocean
sediments and polar regions. Gas hydrates can form naturally in the Gas Hydrate Stability
Zone (GHSZ), the depths at which pressure and temperature are suitable for gas hydrates.
In ocean setting, where high pressure are generated by 300 to 500 metres or more of
overlying water, the top of the GHSZ occurs within the water column, and base is some
distance below the sea floor. In the Artic permafrost setting, the top of the GHSZ typically
lies about 300 to 400 metres below the land surface. In regions of thick permafrost, the
GHSZ often extends 500 metres or more below the base of the permafrost.
Recent research confirms that gas hydrates are abundant in nature with a wide variety of
forms (Fig. 1). Theses occurrences have unique and different relevance to issues of future
energy supply, global carbon cycling and climate change, and geohazards. The amount of
gas within the global gas hydrate accumulations is estimated to greatly exceed the volume
of all known conventional gas resources. But gas hydrates hosted in sand-dominated or
other coarse-grained sediments are the only type of gas hydrate resource which is likely to
be recoverable in the near term. According to the current technological trends, gas
hydrates exploration is focused on the high-concentrations in sand-rich sediments, which
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may be recoverable with small adjustments to conventional technologies. By contrast, gas
hydrate accumulations in clay-dominant sediments would require wholly different
approaches to production and are as different to sand-hosted hydrates. Therefore, highly
promising gas hydrates in sand reservoirs are gaining attention and are today assessed
through a petroleum system approach. According to the IIASA/HEI study, gas-in-place
hosted in sand-rich sediments could amount to around 1,200 tcm globally (SBC, 2015).
International interests in the gas hydrate research continue to grow and grow based on the
governmental or semi-governmental flagships in most countries. The government of Japan
conducted the first offshore production test and plans for further test in the Nankai Trough.
India continues to plan and conduct the evaluation program to prepare for offshore
production testing. China conducted field expedition programs both onshore and offshore.
South Korea has completed two marine gas hydrate expeditions in the East Sea and is
currently evaluating further opportunities for field programs. US focuses gas hydrates in
the natural system.

Figure 1. Global occurrence of gas hydrates(SBC Energy Institute, 2015)
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International efforts of gas hydrate research
US
US DOE was responsible for developing an external R&D program in collaboration with
the private sector from 2000 to 2012. It can be said that gas hydrates R&D have
traditionally driven by the US and Japan. The Methane Hydrate Research and
Development (MHR&D) Act, led by DOE in 2000, specified interagency collaboration for
the planning and execution of the large filed program in Alaska and the Gulf of Mexico
(GOM). For internationally, US DOE has been collaborating with Japan Government for
artic gas hydrates in Canada Mallik, and Government of India for NGHP field program in
Indian Ocean, and with Government of Korea for large-scale marine drilling programs in
the Ulleung Basin (East Sea).
Onshore area like Mackenzie Delta Canada, three well tests have been carried out in
Canada in 1998, 2002, and 2007/2008. At the Alaska North Slope, a first dedicated well
was drilled at Mount Elbert in 2007, and followed first CH4-CO2 exchange field trial test
in 2011 was done at the Alaska Ignik Sikumi area. For the offshore environment, Joint
Industry Project (JIP) has launched to characterize the naturally-occurring hydrates in Gulf
of Mexico, and two drilling expeditions were conducted in 2005 and 2009, respectively.
Japan
Since Japan launched the first major national research effort through Ministry of Industry,
Trade and Economy/Japan Oil, Gas and Metals National Corporation (METI/JOGMEC) in
2001, they launched 18-yeal Methane Hydrate R&D program by three 3 phases. Seismic
surveys and exploration drilling conducted at the eastern Nankai Trough. The world’s first
offshore production test using depressurization method was successfully conducted in
2013 in Nankai Trough. The total amount of gas produced from sand-rich sediments was
120,000 cubic meters for 6 days. METI/JOGMEC plans to conduct 2nd production test for
long-duration production strategy at least one month in 2017. Until 2018, they plan to
tentative development of technological platforms for commercial production. Japan would
be world’s first country to viably produce gas from gas hydrates as commercial basis in a
next decade.
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China
The China Geological Survey/Guangzhou Marine Geological Survey (CGS/GMGS) had
three expeditions with drilling, logging, conventional and pressure coring in the South
China Sea. The research targets are to examine the geologic occurrence and to assess the
resource potential of gas hydrate in the South China Sea. The GMGS has completed the
3rd drilling expedition (GMGS-3) in the South China Sea in 2015. A comprehensive set of
data and samples from logging, coring, sampling, and shipboard testing revealed extensive
gas hydrate occurrences in different geological conditions in the Shenhu area. GMGS-1
was launched in the Shenhu area in 2007 to recover the gas hydrates cores from pressure
coring, and GMGS-2 was conducted in the eastern part of Pearl River Mouth Basin in
2013 to further investigate the resource potential of gas hydrates in the South China Sea.m
The China Geological Survey/ Guangzhou Marine Geological Survey (CGS/GMGS).
Three times of field expeditions demonstrated the potential for gas hydrate resources from
the sand- and clay-rich gas hydrate reservoirs in the Shenhu area. The CGS/GMGS plans
to undertake more field and in-depth studies to further evaluate the production potential of
the Shenhu Sea and adjacent areas.
India
The national Gas Hydrate Program (NGHP) in India was initiated by the Ministry of
Petroleum and Natural Gas in 1997. Through the NGHP-1 Expedition in 2006, logging
(LWD-MWD, VSP) and coring were completed in 21 sites. The primary goal of the
NGHP-2 Expedition in 2015 was to explore for highly saturated gas hydrate occurrences
in sand reservoirs that would be targets for future production tests. The five months of
continuous field operations in 25 sites was the most comprehensive dedicated gas hydrate
investigation ever taken. ,
Korea
Korean government and Gas Hydrate Research Development Organization (GHDO)
launched 10-year Korean National Gas Hydrate Program in 2005. The Ulleung Basin
Drilling Expedition 1 (UBGH-1) in 2007 and UBGH-2 in 2010 were conducted to confirm
the existence of gas hydrates and to assess the resource potential, and identify the sand4 – Sung-rock Lee
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

hosted reservoirs for future production test in Ulleung Basin, East Sea. The first
production test scheduled in 2015 was delayed, due to the technological difficulties.

Summary and Conclusion
Gas hydrate research efforts are complex and long-term ventures with significant
challenges. Their energy-resource potential depends on many factors, including how
concentrated gas hydrate is and where recovery can occur environmental-safely, and what
availability and cost of the infrastructure to produce and distribute the natural gas, and so
on. Therefore, evaluation of future gas hydrate development will be influenced by social,
economic, environmental, and political considerations, not just scientific and technical
issues. Economic considerations will be critical issue when large-scale production from
gas hydrates is to come true, because gas hydrates occur in marine and permafrost setting.
In the absence of long-duration field production test, the economics of gas hydrates
production remain highly speculative. And international oil and gas prices will be
obviously crucial parameter to make gas hydrate economically viable. Whether production
of gas from gas hydrates might become technically possible and commercially profitable
in the future, the important is achieving better understanding of how the natural gas
derived from gas hydrates might affect and environmentally stewardship at national and
global scales (Beaudoin et al, 2014). However, Japan’s successful offshore production test
has invigorated gas hydrates stakeholders and brightened the outlook for gas hydrates
development especially in Asian countries such as Japan, China, India and Korea.
Keywords: gas hydrates, methane, marine setting, permafrost setting, MHSZ, .
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What’s in a Deepsea Mining Riser System?
Frank Lim
2H Offshore
Hollywood House, Church Street East
Surrey GU21 6HJ, United Kingdom
www.2hoffshore.com
frank.lim@2hofshore.com
ABSTRACT
Seabed mining has taken on a new life in recent years reaching to the very deep ocean, up
to around 6000m water depth in some cases.
Deriving from their deepwater oil & gas drilling and production riser design and
engineering experience over more than two decades, 2H offshore has been involved in a
number of challenging seabed mining riser design projects in different locations around
the world, aiming to extract eSMS, SMN or other valuable substances.
Not only having to withstand the extremely high external hydrostatic pressure, the riser is
the only true, depth dependent component in the mining system, free spanning the entire
water depth and subjecting to quite unknown underwater current flow conditions in these
places. Sophisticated dynamic analysis has to be performed to understand the likely riser
response, particularly to mitigate risk of failure due to resonance and fatigue.
This presentation will address the key riser design issues, misconceptions, uncertainties
and technical challenges, and point at ways to handle or overcome them.

Keywords: Riser, deepwater, dynamic analysis, resonance, fatigue
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Frank Lim is a Global Director of 2H Offshore, a company that has pioneered
technologies for riser systems that are now deployed in deepwater regions around the
world.
Frank’s offshore oil and gas career began in 1983 upon gaining a PhD in the UK, and
continued through numerous projects in the North Sea, Gulf of Mexico, West Africa and
Brazil, until recently when he turned his interests to deepwater projects in the Asia Pacific,
supporting them from the 2H Kuala Lumpur and Beijing offices he set up in the region.
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technical papers and speaker at conferences.
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Developing National Regulatory Frameworks and
Standards for Resource and Environmental
Assessments for Deep Sea Mineral Activities
Paul Lynch
Cook Islands Seabed Minerals Commissioner
Cook Islands Seabed Minerals Authority
phone: +(682) 29193 | mobile: +(682) 55331 | Avarua, Rarotonga, Cook Islands
web: http://www.seabedmineralsauthority.gov.ck
mail: paul.lynch@cookislands.gov.ck

ABSTRACT
Since the 2015 UMC in Tampa, the South Pacific nation of the Cook Islands has launched
its national Deep Sea Minerals Licencing process, based on a world class Regulatory
Framework. This Regulatory Framework has incorporated certain key features to provide
for Resource and Environmental Assessments for Deep Sea Mineral Activities in its large
Exclusive Economic Zone, which contains a vast and unique deep sea Manganese Nodule
resource, estimated at 10 billion tonnes1 and an unusual abundance of Rare Earth Elements
in its deep sea sediments.
This presentation will focus on the Regulatory aspects to provide for Resource and
Environmental Assessments for Deep Sea Mineral Activities. Standards have been
adopted for scientific exploration, collection and sharing of deep sea minerals resource
information, data and samples that will assist both investor/explorer and the resource
owner to make informed decisions on the mineral and economic viability of deep sea
mineral areas under licence.
Standards have also been adopted for the scientific exploration, collection and sharing of
environmental and biological data and samples that will assist both investor/explorer and

1

Cronan, Cook Islands Seabed Minerals Resource Assessment Report. Imperial College
London 2013
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the resource owner to make informed decisions on the potential environmental impacts of
activities undertaken in the deep sea mineral areas under licence.
This presentation will also highlight certain very interesting Deep Sea Minerals related
events that the Cook Islands has recently initiated, including•

The opening of Exploration Licencing in the Cook Islands, the related first Tender
closed in January 2016.

•

The execution of an Exploratory Contract with the International Seabed Authority
in July 2016;

•

The execution of the related Joint Venture Agreement with a Belgian Deep sea
minerals entity, Global Sea Minerals Resources (GSR), in July 2016.

•

The execution of a Rare Earth Elements Agreement with US based, Ocean
Minerals Inc. (OMI) in August 2016.

The new sea bed minerals Regulatory Framework and Licencing process is being
coordinated by the Cook Islands Seabed Minerals Authority, under the Seabed Minerals
Act 2009, together with the valuable collaboration of many international, regional and
national stakeholders, including the Cook Islands NGOs, Marine Resources, Marine Park
and National Environment Service.
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Toxic Trace Elements in Sulfides of Modern and
Ancient Black Smokers: Possible Influence on
Ecosystems
Valery V. Maslennikov (1, 2), Ross Large (3), Gennady A. Tret’yakov (1),
Svetlana P. Maslennikova (1), Leonid V. Danyushevsky (3), Nuriya R.
Ayupova (1, 2), Alexander S. Tseluyko (2), Irina Yu. Melekestseva (1), Alla
Yu. Lein (4)
(1) Institute of Mineralogy UB RAS, Miass, Russia; maslennikov@mineralogy.ru
(2) South Urals State University, Miass, Russia
(3) Tasmania University, CODES, Hobart, Australia
(4) Institute of Oceanology RAS, Moscow, Russia
ABSTRACT
In the modern oceans, the most abundant vent fauna is associated with basalt-hosted black
smokers of the fast-spreading ridges of East Pacific. Less fertile hydrothermal
communities are related to the black smokers formed on basaltic and ultramafic substrates
of the slow-spreading Mid-Atlantic ridge. Scarce vent biota occur within black (gray)
smoker ecosystems of the back-arc and intra-arc basins of West Pacific composed of
basalt and dacite units. In ancient VMS deposits, sulfidized vent fauna was found in the
well-preserved sulfide mounds mainly located in mafic and bimodal mafic sequences. The
intensity of vent fauna occurrence decreases with the increase in the amount of felsic
volcanic host rocks in the following range of VMS deposit types: Cyprus → Uralian →
Pontic → Kuroko and Altai (Iberian). In the same range of VMS deposits, an assemblages
of colloform pyrite, marcasite, isocubanite, pyrrhotite and pseudomorpic pyrite after
pyrrhotite become less common versus increasing amounts of barite, bornite and fahlores.
In this range of VMS deposits, the contents of Se, Te, Co and Sn decrease in hydrothermal
chalcopyrite and sphalerite and the amounts of As, Sb, Pb, Tl, Te, Bi, Ag and Au increase
in hydrothermal-sedimentary colloform pyrite. It is suggested that the oxidation state of
hydrothermal fluids increases in the same direction that means a consequent reduction in
the reduced gases (H2S, CH4, H2) related to bacterial chemosynthesis. These changes are
complicated by differences in maturity of hydrothermal systems within each type of VMS
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deposits. The faunal assemblages are more abundant in immature magmatic-hydrothermal
VMS systems, whereas, in mature systems, the vent communities are scarce or absent due
to the higher influence of toxic trace elements, especially, Tl, Sb and As (Fig. 1).

Figure 1. LA-ICPMS toxic trace element correlation for colloform pyrite from smoker chimneys in the range
from ultamafic- and mafic- to felsic-hosted modern (a) and ancient (b) VMS deposits.

These findings are consistent with the results of physico-chemical modeling. Our model of
hydrothermal maturation was simulated for seawater/basalt system (T = 300°C, P = 250
bar) in a Selector program. The results suggest strong difference between the immature
and mature stages of basalt alteration. In immature stage, Fe, Cu, Se, Sn and Co are
leached from basalt in contrast to significant leaching of As, Sb, Pb, and Tl in mature
stage (Figs. 2, 3). The contents of most trace elements in the hydrothermal fluid, however,
increase due to interaction with dacite versus basalt, e.g., the concentrations of all Tl
complexes are much higher in the dacite/seawater system in comparison with the
basalt/seawater system (Fig. 3).
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Figure 2. Evolution of trace elements in basalt/seawater system.

Figure 3. Evolution of Tl complexes in dacite/seawater and basalt/seawater systems.

Thus, the composition of the host rocks and toxic elements in colloform pyrite of
corresponding smoker chimneys could be useful indicators of vent fauna abundance.
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Physico-chemical modeling, mineralogical and paleoecological studies were performed at
the Institute of Mineralogy of RAS and supported by the Russian Science Foundation
(project № 14-17-00691). LA-ICP-MS analyzes were carried out in the CODES
laboratories (University of Tasmania) and Institute of Mineralogy UB RAS.

Valeriy V. Maslennikov
Valeriy V. Maslennikov is the Director of the Institute of
Mineralogy, Urals Branch, Russian Academy of Sciences, Doctor of
Sciences in Mineralogy and Geology, full professor and the head of
Faculty of Geology at the South Urals State University. He is an
expert in geology, lithology, mineralogy, geochemistry and
paleoecology of massive sulfide deposits. He developed a theory of
halmyrolysis of sulfide and metalliferous sediments located in
paleohydrothermal fields and discovered the smoker chimneys and new species of
sulfidized vent fauna in ancient massive sulfide deposits. The recent subject of his
research is LA-ICP-MS geochemistry of the smoker chimneys from the Urals, Rudny
Altai, Pontides, and Hokuroko areas, as well as Pacific and Atlantic oceans.
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Integration of modelling for enhanced marine
mineral resource project outcomes
Campbell McKenzie1, Ray Wood2, Robin Falconer3, Simon Nielsen4
1Chief

Executive Officer, Kenex Limited, 16 Oroua Street, Wellington New Zealand
(c.mckenzie@kenex.co.nz)
2Chief Operating Officer, Chatham Rock Phosphate Limited, 93 The Terrace, Wellington,
New Zealand (raywood@crpl.co.nz)
3Chief Scientist, Chatham Rock Phosphate Limited, 93 The Terrace, Wellington, New
Zealand (robinfalconerassociates@paradise.net.nz)
4Senior Geologist Kenex Limited, 16 Oroua Street, Wellington New Zealand
(simonn@kenex.co.nz)
ABSTRACT
Statistical modelling is a key component of Chatham Rock Phosphate Limited’s (CRP’s)
plan to develop an economically robust mining project. Modelling has been used to predict
the distribution and concentration of the resource and the nature and distribution of key
environmental habitats and communities.
Optimisation of a mining project throughout the course of the mining life is critical, and
requires regular updating and integration of all aspects of the project, including modelling
results. We show how the mineral prospectivity, resource estimation and environmental
modelling are being used in the current phase of the optimisation process to guide further
exploration effort and the operational aspects of mine planning to improve both project
economics and environmental management outcomes.
Modelling the mineral prospectivity of the region has integrated and analysed all the
surface and subsurface geological data, the sea floor morphology and other data to infer
geological and oceanographic factors that may have controlled the development of the
phosphate lag resource. Similarly, multivariate statistical analysis used all the
oceanographic, morphological and benthic biological data have been integrated to identify
oceanographic and morphological conditions that may have influenced the distribution of
benthic communities.
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The next step is to collect more data to test and refine the model predictions and update
the optimised mine operations.
Keywords: Chatham Rock Phosphate Limited; phosphate; predictive modelling; statistical
analysis; optimisation
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Campbell is an exploration geologist who has worked in the minerals industry for twenty
years. He has held upper management roles with mineral sector consultancies, government
and industry. He is currently the CEO of business development consultancy Kenex Ltd,
and also provides support across CRP’s business including exploration planning,
stakeholder and environmental management, and corporate affairs.
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Ray Wood is a geophysicist with more than 30 years’ experience interpreting data from
the New Zealand region. Ray has published numerous articles on the geology, tectonics
and resources of New Zealand’s marine territory. Ray has had extensive experience using
geographic information systems to interpret and model geological and other data,
including analysis of the impact of trawling on the sea floor. He is currently the COO of
Chatham Rock Phosphate Limited.
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INTRODUCTION
Recovery of valuable trace elements from massive sulfides is important technological task
for contemporary extraction of continental massive sulfide deposits and future mining of
seafloor hydrothermal sulfide fields. If concentration of trace elements is high, it can be
economically exploited as a by-product (e.g., Cd, Au, Ag, etc.). Trace elements in sulfides
could occur either as micro- or nano-inclusions or as stoichiometric and nonstoichiometric
lattice-bound substitution. The siting of a particular trace element in sulfides has not only
genetic but also exploration or metallurgical significance. Below, we examine the mode of
occurrence of trace elements in sulfides from the Semenov-2 hydrothermal field in the
Mid-Atlantic Ridge by means of LA-ICP-MS analysis.
The basalt-hosted Semenov-2 hydrothermal field (13°31.13' N, 44°58.03' W) on the MidAtlantic Ridge is host to a rather unique Cu-Zn-rich massive sulfide deposit, which is
characterized by high Au (up to 188 ppm) and Ag (up to 1878 ppm) contents (Beltenev et
al., 2007; Ivanov et al., 2008). It is situated in the northwestern part of a seamount at a
depth of 2500–2600 m (Beltenev et al., 2007). In 2007, the hydrothermal field was
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investigated in the northern part by the dredge 30L287. The Cu–Zn rich massive sulfides
recovered from seafloor in 2007 were composed of major wurtzite, chalcopyrite,
isocubanite, and opal-A, abundant sphalerite, marcasite, pyrite, covellite, and atacamite,
and rare galena, pyrrhotite, native gold, Ag telluride, barite, and aragonite (Melekestseva
et al., 2010). Covellite and traces of yarrowite replace the Cu–Fe- and Zn-sulfides.
Quantitative LA-ICP-MS analysis of major sulfides for some trace (including potentially
toxic) elements was carried on a New Wave 213-nm solid-state laser microprobe coupled
to an Agilent 4500 quadrupole ICPMS housed at the CODES LA-ICP-MS analytical
facility, University of Tasmania (Danyushevsky et al., 2011). The analyses were
performed by ablating spots ranging in size from 40 to 60 μm. The analysis time for each
sample was 100 s, comprising a 30-s measurement of background (laser off) and a 70-s
analysis with laser on.
Results and discussion
According to LA-ICP-MS analyses, isocubanite has relatively high contents (>100 ppm)
of Co, Se and Ag, moderate contents (>10 ppm) of Mn, Cd, Sn and Te, and low
concentrations (<10 ppm) of Ni, Ga, As, Mo, In, Sb, Au, Tl, Pb and Bi. Chalcopyrite has
relatively high concentrations of Co, As, Se and Ag, moderate contents of Ni, Mo, Cd, Sn,
Sb, Te and Tl, and low contents of other trace elements. Relative to isocubanite,
chalcopyrite contains less Mn and more Co, Ni, As, Se, Mo, Ag, Sb, Tl and Pb. Two
analyses of chalcopyrite exhibit extremely high contents of Zn, As and Mo.
In Cu–Fe sulfides, arsenic can be hosted in chalcopyrite either as inclusions of As-bearing
minerals or as lattice-bound substitution. Huston et al. (1995) proposed that up to 2000
ppm of As substituted for Fe3+ in the crystal lattice of chalcopyrite in ancient VHMS
deposits from eastern Australia. The negative Sb vs. As trend in Semenov-2 MSs (r2 = –
0.98) suggests a substitution relationship of Sb and As as in (As, Sb)-bearing sulfosalts.
Although no visible sulfosalts were found in our samples, micro-inclusions of tennantite
(~10 μm) in sphalerite were found in sphalerite–chalcopyrite samples collected in 2009
from the central part of the Semenov-2 field (Firstova et al., 2014). Thus, the presence of
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micro-inclusions of As-rich sulfosalts might account for the high As content (avg 408
ppm) in Semenov-2 chalcopyrite.
Two analyses of chalcopyrite with high contents of Zn, As and Mo most likely reflect the
presence of multiphase inclusions of sphalerite (Zn), sulfosalts (As), and, possibly,
molybdenite (Mo). The possible association of molybdenite with sphalerite in seafloor
MSs is indirectly supported by its finding in sphalerite from the Rainbow field (Lein et al.,
2003). The low Mo contents in the analyzed sphalerite are further evidence that Mo is
contained in another mineral. The positive As–Mo trend (r2 = 0.96) suggests similar
precipitation conditions for these minerals.
Silver may substitute for Cu in the chalcopyrite crystal lattice (Huston et al., 1995), but the
positive Ag–Sb correlation (r2 = 0.67) in the studied chalcopyrites suggests that Ag resides
in Sb-rich sulfosalt inclusions. Cobalt in chalcopyrite is positively correlated with Ni (r2 =
0.89) and, surprisingly, with W and U (r2 = 0.85 and 0.76, respectively). These
relationships do not support an isomorphic substitution of Co for Fe and rather suggest the
presence of micro-inclusions of colloform iron disulfides, which may concentrate Co, Ni,
W and U (Maslennikov et al., 2009).
Zn-sulfides have the highest contents of Cd (>1000 ppm), relatively high contents of Mn,
Co and Se, moderate contents of Ga, Sn and Te, and low contents of other traces. Neither
Au nor Tl were detected. Zn-sulfides are depleted in Ag and enriched in Mn and Ga
relative to both isocubanite and chalcopyrite, and are depleted in Co, Ni, As, Se, Mo, Sb,
Te, Tl and Pb relative to chalcopyrite.
The average (2171 ppm) and maximum (4793 ppm) contents of Cd are among the highest
in seafloor Zn-sulfides. Cadmium, Mn, Co, In, and Sn are positively correlated between
each other (r2 = 0.97 for Cd–Mn, 0.75 for Mn–Co, 0.96 for Sn–In, 0.79 for In–Cd) and
most likely occur as lattice-bound substitutions for Zn. The analyses with the highest
contents of Cu, Pb, As, Ag, Au, and Sb also show the lowest contents of Co, Se, Cd, Sn,
and Te (more typical trace elements in Zn-sulfides), therefore they most likely reflect the
presence of subsurface inclusions of galena (which was observed as inclusions in
sphalerite), sulfosalts, and native gold. The positive correlations between Pb and Ag (r2 =
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0.96) and between Pb and Tl (r2 = 0.84) and Pb and Au (r2 = 0.96) indicate that these
elements are incorporated in galena (or in galena-associated minerals) rather than in
sphalerite. The positive correlation between Mo and U (r2 = 0.94) is indicative of seawater
influence during sphalerite formation.
Covellite, which replaces different sulfides, shows distinct trace element compositions
depending on the nature of the replaced mineral. Covellite replacing Zn-sulfides
(hereafter, covellite-A) is enriched in most trace elements relative to Zn-sulfides,
excepting Ga, Ni and In, which show no significant variations, and Mn, Co and Cd, which
are lower in covellite-A. Covellite replacing Cu–Fe-sulfides (hereafter, covellite-B) is
enriched in Au, Ag, Cd, Sb, Pb, and, to a lesser extent, Bi relative to Cu–Fe-sulfides,
whereas the contents of most other trace elements either are lower or show negligible
variations. Covellite-A is enriched in all trace elements relative to covellite-B. According
to our LA-ICP-MS analyses, both covellite types are major carriers of invisible gold (23–
227 ppm Au). Covellite-A contains more Au (138–227 ppm) than covellite-B (23–112
ppm). Both covellite-A and covellite-B contain more Ag (>1000 ppm) than all other
sulfides. We suggest that Au and Ag in both covellite-A and covellite-B are lattice-bound,
because of their uniform contents in the analyses and absence of Au vs. Ag correlation
between individual point analyses (r2 = 0.15).
The contents of copper, Zn, Sn, In, Mn, and Cd in Cu sulfides are inherited from former
Zn-sulfides that is evident from strong correlations between Cu and Zn (r2 = 0.99), Sn and
In (r2 = 0.96) and Mn and Cd (r2 = 0.67). The enrichment of covellite-A in most of the
other trace elements is best explained by assimilation of inclusions of various minerals
formerly hosted in sphalerite, such as native gold (source of Au and Ag), galena (Pb, Tl,
Bi?), chalcopyrite (Se, As), Bi telluride (Bi, Te), sulfosalts (As, Sb), and, possibly, Sebearing galena (Pb, Se) and naumannite (Ag, Se). The last two minerals were reported by
Firstova et al. (2014) in samples from the central part of the hydrothermal field. Lead does
not show strong correlations with most other elements, but its correlation with Sb (r2 =
0.67) suggests that these elements were inherited from the same mineral or from minerals
that are systematically associated in the primary paragenesis, e.g., galena and sulfosalts.
The occurrence of most of these accessory minerals in sphalerite rather than in
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chalcopyrite is responsible for the dramatic enrichment of covellite-A in trace elements
relative to covellite-B. Covellite-B is significantly enriched only in Au, Ag, Cd, Pb, at to
lesser extent, Bi relative to Cu–Fe-sulfides. The enrichment in these metals may be due to
assimilation of former inclusions of sphalerite (Cd), galena (Pb), and Au–Ag minerals
(Au, Ag), which were found in chalcopyrite (Melekestseva et al., 2010a; Firstova et al.,
2014).
The positive correlation between Co and Ni in covellite-A (r2 = 0.72), suggests that these
elements represent, or were inherited from, microinclusions of (Co, Ni)-bearing iron
disulfides. The positive Bi–Te correlation in covellite-A indicates ultramicroscopic
inclusions of a Bi–Te mineral (r2 = 0.77). This suggestion is indirectly supported by the
occurrence of inclusions of tetradymite in chalcopyrite-covellite-sphalerite aggregate from
samples collected in 2009 from the central part of the Semenov-2 field (Firstova et al.,
2014). Covellite-B is characterized by negative Bi–Te trend, which is atypical of
microinclusions of Bi tellurides and most likely indicates isomorphic substitution of Bi for
Cu.
Conclusions
The trace element study of the Semenov-2 massive sulfides shows that Au, Ag, and Cd are
major economic trace elements. With respect to the metallurgy of massive sulfides, the
results of this study indicate that, considering the mode of occurrence of Au (~70% of
visible gold associated with opal vs. ~30% of invisible (sulfide-hosted) gold) and existing
technologies for Au recovery from massive sulfide ores (Labroo et al., 1994; Ferron, 2005;
Abdollahi et al., 2015), it can be expected that most of the visible gold (which is
associated with non-sulfide minerals) would be lost during flotation processing. Because
the size of the gold grains is less than 10 μm, gravitation extraction would also be
ineffective. For extraction of such a fine gold, the massive sulfides would have to be
reduced to fine particles for further hydrometallurgical extraction or cyanidation (or
annealing and further cyanidation). The invisible gold included in sulfides (mostly
covellite) and the small proportion of sulfide-hosted visible gold could go into the sulfide
(Cu or Cu–Zn) concentrate.
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As for the potential environmental impact, it may be predicted that possible Cu
concentrates of the Semenov-2 field will be enriched in most of the potentially toxic (As,
Se, Mo, Sn, Sb, Te, Tl, Pb, Bi, Co, Ni, Cd) elements, some of which are particularly
abundant in the Cu–Fe-sulfides and, especially, in covellite. Zinc concentrates will contain
the highest amounts of Cd, Mn, and Ga.
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INTRODUCTION
Kongsberg Maritime is recognized as the industry leader for commercial deep-water
autonomous underwater vehicle (AUV) development. The main product for deep-water
commercial survey is the HUGIN AUV. Recent developments include payload sensor
integrations, such as a magnetometer, and increases in vehicle performance specifically
designed to enable HUGIN to be operated in marine minerals and subsea mining
application. This paper discusses the HUGIN AUV; its core components; capabilities and
recent developments applicable to underwater mining.
The HUGIN AUV
History
The HUGIN AUV was developed by Kongsberg
Maritime in conjunction with the Norwegian
Defense Research Laboratory (FFI) in response to
requirements from Statoil and the Royal Norwegian
Navy (RNoN). The design project began in the early
1990s with the first dive taking place in 1993 as
shown in Figure 1. Intended to be used as a longendurance low drag sensor platform, HUGIN was
subsequently modified to utilize payload sensors
common

to

both

commercial

and

military

applications.
Figure 1: The First HUGIN
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System Evolution
The first HUGIN AUVs were powered by semi-fuel cell chemical batteries and reached
depths of 3000 meters. The main sensors included sidescan sonar, multibeam echosounder
and sub-bottom profiler. The first commercial dive took place in 1997 and subsequent
operations saw HUGIN working in the North Sea, Gulf of Mexico, Africa and Asia.
HUGIN has changed dramatically in appearance, technology and performance since the
first dive. The original shape was a low-drag Rankine-style hull that was tapered and
streamlined. This was excellent for energy consumption, but not suited to integrating a
variety of sensors. The second and third generations became increasingly more cylindrical,
with functional modularity becoming standard from 2007.
Different energy sources have been tested with the first vehicles powered by a HydrogenAluminum semi-fuel cell battery. Later versions were powered by Lithium-Polymer
rechargeable batteries. The most recent vehicles are equipped with a third generation
lithium battery that can be charged in-situ or easily swapped for fresh batteries between
dives.
Depth ratings varied for HUGIN and were associated with the naming conventions: 3000
and 4500 corresponded to the maximum operating depth. These vehicles had an external
diameter of 1 meter.
In 2007 with the introduction of the modular HUGIN the naming system changed to
HUGIN 1000. This coincided with a reduction vehicle diameter to 75 centimeters.
Originally rated to just 1000 meters, the HUGIN 1000 was also available with 3000 and
4500 meter depth ratings. To avoid confusion, the numbering system was dropped in favor
of the current name: The HUGIN AUV System.
The Latest Generation HUGIN AUV
The latest HUGIN is an evolution of the previous versions. It retains a similar, but more
modular shape with the ability to add or remove payload modules as required. It also
retains the basic configuration (Figure 2).
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Figure 2: HUGIN AUV Configuration

HUGIN normally has between 3 and 7 sections: nose, EM2040, main body, sub-bottom
profiler and tail. Other sections include an environmental or geochemical payload sensor
suite for physical oceanography.
Navigation and Positioning
One of Kongsberg Maritime’s core capabilities is underwater navigation. The HUGIN
shares the same system architecture as the MUNIN AUV and HAIN systems. It comprises
a series of sensors on-board the AUV, an in-situ navigation processor called Nav-P and
the ability to provide external updates.
The sensors on HUGIN include the Honeywell HG9900 Inertial Measurement Unit and
the Teledyne RDI Workhorse Navigator Doppler Velocity Log. The raw data from these is
fed into a Kalman Filter and position state estimator in NavP. The output is combined with
external updates and fed into the guidance part of the vehicle control processor.
External inputs can be made by HiPAP Super Short Baseline positioning system,
underwater transponders placed on the seafloor similar to a sparse-LBL array, or
previously acquired seafloor maps held in the on-board terrain navigation module.
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The position accuracy required by commercial survey operations often requires external
updates being provided by a HiPAP mounted on a support ship. In real-time the position
accuracy can be as good as 1 meter per 1000 meters of depth. This can be improved to
sub-1 meter accuracy in post processing using NavLab.
Core Payload Sensors
The most recent versions of HUGIN
carry a myriad of sensors making them
truly multi-role vehicles. The core
sensor

package

is

centered

on

synthetic aperture sonar (Figure 3),
multibeam echosounder and a subbottom profiler. HUGIN will also
normally

carry

a

camera,

laser

profiler, turbidity sensor and optional
water quality sensors.

Figure 3: HISAS Data Sample

One of the capabilities of the HUGIN AUV is the ability to carry a variety of payload
sensors. All of the sensors on-board can be operated concurrently producing an unrivalled
data set.
Water Quality and Turbidity
The HUGIN AUV is normally equipped with a turbidity sensor to aid photography
missions. The WetLabs FLNTU ECO Puck is the standard choice. It can also be used for
water quality assessment in mining applications along with other low-power
oceanographic sensors.
Autonomy
HUGIN, like all Kongsberg Maritime AUVs can operate fully autonomously. A mission
plan is created and loaded onto the vehicle; it is launched and conducts the plan with no
operator interaction.
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As most commercial surveys require external position updates to maximize data accuracy
HUGIN also takes advantage of the bidirectional communications link available with the
HiPAP system.
As well as position updates being transmitted to the AUV, the operator receives vehicle
status messages indicating important items like battery endurance, mission status and if
any alarms are present. In return, the operator can send commands back to the AUV to
change parameters like depth or speed, and jump to a different mission leg.
In order to ensure data quality meets the requirements, a small percentage of sidescan
imagery and bathymetry are compressed and sent to the operator via the HiPAP. This will
show that data is being collected and if the sensor settings are correct. Operators may also
be able to see topography and items on the seafloor.
A Turn-Key Solution
The HUGIN AUV System is
exactly that: a system. The
vehicle is one part of a
complete

system

that

comprises

the

operating

consoles,

battery

chargers,

launch and recovery ramp,
containers, processing software
and so on. Designed to be
deployed
shipping

in

one

or

containers,

two
the

HUGIN AUV System contains

Figure 4: HUGIN AUV System On-Board

everything required to start work as soon as it is mobilized onto a ship (Figure 4).
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Operating at 6000 m Depths
Component Depth Ratings
In order to take HUGIN from 4500 meter depths to 6000 meters a complete analysis of the
system components was undertaken. Many sub-systems were already rated for 6000
meters or deeper, but others required redesign and testing. As a result, items such as
batteries are now rated to 6000 meters as standard on all HUGIN AUVs.
Buoyancy and Volume
The HUGIN AUV body is predominantly syntactic foam. As with all increases in depth
rating a suitable foam was sourced. Due to different foam densities for the 6000 m rating,
more volume was required. Rather than extend the length of the HUGIN the design was
modified to increase the diameter to 87.5 centimeters. The 3000 and 4500 meter depth
ratings retain the 75 centimeter diameter.
On-Board Magnetometer
Challenges
There have been several attempts at integrating magnetometers with AUVs conducted by
operators, manufacturers and research groups. Until very recently, most solutions have
either relied on towing the sensor, or some other way of having it removed from the
vehicle, or a magnetometer with low sensitivity. The main reason for this is the
interference caused by the variable signals, such as motor currents, in the AUV.
Obviously there are hazards associated with operating close to the seafloor and towing a
sensor behind the AUV. Also, if a reduced performance magnetometer is installed, there is
no accurate way of confirming the data is genuine or simply a product of the vehicle
systems.
Sensor Selection
Kongsberg Maritime selected the Ocean Floor Geophysics (OFG) magnetometer as it
enabled us to integrate it inside the AUV body and retain good sensitivity by
implementing compensation algorithms in real-time.
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Compensation
The sensor is located inside the AUV towards the nose to maximize the physical distance
between the sensor and any potential vehicle interference. The payload processor runs
self-compensating algorithms in real-time to remove any interference from the data. The
algorithms require a dataset of vehicle characteristics to know what is an external signal
and what is a vehicle signal. At the start of each mission, a square figure of eight
maneuver is conducted including pitch, roll, yaw and speed changes. These data are
recorded by the compensator and used to remove any subsequent interference.
Performance
The OFG self-compensating magnetometer has sensitivity to 5 nano-Teslas. This means
the AUV can detect a 1000 ton ship hull at up to 240 meters. Smaller objects such as 0.5
kilograms of iron could be detected at ranges of 3 meters. An example of raw and
compensated data s shown in Figure 4.
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Conclusion
The HUGIN AUV System is mature with many commercial successes. It has completed
more than 800,000 line kilometers of commercial survey around with world with operators
including Fugro, Oceaneering and DOF Subsea. HUGIN has also seen military service
with navies across Europe. Now the latest generation of the HUGIN System has evolved
to go deeper, farther and carry more payload to enable it to meet the challenges of subsea
mining applications.
Keywords: Autonomous Underwater Vehicle, AUV, magnetometer, deep water,
commercial, survey, assessment, environmental, turbidity, water quality
Presentation Type: This paper is designed for a 20 minute oral presentation accompanied
by PowerPoint slides.
Release Permission: I hereby give permission for this paper to be archived with
OneMine.org in PDF format at the conclusion of the UMC.
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subsea industry Richard was an officer in the UK’s Royal Air Force.
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Understanding element accumulation in FeMn
crusts through the lens of chlorine
Kira Mizell and James R. Hein
U.S. Geological Survey
Pacific Coastal and Marine Science Center
2885 Mission Street, Santa Cruz, CA 95060
http://marine.usgs.gov/
kmizell@usgs.gov
ABSTRACT
The high concentrations of many elements in ferromanganese (FeMn) crusts compared to
their concentrations in seawater, especially those of economic interest, have long been of
interest to marine geochemists; however, the exact mechanism for the acquisition and
accumulation of elements remains an enigma. The rare elements have been the focus of
many genetic studies for FeMn crusts, because their values on the global metals market
are of interest for mining. Many of these rare elements have nutrient-like (depletion in
surface waters, enrichment with water depth) or scavenged (enriched in surface waters,
depletion with depth) distributions in the water column and can therefore vary with water
depth and geographic location. These spatial variations are reflected in the crust layers as
they grow over millions of years and can make the mechanism of acquisition from
seawater difficult to determine. Therefore, this study addresses the distribution and
incorporation of chlorine into FeMn crusts, which is one of the most abundant elements in
seawater, has a conservative (no change with water depth) distribution in the water
column, and is a common ligand for other cations and cationic compounds. By
understanding the incorporation of this type of element into FeMn crusts, we hope to shed
light on the mechanism that allows valuable elements to accumulate in such high
concentrations.
A dataset of 40 FeMn crusts from throughout the global ocean (mostly bulk and several
upper layer), including the Arctic and the Southern Oceans, has been analyzed initially for
chlorine content using ion-selective electrode. Although chlorine is conservative in
seawater, the content in crusts shows striking variability (354 - 12,371 ppm; average 3256
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ppm) and has no obvious geographic relationship to ocean basin and no correlation with
water depth, latitude, or longitude (Figure 1). Correlations of Cl with Fe, Mn, Si, and Al
were also investigated to determine with which minerals it associates. Correlation
coefficients reveal no significant relationship of chlorine to any of the elements that
characterize the main mineral phases or crusts. This contradicts the simplest hypothesis
that chlorine should associate with the iron oxyhydroxide phase based on the fact that Cl is
most commonly in the chloride anionic form (Cl-) in seawater, and the iron oxyhydroxide
has a positively charged surface. The passive incorporation of Cl as a ligand bound to
metals as a neutral compound was also considered; however, Cl does not correlate with
Hg, Cu, Au, Ag, or Cd, whose speciation is dominated by neutral chloride complexes in
seawater. Therefore, the bulk concentration results show that the incorporation of chlorine
into FeMn crusts does not follow a first-order electro-chemical model for crust growth,
and investigation into the chemical speciation of chlorine and its spatial distribution in the
crusts will be the important next step in understanding its role in crust formation. This
study will therefore use Raman spectroscopy, microprobe, and SEM data to address these
critical questions, and the knowledge gained about Cl can then be applied to interpret the
mechanism by which the rare elements accumulate in FeMn crusts.
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Figure 1. Map of 40 FeMn crust locations, origin (color), and chlorine concentration
(size). H = hydrogenetic, T = hydrothermal, and chlorine concentrations are in ppm.
Keywords: ferromanganese crust, chlorine, element acquisition, element accumulation,
incorporation mechanism
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The US National Ocean Exploration Program
Amanda N. Netburn, PhD
National Oceanic and Atmospheric Administration
Office of Ocean Exploration and Research
1315 East-West Hwy, Silver Spring, MD 20910
http://oceanexplorer.noaa.gov
amanda.netburn@noaa.gov
ABSTRACT
The US national ocean exploration program was established in 2000 in response to a
presidential request to develop a national strategy for ocean exploration. The National
Oceanic and Atmospheric Administration (NOAA) was tasked with leading this program,
and in 2001 the Office of Ocean Exploration and Research (OER) was created as the only
federal program focused specifically on exploring and establishing baselines for the most
poorly understood ocean areas and phenomena. Primarily focused on the US EEZ, OER
accomplishes this mission through funding academic and interagency exploration projects
and by conducting systematic collaborative expeditions using telepresence technology on
NOAA Ship Okeanos Explorer.
Priority regions and features for ocean exploration efforts are determined and expeditions
conducted through a community-driven approach. Seafloor mapping and visual ROV
surveys of previously unexplored regions of the ocean provide baseline characterizations
that have proven invaluable for assessing and managing marine natural resources.
Highlighted below are several key OER activities relevant to mining activities in the deep
sea:
(1) Interagency Partnerships to Assess
Deep-Sea Resources- Partnerships
with the Bureau of Ocean Energy
Management (BOEM) and United
States Geological Survey (USGS) in
the Gulf of Mexico and the Atlantic
Fig.1 Sites of Atlantic Canyons mapping and
visual surveys.
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Canyons have provided BOEM with critical information to manage deep water oil
and gas activities, as well as provided information to NOAA partners required to
survey deep fisheries and deep sea coral habitat, thereby meeting ecosystem-based
management responsibilities.
(2) Extended Continental Shelf Mapping- In collaboration with USGS and the
Department of State, OER leads the inter-agency task force to map the potential
extension of the U.S. continental shelf using the criteria outlined in the UN
Convention on the Law of the Sea (UNCLOS), Article 76. The objective of the
Extended Continental Shelf (ECS) effort is to establish the extent of the U.S.
continental shelf over which the nation may exercise sovereign rights, consistent
with international law, and signifies the largest and potentially most significant
interagency marine survey ever undertaken by the nation. Responsibility is shared
for acquiring the bathymetric, seismic, and geological data, as well as for
synthesizing and analyzing the data.

Fig.2 Schematic of sovereign waters.

(3) Campaign to Address Pacific monument Science, Technology, and Ocean
NEeds (CAPSTONE)- This 2015-2017 campaign to explore the recently
established Marine National Monuments in the US Pacific Island territories is a
collaborative effort involving scientists and marine resource managers from
multiple federal and state institutions throughout the Pacific to plan and participate
in a series of expeditions aboard NOAA Ship Okeanos Explorer. Goals of the
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campaign are to explore the variety of habitats in this geologically dynamic region,
including the mineral-rich Pacific Fe-Mn Crust Zone. In collaboration with the
International Seabed Authority, an exploratory ROV dive was conducted on Alba
Seamount in the Magellan Seamount
chain, the site of an	
  ISA Exploration
block granted to the Government of the
Russian Federation. The objective of
this dive was to survey an ISA lease
site for the presence of deep water coral
and sponge communities that could be
impacted by mining operations in the

Fig.3 CAPSTONE survey area.

future.
With multi-stakeholder engagement and collaboration amongst an international network of
scientists, OER is well-suited to facilitate baseline characterizations that may inform
environmental assessment and management of mining activities in the deep sea.

Keywords: Exploration, United States, Interdisciplinary, Multi-Agency
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Conservation and Biodiversity from Scripps Institution of Oceanography. For her
dissertation research, she studied effects of deep hypoxic waters on mesopelagic fish
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in the intervening years between her undergraduate degree and graduate school, she
researched sustainable seafood at a NGO, taught SCUBA, captained small boats, and
cultivated finfish for a sustainable aquaculture start-up. Amanda is a member of the Deep
Ocean Stewardship Initiative, an interdisciplinary and multi-stakeholder group that advises
on best-practices for human activities in the deep sea.
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Comparison of Fine-scale Growth Pattern and
Mineralogical-chemical Composition of
Hydrogenetic Ferromanganese Crusts between the
Two Model Seamounts off the Japanese Islands, NW
Pacific Ocean.
Keisuke Nishi, Akira Usui, Hisaaki Sato
Department of Geoscience
Kochi University
Japan
ABSTRACT
Hydrogenetic ferromanganese crusts are known to occur widely on the sea floor where
sedimentation rates have been slow, the substrate has been geologically stable for millions
of years, and in areas with a constant supply with of oxygen-rich seawater (Usui et al.,
2007). These crusts are considered important mineral resources as they may contain
potential metal reserves such as Co, Ni, Pt, REE (rare earth elements) among others.
Investigations here may also provide new evidence for paleooceanographic records since
these crusts have incredibly slow growth rates of several mm/Myr all over the world
oceans.
We, in collaboration with JAMSTEC, Univ. Tokyo, Ibaraki Univ., and Univ. Tsukuba,
observed the occurrence of the ferromanganese crusts and sampled in-situ samples using
the ROV Hyper-Dolphin (JAMSTEC) in the two representative seamounts located at the
marginal and offshore areas (the Ryusei Seamount and the Takuyo-daigo Seamount,
respectively) within the EEZ of Japan, NW Pacific Ocean. We analyzed the mineralogicalgeochemical composition, growth structures, and their patterns of regional variability of
the crusts. The main objectives of this study are (1) to characterize the small-scale
occurrence and distribution, (2) to understand the growth processes, and secular and
reginal variations in composition, and (3) to compare the nature of the deposits between
the two areas which are approximately 600km apart from each other.
Keywords: hydrogenetic, ferromanganese crust, seamount, EEZ, NW Pacific Ocean.
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The first author is a Ph.D student at the Marine Geoscience course at Kochi University,
Japan. His research has focused on the chemistry, mineralogy, and microstructures of
marine mineral resources including ferromanganese crusts as part of the Ph.D thesis under
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The Development of Technology for the Mining of
Polymetallic Nodules from the Deep Sea
Rodney Norman
Royal IHC
IHC Mining B.V.
Smitweg 6, 2961AW Kinderdijk, The Netherlands
P.O. Box 9, 2960AA Kinderdijk, The Netherlands
www.royalihc.com
r.norman@royalihc.com
ABSTRACT
On 1 February 2016 a European consortium launched a new Horizon 2020 project, Blue
Nodules. Royal IHC, based in The Netherlands, is leading the consortium consisting of 14
partners from 9 different countries in Europe. Blue Nodules will address the challenge of
creating a viable and sustainable value chain to retrieve polymetallic nodules from the
ocean floor. It will develop and test the seafloor harvesting vehicle and collector, in-situ
seabed processing and nodule dewatering, with the primary aim of minimizing the impact
on the marine environment.
Keywords: Blue Nodules, European Consortium, Polymetallic Nodules,Deep Sea.
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Rodney Norman is a mechanical engineer with over 30
years’ experience in marine mining. He graduated from the
University of Natal in Durban South Africa, in 1980 and
began his mining career with De Beers in Namibia. In the
mid 1980’s he was transferred to the De Beers offshore
diamond operation, and pioneered the development of the first remote controlled crawler,
and reverse circulation drill mining systems still in operation today. In the mid-nineties he
cofounded a company called Marine and Mineral Projects specializing in the design and
supply of remotely operated underwater and marine mining systems. Today Marine and
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Mineral Projects is wholly owned by Royal IHC, and Rodney now heads the Marine
Mining division in The Netherlands. He is located at the shipyard of Royal IHC in
Kinderdijk and is responsible for the design and development of marine mining systems
ranging from the continental shelf to the deep sea.
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Sea Trial Report of the Seafloor Drill UNICORN-1
Koji Ochi
Fukada Salvage and Marine Works Co., Ltd.
Tatsumi Bldg. 3-8-7 Iidabashi, Chiyoda-ku, Tokyo 102-0072 Japan
Eric Jackson
Cellula Robotics Ltd.
B109-9000 Bill Fox Way, Burnaby BC V5J 5J3 Canada
Hal Hirtz and Derek White
Subsea Geo Services Inc.
32744 Richard St., Mission BC V2V 7E7 Canada
1. ABSTRACT
“UNICORN-1” is a seafloor drill system designed to operate in waters down to 3,000m depth
for geotechnical surveys and mineral explorations. It is a semi-automated wireline drill using
commercial “HQ” tooling. The system includes a heave-compensated Launch and Recovery
System.
UNICORN-1 drilled more than 60 m at water depths between 750 m and 900 m during the
sea trial, 10th – 18th March 2016. A continuous drilling of 24 m was completed on 14th March
on a volcanic rugged and sloping seafloor with core recovery of 70 % in fractured rock with
loose in-fill. Wireline operations demonstrated cycle times of less than 20 minute for 1.5m
samples, independent of sample depth. Downhole tool was also tested to verify its functionality.
This paper will provide an overview of the last sea trial conducted at the northwestern Pacific
Ocean with the Unicorn-1 mobilized on the Fukada multi-purpose working vessel, Shin Chou
Maru.
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2. INTRODUCTION
UNICORN-1 is a trade name of the seafloor drilling system including the first CRD100
seafloor drill that Fukada Salvage and Marine Works Co., Ltd. (Fukada) has purchased from
Cellula Robotics Ltd (Cellula) who has developed and assembled the whole drilling system.
The design concept of CRD100 is similar to that of ROVdrill 3 which was also developed and
assembled by Cellula in 2009 [1], [2]. ROVdrill 3 was successfully operated in 2010-2011 at
the Solwara 1 Seafloor Massive Sulfide (SMS) deposit in Papua New Guinea (PNG) [3].
UNICORN-1 has incorporated lots of lesson learned items from the ROVdrill 3 and its
operation in the Solwara 1, PNG. Therefore, UNICORN-1 is an enhanced seafloor drill of the
ROVdrill 3 and the capabilities of UNICORN-1 are considered to be much higher than those of
the ROVdrill 3. However, a sea trial is indispensable to certify the capabilities of UNICORN-1
and to demonstrate its performances to the clients. It is against this background that Fukada has
decided to conduct a sea trial to verify the capabilities of UNICORN-1.
3. UNICORN-1 SYSTEM OVERVIEW
The UNICORN-1 system consists of the equipment shown below.
CRD100 Seafloor Drill
AHC Winch

Drill

Tool

Assembly

Tables

Frame

Drill Deck HPU

Control Van

Winch and A-Frame HPU

Maintenance Van

Generators

Spares Van

Downhole Tool

Drill Tooling Van
The outline view of CRD100 is shown in Figure 1. The CRD100 performance is summarized
in Table 1. The downhole tool which can be combined into the CRD100 is shown in Figure 2.
And the UNICORN-1 system deck layout is shown in Figure 3.
Downhole tool is installed in the tool carousel and can be handled similar to the drilling tools
by wireline. It collects data such as conductivity, magnetic susceptibility, free-gamma, etc. and
fills in gaps in locations where core recovery is less than optimal. The downhole tool starts
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measuring automatically when it pass through the magnet which locates at the edge of the
carousel. It’s a memory type probe which can continue measuring for 17 hours with full battery
condition and one second sampling time.

.
Figure 1. Major Components of the CRD100
Table 1. CRD100 Performance Specification

Parameter

Specification

Drilling

Wireline and conventional

Drilling tool

H-size tooling as standard, H-size wire line triple tube core barrels

Core sample

Up to 1500 mm per core

Drilling depth

65 m for H-size 1.5 m

Tool Carousel

Standard: 61 H-size tools

Push/pull force

100 kN mechanical push/pull capability

Drill Performance

0-600 RPM with 80HP hydraulic power

Automation

Tool manipulation, Arm motion

Leveling legs

Hydraulic legs capable of leveling on slopes up to 30°

Weight (in air)

7 Tons empty of mud & tools/ 13 Tons with mud and complete tools

Dimensions

Height = 5.7 m, Width = 3.1 m, Length = 3.1 m

Operating depth

3000 msw

Power to Control Van

25 kW @ 440 VAC 3ø 60 Hz

Power to HV-PDU(s)

105 kW@ 440 VAC 3ø 60 Hz

Voltage to CRD100

3300 VAC at the surface
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Figure 2. Downhole Probe

Figure 3. Deck Layout of the UNICORN-1 System
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4. SEA TRIAL PLAN
Vessel: A multi-purpose working vessel, Fukada Shin Chou Maru was selected for the
mother vessel of the UNICORN-1. Her specification is shown in Figure 4.

Figure 4. Fukada Shin Chou Maru Specification

Drilling Site (Location): Two
drilling sites were selected for the sea
trial (Figure5). Off. Ohshima (point 1)
was selected for the functional testing
of the UNICORN-1 system, for the
operation training and for the backup
of the continuous drilling site in case
the vessel could not sail to Off.
Mikurajima due to the bad sea state.
Off. Mikurajima

(point 2) is

considered to be a potential SMS site
and it was selected for the continuous
drilling point to verify the capabilities
of UNICORN-1 system.
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Sea Trial Goals: Continuous drilling up to 20m depth with the core recovery ratio of more
than 50% are the requirements from one of the clients that Fukada has been negotiating with. In
addition, a drilling speed of 11m to 18m per day was achieved with the ROVdrill 3 during the
past cruise at the SMS site. Therefore, Fukada established three goals for the sea trial as shown
below.
20m Drilling : Continuous drilling up to 20m drilling depth
Drilling Speed : 11m to 18 m per day or more
Core Recovery Ration : More than 50%
5. SEA TRIAL RESULTS
Time Schedule: Mobilization of the UNICORN-1 system to Fukada Shin Chou Maru took ten
days starting from February 29, 2016 in Yokosuka Port. On March 10th, Shin Chou Maru sailed
to the first drilling point, Off. Ohshima for a full operation testing. Three drillings were
conducted at Off. Ohshima. On March 13th, she sailed to the second drilling point, Off.
Mikurajima to verify the UNICORN-1 system capabilities. Two drillings were conducted at
Off. Mikurajima. Due to bad weather, she sailed back to Off. Ohshima on Match 16th to
conduct additional four drillings. She returned to Yokosuka port on March 18th for
demobilization which took eight days completing on March 26th. The total period was 27 days
for all events (see Table 2).
Table 2. Sea Trial Schedule
Days

Schedule

Content

1-10

29 Feb – 9 March

11

10th March

Sailed to the site #1, Off. Izuoshima/ Calibration and Test

12

11th March

Drilled at Off. Izuoshima

13

12th

Drilled at Off. Izuoshima/ Sailed to the site #2, Off. Mikurajima

14

13th March

Drilled at Off. Mikurajima/ Stand-by at the site due to rough weather

15

14th March

Drilled at Off. Mikurajima/ Sailed to Hachijojima due to rough weather

16

15th March

Stand-by at Off. Hachijojima due to rough weather

17

16th March

Sailed to the site, Off. Izuoshima/ Drilled at Off. Izuoshima

18

17th March

Sailed to Yokosuka

19

18th March

Sailed to the site #1, Off. Izuoshima/ Demonstrated at Off. Izuoshima/

th

th

March

10 days for Mobilization at Yokosuka/ Overload Testing of the LARS
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Back to Yokosuka
20-27

19-26th March

8 days for demobilization at Yokosuka

Drillings at Off. Ohshima and Off. Mikurajima: Water depths of the drillings at Off. Ohshima
were approximately 900m. The major geological feature include basalt rock with sedimentary
rock on it. Soft sedimentary layers occasionally exist on the seafloor. Seven drillings (BMS001,
BMS002, BMS003, BMS006, BMS007, BMS008 and BMS009) were conducted at Off.
Ohshima (Figure 6).
Water depths at Off. Mikurajima were approximately 750m. The major geological feature
include andesite with sedimentary layers containing hydrothermal precipitate on it. Two
drillings (BMS004 and BMS005) were conducted at Off. Mikurajima (Figure 7).
Results of the drilling operation and the core recovery ratio of each drilling are summarized
in Table 3.

Figure 6. Bathymetric Chart, Off. Ohshima
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Figure 7. Bathymetric Chart, Off. Mikurajima
Table 3. Core Recovery Ratio
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The downhole tool was used after the BMS009 drill on March 18, 2016. Although the
sensors were not fully calibrated, the retrieved data (not shown) demonstrated that the tool is
promising to fills in gaps in locations where core recovery is less than optimal. The values of
magnetic susceptibility rose rapidly when the downhole tool moved into the drill string.
6. CONCLUSIONS
The seafloor drill UNICORN-1 system has demonstrated drilling capabilities as shown below
during its sea trial in March 10-18, 2016.
A continuous drilling of 24 m was completed in 10 hours operation time on 14th March on
a volcanic rugged and sloping seafloor with core recovery of 70 % in fractured rock with
loose in-fill.
Wireline operations demonstrated cycle times of less than 20 minute for 1.5m samples,
independent of sample depth.
Nine times of drill operation conducted after smooth landing at various seafloor condition.
The downhole tool looks promising to be a supplemental tool to compensate for the lack of
core recovery.
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ABSTRACT
Korea Institute of Ocean Science and Technology (KIOST) has surveyed the Central
Indian Ridge (CIR) between 17˚S and 7˚S to delineate segment morphotectonics as well as
to identify hydrothermal activity. We found not only 4 prominent non-transform
discontinuities (NTDs) and 11 ocean core complexes (OCCs), but also several
hydrothermal activities within these off-axis structures. Here we report the one of the
largest NTD3-1 and the associated hydrothermalism in the region. The NTD3-1 is 44 km
in length and 10 km in width. Glass watch-shaped basin floor of the NTD is flanked by is
clearly defined by 4000 m isobath. The NTD adjoins the linear escarpments that displays
> 1000 m high in relief. The escarpments strike at 035°, approximately 45° oblique in a
clockwise direction to the orientation of two adjoining ridge segments. The fracture zone
between segment 3-1 and 3-2 along the off-axis is able to be traced but through-going
trends thereof are not clear at the terrain that immediately flanks segment 3-1 to east and
west for a distance of approximately 75 km and 30 km, respectively. Low intensity in
backscatter values, a little positive magnetic anomaly and uncommon seismic activities
over the NTD3-1 are indicative of that the basin-like NTD3-1 has been riven off by
amagmatic and aseimic extension. In particular, strike-slip Centroid-Monent Tensors are
remarkable in the southern tips of NTD3-1. The transform fault between segment 3-1 and
3-2 perished and then segment 3-2 rotated on the basis of the reconstruction of
geomagnetic reversals. After destruction of transform fault, segment 3-2 has receded. The
NTD due to the extinction fo transform fault would develop an array of oblique normal
Sang Joon PAK - 1
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Keywords:

Ocean core complex, Non-transform discontinuity, Tension gash,

hydrothermal activity, Central Indian Ridge

Sang Joon PAK
Sang Joon Pak is a senior research scientist working at the Deep-sea
Marine & Georesources Research Department of KORDI (Korea
Ocean Research & Development Institute) since 2008. He got his Ph.D.
from Korea Univ. in 2004 and worked for St. Louis Univ., Missouri in
US as post-doctor. He studied on land-based hydrothermal metallic
deposits to delineate genetic environments of hydrothermal system and
their economic evaluation. He has adapted himself to subsea hydrothermal mineralization
system as well as manganese nodules and manganese crusts. His recent topics are
relationships between seafloor hydrothermal ore-forming process and ocean core complex
(OCC) in mid-ocean ridge.

2 – Sang Joon PAK
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Nautilus Minerals Projects Update
John Parianos
Nautilus Minerals Inc
Level 3, 33 Park Road, Milton
Australia 4064
www.nautilusminerals.com
jmp@nautilusminerals.com
ABSTRACT
Seafloor mining provides significant potential economic benefits for many Pacific nations
that may be “land poor” but “coastline rich,” meaning they have the potential to utilize and
profit from the mineral wealth within their Exclusive Economic Zones that extend 200
nautical miles (360 km) out from their coastlines. Within international waters, mineral
wealth is the “Common Heritage of Mankind” with additional benefits for sponsoring
states and their people.
The Solwara 1 Project build continues with significant progress over the last twelve
months. The Seafloor Production Tools are now complete with delivery to our yard in
Oman. Subsea Slurry Lift Pump, riser pipe, launch and recovery systems and winches are
also complete, as well as critical path items for the production vessel. Recent focus has
been on the vessel build itself which is progressing to schedule. Nautilus appreciates the
great support thus far from our major stakeholders.
Our focus is to develop the world's first commercial high grade seafloor copper-gold
project in an environmentally and socially responsible manner and to launch the deep
water seafloor resource production industry.
Nautilus’s marine research cruises over the last 12 months included several for Seafloor
Massive Sulphides and one for Polymetallic nodules. These cruises contained successful
work programs in the exploration, environmental and engineering areas. The work from
the nodule cruise culminated earlier this year with an upgraded Mineral Resource
Statement to the standards required by Canadian Instrument NI 43-101.
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John Parianos is Manager Exploration and Polymetallic Nodules at
Nautilus Minerals.
Nautilus Minerals is adapting technology from the offshore oil & gas
industry and the minerals industry, to prospect and develop offshore
mineral deposits. Currently the company is focused on developing
the Solwara 1 project in the territorial waters of Papua New Guinea, at a water depth of
approximately 1600 m. To support its aggregation model of development, the company is
also focused on exploring a large area of prospecting licenses in the South West Pacific.
Exploration and engineering has also progressed on granted exploration tenements, within
the Area administered by the International Seabed Authority, containing abundant copper,
nickel, cobalt and manganese in polymetallic nodules,
Nautilus’ successes to date have come through applying innovative technology, often
through collaboration with scientific and technological partners.
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Platinum group element geochemistry of submarine
arc lavas associated with Cu-Au mineralization:
Implications for modern VMS deposit exploration
Jung-Woo Park1, Ian Campbell2, Jonguk Kim3, Richard Arculus2
1 Seoul

National University, Seoul 08826, South Korea
Australian National University, Canberra, ACT 2601, Australia
3 Korea Institute of Ocean Science and Technology, Ansan, P.O. Box 29, Seoul 425-600,
South Korea
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ABSTRACT
We investigated platinum group element (PGE) geochemistry of the two submarine lava
suites, which are related to magmatic hydrothermal mineralization, in order to understand
their variations during magma differentiation and identify the timing of sulfide saturation.
Both of the submarine lava suites show similar PGE geochemistry. Palladium behaves
incompatibly during the early stage of magma differentiation whereas Pt, Rh, Ru and Ir
behave compatibly, showing positive correlations with MgO (fractionation index). These
trends can be attributed to co-crystallization of Pt-alloy and Cr spinel. After prolonged
magma evolution, the concentrations of all of the PGE as well as Pd/Cu and Pd/Pt
decrease abruptly at ~3 % MgO, correlative with sulfide saturation. Late sulfide saturation
resulted in the magmatic systems becoming enriched in ore metals such as Cu and Au by
the time of volatile saturation, which allowed the ore metals to partition into the exsolved
magmatic gas and form magmatic hydrothermal deposits on the seafloor.
Introduction
Magmatic hydrothermal Cu and Au deposits are closely associated with arc-related
magmas and the ore metals are thought to originate from a coeval magmatic system.
Therefore, the abundance of Cu and Au in the magma at the time of volatile exsolution is
a critical factor for the formation of a Cu-Au deposit. The behaviour of these elements is
largely controlled by sulfide phases during magma evolution because of their strong
affinity with sulfide phases. The platinum group elements (PGE) can be used as a sensitive
indicator of sulfide saturation because their partition coefficients into immiscible sulfide
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melts are several orders of magnitude higher than those of Cu and Au, and they are less
mobile than these elements during low temperature alteration.
We investigated the PGE geochemistry of two submarine volcanic suites, the Pual Ridge
lavas and Niuatahi-Motutahi lavas, which are associated with Cu and Au mineralization,
to understand variations in the chalcophile elements during magma evolution in oreassociated magmatic systems. The Pual Ridge is a recent submarine volcanic complex in
the Eastern Manus Backarc Basin (Papua New Guinea). The Pual Ridge lavas show
typical geochemical features of island arc lavas and vary in composition from basalt to
rhyolite. The Cu-Pb-Zn hydrothermal deposits, which are mainly composed of chimneys
that are a few tens of meters high, occur associated with dacite and andesite (Moss et al.,
2001). The sulfide from this deposit contains high Au contents averaging 11.3 ppm, which
is the highest among samples recovered from the sea floor (Moss et al., 2001). The
Niuatahi-Motutahi is an active volcanic caldera in the northern Tonga reararc. The
Niuatahi-Motutahi lavas mainly comprise dacite, but are genetically associated with basalt
that occurs in the adjacent volcanic complex (~ 5 km west). Active hydrothermal vents are
located in the central cone of the caldera. Molten sulfur collected from venting sites
contains 1.7 % of Cu and 1.7 ppm of Au (Kim et al, 2011).
Results and Discussion
The PGE geochemistry of the Pual Ridge and Niuatahi-Motutahi lavas are both
characterized by incompatible behaviour of Pd and compatible behaviour of Pt, Rh, Ru
and Ir in the early stage of magma differentiation (Fig. 1). We suggest that these trends
can be explained by crystallization of a Pt-rich alloy based on the following evidence: (i)
Pt is not compatible in any silicate or oxide mineral but does occur in magmatic Pt-alloys
reported from arc basalts, picrites, and cumulate rocks (Fig. 1). Furthermore, Pt-alloys
contain minor IPGE (Ru, Ir, Os), which can therefore account for some of the depletion of
these elements with fractionation; (ii) Experimental studies of the Pt solubility in silicate
melts suggest that, at the condition under which the Pual Ridge and Niuatahi-Motutahi
basalts crystallized, the measured Pt concentrations in the basalts were close to Pt-alloy
saturation; (iii) Differences in duplicate analyses of the Pual Ridge basalts point to the
presence of alloy nuggets and can be used to infer the composition of the nuggets. The
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results agree with the Pt-alloys found in arc picrites and cumulate rocks. The compatible
behavior of Rh and IPGE (but not Pt) can also be partly attributed to Cr spinel
crystallization because they partition strongly into Cr spinel under the oxidizing conditions
that prevailed during solidification of the Pual Ridge and Niuatahi-Motutahi lavas.
The abundances of all the PGE, together with Pd/Cu, begin to decrease sharply at ~3 wt. %
MgO in both suites, which indicates sulfide saturation at this point and is consistent with
the presence of a Cu-Fe sulfide bleb in Niuatahi-Motutahi dacites with MgO <3 wt.% (Fig.
1). Sulfide nugget effects are also observed in both lavas with MgO below ~3 wt.%. Given
that the mineralization is associated with dacites and andesites, volatile saturation is likely
to have occurred slightly before or immediately after sulfide saturation in the Pual Ridge
where Cu concentration of the melt reached up to ~250 ppm. The timing of volatile
exsolution in the Niuatahi-Motutahi was constrained by the Cl contents of melt inclusions
and the results showed that it occurred at ~ 2 % MgO, which is slightly after sulfide
saturation. The Cu contents vary from 240 to 100 ppm in the Niuatahi-Motutahi dacites,
which are significantly higher than average Cu contents of arc dacites (~30 ppm; Stanton,
1994). We suggest that the late sulfide saturation in Pual Ridge and Niuatahi-Motutahi
lavas result in them being enriched in chalcophile ore metals such as Cu and Au until the
point of volatile saturation and so that they could form magmatic hydrothermal deposits.

Fig 1. Plots of Pd and Pt against MgO for samples from Nivatahi-Motutahi. Solid lines and dashed
lines are trend lines of the samples before and after sulfide saturation, respectively. Black arrows
represent the timing of sulfide saturation. Vertical dotted lines link duplicate analyses data.
Inserted photos are a Cu-Fe sulfide bleb trapped in glassy matrix of N-M dacite (Left) and a Ptalloy in Cr spinel from an Ambae picrite, Vanuatu (Right).
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ISA's Zero Draft Exploitation Regulations – what
contractors should be concerned about.
Steve Potter, Partner
Pinsent Masons
Energy and Resources Group
16 Collyer Quay
Singapore
pinsentmasons.com
steven.potter@pinsentmasons.com
ABSTRACT
The International Seabed Authority (ISA) published long-awaited draft regulations on
seabed exploitation in July.
This is a positive step but a huge amount of work still needs to be done to finalise the
regulations if they are to provide a sensible regulatory framework that incentivises mining
companies to commit significant investment into deep seabed mining in international
waters while addressing the concerns of NGOs and other environmental groups over the
potential environmental impact.
July's publication of the draft regulations and standard contract formed part of the ISA's
remit to develop the mining code for this area of the seabed, and followed a number of
stakeholder meetings, workshops and papers. The ISA has asked for feedback on the
proposals by 2 November.
The draft regulations, along with a number of new position papers, have been published
several months later than planned and the ISA made it clear that this is very much a work
in progress. Proposals for important elements of the regulatory framework have yet to be
published including the level of fees and royalties that contractors will have to pay, the
environmental regulations that will apply, and the powers to be given to the ISA's
proposed mining inspectorate.
Draft regulations
Now that the regulations have been published, contractors hoping for a workable regime
are going to have to spend a significant amount of time and effort ensuring that their
concerns are reflected in the next set of drafts. There is currently little in draft zero that
provides incentives for early movers to move forward. Much will depend on the level of
royalty that contractors will have to pay to the ISA on minerals recovered and this has yet
to be proposed.
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Current exploration contractors are also concerned by proposals to hold regulatory reviews
after the first five years. These contractors have campaigned for regulatory stability for
first movers to avoid more onerous regulation and cost increases that would threaten the
economic viability of their projects.
Other issues include indications that a vast amount of information and additional
documents will be required for any application. It is clear that the ISA is taking a ‘more’
rather than ‘less’ approach when it comes to the amount of information required.
Examples include proposals for the ISA to be provided with terms of each contractor's
sub-contracts and, in relation to any financing, seeking to regulate a contractor's debt to
equity ratios.
In addition to a royalty, the ISA is proposing a significant number of fees. A fee will be
payable to the ISA for processing an exploitation application, and is expected to be
significantly higher than the current exploration application fee. Fees are also planned for
the renewal of exploitation contracts, for the transfer of interest in an exploitation contract,
for the use of an exploitation contract as security, and for material changes to mining
plans. With the ISA also considering environmental fees and setting up a trust fund for
mandatory contribution by contractors, current contractors are concerned that the overall
level of payments required will impact on the commercial viability of exploitation/mining
projects.
The ISA is also likely to require some contractors, particularly non-state contractors, to
provide a performance guarantee no later than the date on which they are scheduled to
commence exploitation activities. The ISA has said it will develop guidelines setting out
the circumstances under which this will be required.
An initial term of 20 years is proposed for exploitation contracts. While this does depend
on resource size and estimated project life, it seems to give quite a short production
period. Given that little in the way of investment will be made prior to contract award,
there will be a significant period between contract commencement and first commercial
exploitation. If it takes five years to get to first commercial exploitation, a contractor is
only left with 15 years of production.
Workable framework
If the ISA fails to come up with a workable exploitation framework that encourages early
movers to invest the billions of dollars necessary to proceed toward exploitation, a
massive opportunity for this nascent industry will be lost.
Notwithstanding some of the issues highlighted above, the publication of the draft is a
positive step for the industry if the ISA takes more account of contractors' concerns in
revisions to the draft.
The draft and the proposed process for increasing stakeholder engagement, combined with
the recent significant increase in the ISA's budget, the expansion of the ISA's Legal and
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Technical Commission and the election in July of the very competent Michael Lodge as
the new Secretary General of the ISA, gives the industry hope for the future.
While plans to have the regulations ready for approval in two years seem optimistic, there
is a good chance that when the newly extended exploration contracts near their expiry
dates in five years' time there will be a pathway to exploitation.
Contractors need to play their part too, and it is essential they all provide the ISA with
clear feedback on draft zero to help the industry come up with a workable exploitation
framework.
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The Gas Hydrates of the Indian Offshore – A
Prospective and Retrospective
S. Rajendran
Kerala University of Fisheries and Ocean Studies
Department of Applied Geosciences
Cochin, Kerala, India 682506
subrarajcochin@gmail.com
INTRODUCTION
With the advent of gas hydrate exploration, it is expected to have a major shift in the use
of energy resource. Studies of geologic and geophysical data from the Indian offshore
have revealed two geologically distinct areas endowed with potential reserves of gas
hydrates: the western & eastern continental margins (WCMI & ECMI) of the Indian
Peninsula and the Andaman offshore area. The National Institute of Oceanography (NIO)
had launched the search for gas hydrates in the eastern & western continental margins with
side-scan sonar imaging, swath bathymetry data, high resolution seismic methods and
seabed sediment and water sampling. Andaman offshore area was surveyed for gas
hydrates by the Directorate General of Hydrocarbons (DGH).
The National Gas Hydrate Program (NGHP Expedition 01) was initiated in India in 1997
to study the gas hydrates off the Indian peninsula and along the Andaman convergent
margin with special reference to geological and geochemical controls on the occurrence of
gas hydrates in these two diverse settings. The NGHP Expedition 01 study clearly
established the presence of gas hydrates in Krishna-Godavari, Mahanadi and Andaman
basins. Seismic data interpretation in the western and eastern continental margins brought
out sizable number of Bottom Simulating Reflectors (BSR). The bathymetry, seafloor
temperature, rate of sedimentation, sedimentary thickness, geothermal gradient and total
organic carbon content indicate good prospects of gas hydrates off the Indian peninsula
and along the Andaman convergent margin. Geologic studies of available seismic and
industry well data yielded drill sites, exhibiting variable geologic conditions and seismic
responses indicative of gas hydrate bearing sediments: one site in the Kerala-Konkan
Basin, west coast of India; twenty sites in the east coast of India, which include fifteen
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sites in the Krishna-Godavari Basin, four sites in the Mahanadi area, and one site in the
convergent margin setting of the Andaman Islands. The NGHP Expedition 01study clearly
shows that the ECMI has more gas hydrate potential as compared to the WCMI. As for the
gas hydrate prospects in the Indian offshore, the initial calculations by the Oil and Natural
Gas Company are as follows: in the western offshore 52560 km2, in the eastern offshore
10075 km2 and in the Andaman-Nicobar offshore 80210 km2. The total area is 142845
km2.
As per the ONGC report, the outcome from the gas hydrates coring/drilling program is as
follows:
Conducted comprehensive analyses of gas-hydrate-bearing marine sediments in both
continental margins and marine accretionary wedge settings. Discovered gas hydrates in
numerous complex geologic settings and collected an unprecedented number of gas
hydrate cores. Delineated and sampled one of the richest marine gas hydrate
accumulations yet discovered (Krishna-Godavari Basin). Discovered one of the thickest
and deepest gas hydrate occurrences yet known (Andamn Islands) which revealed gashydrate-bearing volcanic ash layers as deep as 600 meters below the seafloor. The ONGC
also established the existence of a fully developed gas hydrates system in the Mahanadi
basin of the Bay of Bengal.
But, a correct estimate on the gas hydrates reserve would emerge only after surveying the
remaining unexplored areas of the Indian offshore. The western and eastern continental
margins of India are deformed, weakened and sheared and have complex tectonic features.
There is higher than normal heat flow and high heat flow corresponds to younger, active
and unstable areas. A comprehensive study of the neo-tectonic activities, sea level
changes, sedimentation rates and current patterns in addition to conventional surveys can
provide accurate estimation and quantification of gas hydrates which could be exploited
from the Indian offshore. If the quantification results are quite promising, other problems
like the separation process, fuel transportation and environmental and ecological impacts
especially global warming have to be carefully studied for the successful implementation
of the gas hydrate use. All investigations so far conducted in the Krishna-Godavari Basin
have proved its potential for gas hydrate harvesting. However, it is suggested by scientists
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that the geology needs to be understood thoroughly due its complexity and heterogeneity.
Further, the occurrence of gas hydrate appears to be controlled by gas flux through the
local fracture system generated by the regional stress regime, which facilated in upward
migration of the microbially generated methane to upper sedimentary sequence.

Keywords: NGHP, Gas Hydrates, Continental Margins of India, Andaman Offshore,
Krishna-Godavari Basin, Kerala-Konkan Basin, Mahanadi Basin
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Utility of Industrial Submersibles and Opportunistic
Surveys for Environmental Monitoring of the
Benthic Environment
Stephanie M. Sharuga
Gulf Research Program Science Policy Fellow
The National Academies of Sciences, Engineering, and Medicine
U.S. Fish and Wildlife Service
Gulf Restoration Program
700 Cajundome Boulevard, Lafayette, LA, 70506, USA
ssharuga@outlook.com
INTRODUCTION
Pressure from fisheries and offshore oil, gas and mining industries is increasing; and there
is consequently a need for effective options for exploring and monitoring deep-sea
ecosystems. Benthic sampling of deep-sea megafauna traditionally employs the use of
disruptive sampling methods such as nets, trawls, and traps, which create a challenge for
environmental monitoring where it is desirable to study the environment without causing
any additional impacts. Because of this, submersible platforms employing acoustic-based
technologies, towed cameras, AUVs, and ROVs are being increasingly considered for
benthic monitoring programs. Industrial-based platforms such as work-class ROVs and
AUVs are increasingly common due to availability and proximity to areas potentially
affected by offshore exploration and extraction activities.
Imagery-based platforms are being used with increasing frequency because of their ability
to collect detailed data that are both qualitatively and quantitatively meaningful in nature.
AUVs and ROVs outfitted with still and/or video cameras have been used to classify and
map benthic habitats and bottom features to determine where important habitats or species
are located for science and management activities. Marine imagery data are also being
used for determining more specific habitat or faunal characteristics, and as means of
validation or ground-truthing of sonar-derived data. These types of applications are
becoming increasingly important for improving temporal and spatial monitoring of
important habitats or species.
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ABSTRACT
Soft-sediment environments represent one of the largest deep-sea marine ecosystems.
These benthic environments are challenging for exploration and monitoring because,
unlike hard seafloor substrates, soft sediments are easily stirred up and re-suspended. This
can greatly impact seafloor visibility, especially when combined with the presence of large
quantities of marine snow. It is thus important to evaluate different imagery-based
platforms to determine suitability for soft-sediment benthic studies under these lowervisibility conditions. Despite many studies evaluating imagery-based platforms, deep-sea
soft-sediment environments and associated benthic megafauna are often overlooked.
In the northern Gulf of Mexico, the 2010 Deepwater Horizon oil spill underscored the
need for benthic ecosystem data for soft-sediment environments in the area. The question
of which survey platforms are most suitable for collecting such data for environmental
monitoring activities needed to be explored more thoroughly. Approximately one year
after the spill, an opportunistic industrial AUV and two ROV surveys were conducted at
two deep-sea reduced-visibility soft-sediment sites in the northern Gulf of Mexico in close
proximity to the Macondo oil well. These surveys presented an opportunity to compare the
two platforms for determining benthic megafaunal community and habitat information,
and allowed for a comparison of imagery characteristics and organism densities.
Aspects of the imagery that were explored included: 1) quality and detail of imagery; 2)
ability to detect and identify different kinds of organisms, and consequently evaluate
organism abundances and diversity; and 3) ability to identify and distinguish seafloor
habitat characteristics, including sediment composition, seafloor features, and areas of
physical disturbance to the seafloor. Overall, results suggested that differences between
survey characteristics (i.e. imagery characteristics, visibility, survey design, altitude above
the seafloor) affected ability to adequately observe the benthic environment and identify
megafauna, with additional seasonal influences likely impacting organism densities. These
factors consequently affect the accuracy of megafaunal densities derived from the imagery
collected by each platform. Taking these factors into consideration, however, both ROV
and AUV surveys represented effective means of studying benthic ecosystems as long as
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limitations were considered and accounted for, where possible. Further, industrial ROVs
and AUVs such as the ones used in this study represent a readily available, under-utilized
resource with great potential for use in environmental monitoring of deep-sea areas in
close proximity to offshore resource exploration and extraction.
Keywords: Megafauna, AUV, ROV, Imagery, Environmental Monitoring, Benthic
Environment, Soft-Sediments
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developing new technologies and approaches for environmental monitoring and
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evaluating

marine

benthic

ecosystems

and

associated

megafaunal

communities, and working to better inform policy and management of areas potentially
affected by offshore oil, gas, and mineral exploration and extraction activities.
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Evaluating Deep-Sea Megabenthos after the
Deepwater Horizon Oil Spill: Lessons Learned and
Applications to the Deep-Sea Mining Industry
Stephanie M. Sharuga
Gulf Research Program Science Policy Fellow
The National Academies of Sciences, Engineering, and Medicine
U.S. Fish and Wildlife Service
Gulf Restoration Program
700 Cajundome Boulevard, Lafayette, LA, 70506, USA
ssharuga@outlook.com
INTRODUCTION
Over the last half-century, human activities have been progressing throughout the northern
Gulf of Mexico (GoM) as the demand for fisheries and energy resources has moved
deeper into the ocean. The recent Deepwater Horizon oil spill further emphasized the need
to expand knowledge on ecosystems in this region and there was a marked increase in
demand for information on the lesser-known deep-sea megabenthos. Despite being one of
the most economically important deep-sea regions in the world, the GoM often lacks
adequate data on baseline conditions associated with benthic megafauna. There is also a
need to develop standardized methods for surveying and monitoring deep-sea ecosystems,
and improve availability of data for assessment of impacts and recovery from
anthropogenic activities.
Industrial-based platforms such as work-class ROVs and AUVs are becoming more
common because of their availability and proximity to areas potentially affected by
offshore exploration and extraction activities. Use of industrial ROVs has contributed to
an increase in radial survey designs for benthic studies because of the practicality of these
configurations. Often, scientists and industry use these ROVs to evaluate the benthic
environment in proximity to current or proposed offshore well locations. ROVs attached to
offshore rigs, for example, provide an excellent opportunity to readily study benthic
communities surrounding the rigs on at regular intervals for environmental monitoring.
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ABSTRACT
The Deepwater Horizon oil spill in 2010 created a need for more thorough studies of deepsea benthic biota in the Northern Gulf of Mexico (GoM), especially since it became
evident that baseline data were often inadequate and thus made assessment of spill impacts
and recovery difficult. A 15°, 250 m-long radial transect survey design was developed for
industrial ROVs. Computer simulations were used to evaluate performance of this design
along with nine other radial survey design configurations to compare effectiveness of the
different designs for investigating megabenthos. In order to quantify benthic megafaunal
community characteristics after the oil spill, video imagery was collected using industrial
ROVs at numerous study sites of varying distances and locations in proximity to the
Deepwater Horizon Macondo oil well. A customizable database system was also designed
for use with collection and analysis of biotic and abiotic data extracted from the large
quantities of imagery obtained from the ROV surveys.
Natural and anthropogenic factors potentially responsible for influencing the benthic
environment and associated megafaunal communities were explored. Seafloor observation
data was mapped to explore differences in seafloor characteristics and amount of evident
anthropogenic disturbance. Megabenthos in ten taxonomic categories were evaluated in
order to compare benthic community characteristics such as abundances, composition, and
diversity. Results from this study suggested that depth, location, and abiotic characteristics
play important roles in shaping the deep-sea benthic environment and megafaunal
community composition in the northern GoM region, and should thus be considered when
conducting environmental assessment studies.
The radial survey design and database system employed in this study represent an
excellent potential approach for standardization and continual collection of information
obtained from current and future research studies, and as part of broader-scale
environmental monitoring programs in the northern GoM. Further, many lessons were
learned during this study that will help better inform future environmental monitoring and
assessment in this region. These lessons range from potential improvements to the survey
design and data collection/analysis to important considerations for conducting baseline
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research and environmental impact assessments using imagery collected by submersibles.
Many of these lessons are relevant to studies in other regions and areas of interest for
deep-sea mineral extraction and, thus, recommendations will be made on how this
information can be applied to deep-sea mineral development.
Keywords: Benthic Megafauna, ROV, Imagery, Baseline Data, Environmental
Monitoring, Impact Assessment, Gulf of Mexico, Deepwater Horizon
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evaluating marine

benthic

ecosystems

and associated

megafaunal

communities, and working to better inform policy and management of areas potentially
affected by offshore oil, gas, and mineral exploration and extraction activities.
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INTRODUCTION
In the light of the increasing consumption of raw materials, in particular a greater variety of
metals, there is increasing global concern over the long-term availability of secure and
adequate supplies of the minerals and metals needed by society. Of particular concern are
'critical' raw materials (E-tech element), so called because of their growing economic
importance and essential contribution to emerging 'green' technologies, yet which have a high
risk of supply shortage (Security of Supply of Mineral Resources, 2016).
The E-tech elements cobalt, tellurium, selenium, neodymium, indium, gallium and the heavy
rare earth elements are considered to be of highest priority for research. The greatest levels of
enrichment of Tellurium, for instance, are found in seafloor Fe-Mn crusts encrusting
seamounts (Hein et al, 2003). Tellurium is one of the E-tech elements that are considered
critical to the emerging high-tech industries it is a key component in the production of thin
film solar cells, yet is prone to security of supply concerns because of projected increased
demand resulting from the widespread deployment of photovoltaic technologies and low
recycling rates.

Currently, the UK and European economies are strongly dependent on

imports of strategic E-tech metals such as tellurium from politically and/or economically
unstable countries.
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THE MARINE E-TECH PROJECT
The MarineE-tech research program aims to improve understanding of E-tech element
concentration in seafloor mineral deposits, which are considered the largest yet least explored
source of E-tech elements globally. Our research will focus on two key aspects:
1. Understanding the natural cycling of cobalt, tellurium and the rare-earth elements in a
marine environment.
2. Reducing the environmental impacts of metal recovery from seafloor mineral deposits
and its production as a by-product from copper refining. As a result, it is vital to assess
alternative sources of supply of tellurium and the other E-tech elements, the largest
source of which is held as seafloor mineral deposits.
The primary focus of the project is on the processes controlling the concentration of the
deposits and their composition at a local scale (10's to 100's square km). These will involve
data gathering by robotic vehicles across underwater mountains and small, deep-sea basins off
the coast of North Africa and Brazil. By identifying the processes that result in the highest
grade deposits, we aim to develop a predictive model for their occurrence worldwide.
Seafloor mining will have an impact on the environment. It can only be considered a viable
option if it is environmentally sustainable. By gathering ecological data and experimenting
with underwater clouds of dust that simulate those generated by mining activity, we will
explore of extent of disturbance by seafloor mineral extraction. Metal extraction from ores is
traditionally very energy consuming. To reduce the carbon footprint of metal extraction we
will explore the novel use of organic solvents, microbes and nano-materials. An important
outcome of the work will be to engage with the wider community of stakeholders and policy
makers on the minimizing the impacts of seafloor mineral extraction at national and
international levels. This engagement will help inform policy on the governance and
management of seafloor mineral exploitation.
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To meet these objectives MarineE-tech has formed an international, multidisciplinary
consortium comprising universities (U.Bath, U.Leicester), research centers (National
Oceanography Centre, British Geological Survey, HR Wallingford) and industry contributors,
including the major UK seafloor equipment engineering company (SMD Ltd.), a leading UK
offshore environmental assessment company (Marine Ecological Surveys Ltd. a subsidiary of
Gardline Ltd.), the International Seabed Authority, the Applied Geoscience and Technology
Division (SOPAC) of the Secretariat of the Pacific Community (SPC), and Brazilian partners
from the University of São Paulo who are funded by the Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP).
FIELD DATA COLLECTION
Planned cruises
Two cruise locations are planned - at the Tropic Seamount in late 2016 and the Rio Grande
Rise in 2017 as shown in Figure 1.

Tropic
Seamount

Figure 1. Location of MarineE-tech cruise expeditions. Left: Tropic seamount, NW Atlantic.
Right: Rio Grande Rise, off the coast of Brazil.
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Preparations are presently underway for
the November–December 2016 cruise
of the RRS James Cook, to the Tropic
Seamount.

For

this

cruise

an

autonomous underwater vehicle (AUV)
and a remotely operated vehicle (ROV)
will be deployed to map and sample
ferromanganese crusts across this 50km
wide gyot. The gyot (a flat-topped
seamount) rises some 3km from the

Figure 2. RRS James Cook (Photo courtesy of NOC)

abyssal plain where it forms a plateau
at a depth of ~1100m. Here, the hydrogenetic conditions over the past 20 million years have
led to the growth of ferromanganese-rich crusts.

Figure 3: Underwater vehicles to be deployed in the MarineE-tech cruises. (Photos courtesy
of NOC).
Autosub6000 (Figure 1a) is NOC's deep-diving AUV famous for its discovery of the deepest
hydrothermal vents know on Earth in the Caribbean at a depth of 5000m. It will carry a
number of sensors including sidescan and swath bathymetry sonar and bottom photography to
map crusts and sessile biology. ISIS (Figure 1b) is NOC's deep-diving ROV and will deploy a
core drill to sample over 100 sites for manganese crusts. HyBIS (Figure 1c) is NOC's versatile
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ROV that delivers payloads, surveys and samples the deep sea floor. In MarineE-tech it will
survey and collect samples from the Rio Grande Rise.
A comprehensive hydrographic monitoring exercise is planned to map the 3D current patterns
and turbulence structures in the vicinity of the seamount. This will involve 3 permanent
moorings (on the seamount surface, slope and abyssal plain). Each device will be mounted
with monitors to measure current velocity, temperature and salinity, both near the bed and at
the surface. At the seamount surface an upward looking profile will additionally be used to
capture the gradients in current flow with height. These moorings will be complemented by
systematic through-depth profiles of currents, salinity and temperature from eighteen different
locations.
One of the major uncertainties for regulators evaluating the potential impacts resulting from
deep sea mining is the behavior of sediment plumes caused by mining operations (Spearman,
2015). This will be addressed through a series of plume experiments. Part of the cruise
activities will be dedicated towards releasing known quantities of fine sediment over a
specially designed benthic ‘laboratory’ in order to measure this plume behavior.
Current patterns around the Tropic Seamount
Preliminary modelling of the ocean currents around the Tropic Seamount using the
TELEMAC-3D modelling suite has indicated that the presence of the seamount diverts the
ambient current flow. This indicates that at the bed there is little exchange of water between
the area above the seamount and the sea around it and that an area of reduced current exists
above the seamount corresponding to the quiescent zones observed in classic Taylor Column
experiments.

This area of reduced current is, however, limited to a zone close to the

seamount surface. The currents several tens of meters away from the bed are sufficient to
wash out the Taylor column features as has been found by many seamount researchers (e.g.
Genin et al, 1989; Chapman and Haldvogel, 1992; Freeland, 1994). These results have been
influential in the design of the oceanographic monitoring for the cruise.
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CONCLUSIONS
This paper briefly describes the MarineE-tech project. It is hoped that the multi-disciplinary
studies planned in this project will greatly improve the understanding of crust formation,
operational viability, environmental consequences and governance associated with the mining
of ferromanganese crusts.

Figure 4: Snap shot of predicted current velocity close to the sea bed in the vicinity of the
Tropic Seamount (for z > -3000 m MSL) or at 3000 m below sea level (z ≤ -3000 m MSL).
Seamount location is shown by iso-contours in center of figure.
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INTRODUCTION
For a number of years the International Seabed Authority has been in the process of
developing an exploitation code to regulate seabed mining in the Area. It is anticipated that a
draft exploitation code will be tabled at the meetings of the International Seabed Authority in
July 2016.
This paper will comment on the draft Exploitation Code. Since the details of the Code will
not be known until July it is presently contemplated that this paper will consider commenting
on the following aspects of a proposed Exploitation Code:
Contracts for exploitation, what will need to be provided
The necessary steps to get a contract for exploitation approved by the ISA
Legal title to minerals
Protection and preservation of the marine environment
Confidentiality of data and information
If available, proposed royalty and distribution of the funds received by the ISA
Inspection, offences and penalties
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The paper will also comment on the Exploitation Code and its suitability as an instrument for
investors.

Wylie Spicer, Q.C.
The main author, Wylie Spicer, Q.C., has been practicing law in the
energy sector for 40 years. He is counsel to the Canadian law firm
McInnes Cooper.
Mr. Spicer is currently teaching law of the sea at the University of
Calgary Law School.

For the past number of years he has been

directly involved with International Seabed Authority on a number of projects.
He represented Nautalis Minerals in its Application for a potential joint venture with
the Enterprise
He recently completed a study for the International Seabed Authority concerning
UNCLOS Article 82.
Mr. Spicer is part of the international team reviewing the operations of the
International Seabed Authority pursuant to Article 154 of UNCLOS. In this context
he will be attending the ISA meetings in Kingston in July 2016.
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ABSTRACT
Ferromanganese crusts are a kind of marine chemical sediment composed of iron and
manganese oxy-hydroxides occurring on the surface of seamounts and oceanic plateaus at
depths from 400 to 5000 meters below sea level (mbsl). Ferromanganese crusts possess
especially high concentrations of useful minor metals such as Co, Ni, Te, rare earth elements,
and thus are expected as submarine mineral resources. Also, ferromanganese crusts record the
change of chemical compositions of seawater during last several tens million years, which
allow us to obtain clues to clarify the paleoenvironmental conditions at the time of crust
deposition. However, occurrence, chemical compositions and growth patterns of certain
ferromanganese crusts are yet fully understood. Hence, a comprehensive study on the genesis
of ferromanganese crusts, such as growth rates and enrichment processes of elements, is
required to better understand their resource potential as well as their applications to
paleoceanographic study.
The depositional ages of sublayers in a ferromanganese crust sample have been determined by
the 10Be isotope system (Usui et al., 2007) and ultrafinescale magnetostratigraphy (Oda et al.,
2011). Though these methods can provide precise age data of the young part of
ferromanganese crusts (up to 10 million years), development of the method to determine the
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age of the whole layers is required. Klemm et al. (2005) applied Os isotope stratigraphy in
which the Os isotopic composition of each ferromanganese crust layer is measured and
matched to the marine Os isotope evolution curve of the past 80 Ma. Following their study,
we have estimated the model age of the sublayers through the Os isotope stratigraphy of the
ferromanganese crusts collected from the Takuyo-Daigo, Ryusei and MC10 (Micronesia)
seamounts. The Os isotopic compositions of the surface 3mm layers of the ferromanganese
crust from the locations with various water depths of the Takuyo-Daigo seamount were
obtained by Tokumaru et al. (2015), which are in the range of the present-day seawater Os
isotopic compositions. It suggests that Os in the ferromanganese crust from the Takuyo-Daigo
seamount is hydrogenous and is likely to reflect the Os isotopic compositions at the time of
crust deposition. The obtained results also indicate that the ferromanganese crusts from
Takuyo-Daigo and Ryusei seamonts have the growth rate of approximately 3 mm/million
years in the past 15 million years. Also, it is proposed that the ferromanganese crust from
MC10 seamount exhibits small variations in growth rates (Goto et al., 2014), and those from
the Takuyo-Daigo seamount may have encountered significant reduction in growth rates
between ca. 15 and 30 million years ago.
Through the elemental speciation in Fe and Mn oxides by synchrotron X-ray analyses, it is
revealed that element concentration in ferromanganese crusts are well constrained by mode of
adsorption on Fe (ferrihydrite) and Mn oxides (Kashiwabara et al., 2008, 2011, 2013, 2014).
As for homologous W and Mo, ferromanganese crusts are distinctly more enriched with W
than Mo compared with their relative abundance in seawater. Kashiwabara et al. (2013)
conducted EXAFS analyses and proposed its mechanism based on the chemical speciation
data as follows: W forms an inner-sphere complex both on Fe and Mn oxides, while Mo
forms an inner-sphere complex on Fe oxide and forms an outer-sphere complex on Mn oxide.
Such difference in mode of adsorption leads to difference in concentrations of W and Mo in
ferromanganese crusts: i.e., W is efficiently adsorbed onto both Fe and Mn oxides and Mo is
efficiently adsorbed only onto Mn oxides. Hence, the difference in mode of adsorption may
be one of the primary causes of the lower seawater W concentration than that of Mo.
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Introduction
The Dragon Horn Area at 49.7˚E SWIR is located at the northwest corner of the southern
flank of Segment 28. The segment topography is highly asymmetric. Its northern flank is
deeper and develops parallel (in east-western direction) linear fault escarpments, while the
southern flank is shallower and bears corrugated surface. This indicative corrugation
extending some 5×5 km was interpreted to be a part of Dragon Flag OCC (Zhao et al.,
2013). Based on our investigations, 6 hydrothermal fields/anomalies are revealed,
including 2 confirmed sulfide fields, 1 carbonate field, and 3 inferred hydrothermal
anomalies.

High temperature hydrothermal activities
During Leg II of Chinese Cruise 35th, the Longqi-1 (also referred as Dragon Flag) was
surveyed in detail with submersible Jiaolong. It is the first reported active hydrothermal
field along ultraslow spreading ridges (Tao et al., 2011), and assumed to be one of the
largest hydrothermal venting systems along Mid-Ocean Ridges. Hydrothermal activities
and sulfides in both 'M' and 'S' zones cover areas of 200m×200m respectively. In 'M' zone,

Chunhui Tao - 1
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

the maximum hydrothermal fluid temperature (up to 379.3℃) was recorded at vent site
DFF6. Comparatively, 'S' zone is more favorable to consist of diffuse flow and less active
chimneys with species of vent-associated fauna, including black (scaly-foot) and brown
gastropods, patches of stalked barnacles, and mussels adhered. Reaction zone depth
predicted from vent fluid geochemistry is approximately 1-1.3km below seafloor (Tao et
al, 2016).
In our recent investigations, a new site of hydrothermal activity was found ~10 km east of
Longqi-1. Massive sulfides were observed and sampled, representing another independent
high temperature hydrothermal field system. According to geological mapping and
interpretation, both Longqi-1 and the new site are located on the hanging wall of the
detachment of Dragon Flag OCC.

Low temperature and inferred hydrothermal activities
According to surveys of deep-tow and AUV, some evidence of low temperature and
inferred hydrothermal activities were obtained. Low-temperature hydrothermal process
was presented by consolidated carbonate sediments, which were widely observed and
sampled across the corrugated surface and its west side. They are proposed to be
precipitated during the serpentinization of ultramafic rocks. Hydrothermal anomalies were
detected or inferred several kilometers away around the massive sulfide site. These low
temperature and inferred hydrothermal activities may be controlled by different fault
phases during the detachment of oceanic core complex.

Conclusion
These high and low temperature hydrothermal activities, distributed within ~20km around
the Dragon Horn Area, are all structurally controlled by Dragon Flag OCC. The
detachment provides favorable channels for hydrothermal fluids passage. The fluids
further circulate through fissures and faults in the overriding mafic blocks, and exhale to
the seabed to form black chimneys and Carbonate. These facts show perspectives to
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discover some other hydrothermal site (may be non-active out of the rift valley) relating to
the Dragon Horn system.
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ABSTRACT
Seafloor Massive Sulfides (SMS) are formed as precipitation products from hot hydrothermal
fluids as a result of mixing with cold seawater and are mostly found at depths between 1,500
and 3,600m. These deposits are formed in tectonically active zones of oceans and are the
result of the global heat transfer from the mantle in the oceanic crust. As these fluids mix with
the cold surrounding seawater, metal sulfides in the water are precipitated on or in the nearby
seabed. The appearance of the solid mineral occurs as cylindrical chimney structures: the socalled black and white smoker (caused mainly by the presence of iron, copper, zinc and
sulphur). Larger sulfide occurrences are mostly originated in several generations of
hydrothermal cycles and they form deposits that can range from several thousands to about
million tons. SMS contains pyrite (iron), galena (lead), sphalerite (zinc) and chalcopyrite
(copper). Deep-sea mining is concentrating now to exploit such deposits. So far, the only
known commercial project is the one developed by Nautilus Minerals, which is based on a
horizontal system. The horizontal mining system from Nautilus Minerals uses known
principles from well-known open pit mining systems. Amongst many other features, it is
characterized, that most of the ore is in direct and free contact with the seawater. Therefore,
the fine material created by the cutting process can easily escape in the ambience and also can
create turbidity. This presentation describes a preliminary design of a novel cutting tool
developed by BAUER Maschinen GmbH with technical, economical and geological input
from Technip for a vertical mining approach. Due to the fact of a vertical approach, the
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cutting area between the ore body and the seawater can be sealed ant the risk of turbidity is
limited. The vertical mining method is also preferred when rough terrain is expected and the
device is easy to relocate. Using an atmospheric and a hyperbaric cutting model, the cutting
energy for two selected SMS deposits have been estimated and validated with real onshore
excavation sites performed with a cutting tool normally used for diaphragm wall installation
(i.e. the trench cutter technology). Preliminary results suggest that the estimated cutting
energy, ESP, is 2.9 times higher with respect to the measured one in atmospheric conditions.
This could be due to the fact that the model considers the worst case scenario, i.e. higher
energy due to the maximum cutting forces assumed. This factor has been used to design a
cutting tool, which is able to work up 2,000m water depth to mine SMS deposits (Spagnoli et
al., 2015).
Keywords: Seafloor Massive Sulfides, vertical mining approach, trench cutter, hyperbaric
effect
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ABSTRACT
Marine phosphates have received much attention as future Cd-free phosphate fertilizer
resources in developed countries. Supporting the world population increase by food supply in
developing countries, on the other hand, still we need to use on-land phosphate resources.
One more considerable selection is phosphate recycle in population concentrated areas.
Depending on the social and economic situations of each areas or countries, the suitable
phosphate supply model is different. The best one should be presented on the basis of
sophisticated analysis of the existing phosphate resources and the situations.

Some

preliminary examinations of the existing phosphate resources are presented. A fundamental
approach to look for the best model is introduced.
Keywords: Fertilizer, Marine phosphate, Phosphate recycle, Phosphate, Sustainable
Development Goals.
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INTRODUCTION
Geochemical surveys or geochemical exploration is one of the most powerful tools employed
in the exploration of ore deposits. For land deposits, there has been great interest in the
development of methods to locate deeply buried mineralization. As an example, in China,
during the period 1981–2000, 71% of all discovered ore deposits were identified through
geochemical methods, 19% were identified by geophysical methods, and 10% were identified
by other methods (Wang et al., 2007). Volcanogenic massive sulfide (VMS) deposits are the
world’s most important source of metals (e.g., Barrie and Hannington, 1999). Recently,
modern subseafloor VMS deposits have received interest as potential economic resources, in
addition to research interest due to their being a modern analogue of the formation processes
of ancient VMS. At the present time, the discovery of subseafloor mineralized zones is
strongly dependent on methods of direct sampling of ores and/or observation, such as
dredging, remotely operated vehicle (ROV) surveys, and benthic multi-coring systems
(BMS). Only the method of heavy mineral separation (Iizasa, 1993) has been proposed
pursuant to geochemical surveys. Because the distinction of alteration zones, commonly used
for exploration of mineralized zones in on-land surveys, is very difficult to conduct unless
BMS is used in subseafloor VMS surveys, a lack of information on the relationship between
mineralization and alteration and the consequent difficulty of determination of a threshold
constraint of potentiality for ore deposits has prevented the establishment of an effective
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method of geochemical surveys at the seafloor. This presentation reports geochemical
signatures associated with seafloor massive sulfide mineralization recorded in pumiceous
sediments in Iheya North Knoll, middle Okinawa Trough, and proposes a very simple method
for geochemical exploration of VMS.

GEOLOGICAL SETTING
The Iheya North Knoll is a volcanic complex located in the middle part of the Okinawa
Trough, a young and actively spreading back-arc basin that extends for 1,200 km behind the
Ryukyu arc-trench system (Lee et al., 1980; Letouzey and Kimura, 1986). In September 2010,
a scientific drilling expedition (IODP Exp. 331) was conducted in the Iheya North field with
the DS/DV Chikyu (Takai et al., 2011, 2012). Recently, the cross-ministerial Strategic
Innovation Promotion Program (SIP) Chikyu drilling cruise, Expedition (Exp.) CK14-04
(Exp. 907), was conducted from September 8 to September 26, 2014 (Takai et al., 2015).
The Iheya North Knoll consists of several topographic highs, or summits, shallower than 800
m below sea level (mbsl). These summits include N–S or W–E trending small ridge-like
domal volcanic features (ca. 100 m in diameter), sometimes associated with small craters on
the top of the features. These morphological features are interpreted as calderas of silicic
volcanism. Siliceous pumices have been widely observed and retrieved from shallow
lithological units at the top of the knoll (Oiwane et al., 2008). The drilling results of IODP
Exp. 331 provided a more detailed look at the large-scale hydrogeology of the Iheya North
Knoll hydrothermal system than has typically been available for subseafloor hydrothermal
systems elsewhere. The hydrothermal regime at Iheya North Knoll is characterized by largescale hydrothermal alteration, deposition, and fluid migration within permeable rocks and
sediments hosted by the Iheya North Knoll volcanic complex. Mineralization at the Iheya
North Knoll is characterized by relatively juvenile features of VMS with associated
hydrothermal alteration of various degrees. Massive sphalerite-rich sulfides, recovered for the
first time from beneath an active seafloor hydrothermal system, strongly resemble the black
ore of the Kuroko deposits of Miocene age in Japan.
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RESULTS AND DISCUSSION
Well-characterized subseafloor hydrothermal systems of the Iheya North Knoll with its
delineated recharge–discharge relationship and zones based on scientific drilling, provide an
advantage in the development and verification of geochemical exploration methods. The
model of a subseafloor hydrothermal system logically includes the existence of essentially
non-altered sediments in the recharge zone and highly altered and mineralized sediments
and/or deposition of ore minerals from black smokers in the discharge zone. Therefore, a
direct comparison of original similar materials is possible in this area. In order to compare the
geochemical composition of pumice in the recharge zone with pumice in the discharge zone
in the Iheya North Knoll, samples from Site C0017 of IODP Exp. 331 and samples from Site
C9016 of SIP Exp. 907 (CK14-04) were analyzed, respectively. In addition, seafloor samples
from Site C0014 of IODP Exp. 331, which is a locality between the discharge zone and
recharge zone, were also examined as samples from above the subseafloor migration zone of
hydrothermal fluid.
A comparison of indicator elements (Rose et al., 1979) of VMS showed relatively higher
contents of Zn and Pb in pumices from the discharge and migration zones than in pumices of
the recharge zone, but more extensively altered volcanic samples in the discharge zone had
smaller contents than pumices from the recharge zone. Pumices from the recharge zone
showed higher contents of Cu, thus its relation to mineralization is unclear. It is noted that
these samples were not ore itself, thus differences in the concentrations of these elements do
not necessarily indicate the degree of mineralization or grade. There are no data pertaining to
the relationship between the composition of surficial pumiceous sediments in the discharge
zone and the grade and size of ore located in the stratigraphically lower portion. Therefore, it
is not possible to define threshold values for contents of such indicator elements of VMS.
Alternatively, the simplest method for detecting enrichment or depletion of specific elements
related to alteration and/or mineralization is by compensating for magmatic differentiation
through normalization by a representative or averaged composition of the fresh volcanic
rocks. In general, because the composition of residual melt would be changed by
Toru Yamasaki - 3
45th Underwater Mining Conference · 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 · Orakai Songdo Park Hotel, Incheon, Korea

compatibility or partitioning to specific phases formed in the stage of crystallization of
magma during magmatic differentiation, a parallel shift of trace element patterns or a regular
rise and fall of specific elements distributed to specific phases would be observed. In contrast,
it is expected that pumices in the discharge zone or its vicinity are affected by direct adhesion
of specific elements related to hydrothermal plumes and mineralization, such as components
of ore fluid and/or suspended solids belched from a chimney. The rare earth elements (REEs)
and Ta of the discharge and migration zone samples showed almost parallel patterns and a 0.8
to 1.1 times abundance of the pumices. These features are interpreted as differences in the
degree of magmatic differentiation in the original igneous rocks. On the other hand,
significant enrichments in Zn, As, Mo, Sn, Cs, Pb, Bi, and U were observed. These elements
are expected as co- or by-products, strongly suggesting their availability as pathfinder
elements (Rose et al., 1979) of subseafloor VMS. Based on a parallel shift of patterns, an
index of the degree of element increase and decrease by magmatic differentiation can be
expressed by the averaged normalized value of REEs. The relationship between the averaged
normalized value of REEs and the possible pathfinder elements mentioned above does not
show a systematic relationship. For instance, steadily high As values and significantly large
ranges of variation of contents of Zn, Sb, and Pb occur in pumices from Site C0014 relative to
a rather constant value of averaged normalized REEs for pumices from Site C9016. Thus, it is
regarded that these elements did not concentrate by magmatic differentiation but were added
by hydrothermal activity associated with mineralization in deeper regions.
In detail, samples from the migration zone show relatively high contents of As, Cd, and U, in
general, and very high contents of Mo and Bi in some cases. Higher contents of these
elements relative to fresh and unaltered pumices could be an indicator that a discharge zone
exists in the vicinity of the sampling locality. On the other hand, pumices from the discharge
zone are characterized by high contents of Zn, Sb, and Pb and very high contents of As in
some cases. The cause of such non-systematic variations of concentration in the discharge
zone was probably the trapping of the hydrothermal fluid component within vesicles of the
pumice. In contrast, because extensive vertical flow for spouting is unlikely in the migration
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zone, adhesion of deposits from hydrothermal fluid discharged by a black smoker is expected
at the surface of pumices, because Site C0014 is located rather near the discharge zone. In this
case, a similar phenomenon would be expected for hemipelagic or pelagic sediments.
This simple method contributes to the selection of a closed investigation area following a
reconnaissance survey. The method allows the making of an inference about the existence or
broad location of a discharge zone from systematic or grid sampling using a dredging and/or
piston-coring method, which are simpler and lower cost sampling methods compared to
methods such as BMS. In the case of a thin covering of sediments over seafloor, there is a
sufficient possibility of the availability of geochemical exploration using shallow pumices and
sediments for determination of an inactive area or hydrothermal field following cessation of
hydrothermal activity.
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ABSTRACT
Flexible riser and rigid riser are two sorts of connection pipe in oil exploration and production
transportation area. In past several decades rigid riser has been fully used as the transportation
core and several oil exploration companies (like: Wellstream and Technip) have also received
such a number of successful projects and achievement because of this connection tool. But
along with the human’s desire of deep/ultra-deep water flexible pipe was came up with
gradually. And as a significant connection tool between subsea and floating vessel flexible
pipe has received increasingly attention and study. And it even has the tendency to instead the
rigid pipe.
If mentioned the transportation tool of traditional mining industry, rigid pipes can be
considered as the first choice. But it is not the only choice for mining in deep water. Due to
the unique physical characteristic and advantages in the complex ocean conditions the flexible
pipe obtains its irreplaceable position gradually. After a lot study and improvement the
flexible pipe became the system core in 6000mwd mining project by institute of deep-sea of
science and engineering. Hence this paper will detailed introduce the flexible pipe from the
history, structure, advantages, some limitations and the utilization in deep-sea mining industry
these five aspects.
Keywords: flexible pipe, rigid pipe, deep-sea mining, floating system, 6000mwd, decoupling,
underwater automatic navigation device
History of flexible pipe
In this part the history of flexible pipe and rigid pipe will be introduced. Why and how the
flexible pipe can develop so fast. And also some limitations of rigid pipe.

YANG, Ning- 1
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Structure of flexible pipe
In chapter four flexible sorts; some structure characteristic and advantage of flexible pipe will
be detailed list. The different sorts will have different disadvantages and limitations and the
different structures also will lead the different function.
Utilization example
In this part writer wants to introduce some utilization in some famous flexible pipe production
companies (GE-Wellstream and Technip). And some details and limitations of flexible pipe
from both companies. It includes maximum water depth; inner diameter; design pressure;
weight in air; weight in sea with sea water inside and failure tensile.
Mining system for manganese nodules in 6000mwd
Chapter six is the most important part in this article. A deep-sea mining system with the new
improvement and new mind will be plot in the chapter. This system uses the FPSO as its
floating system model and flexible pipe as its transportation tool. The underwater automatic
navigation device can help whole the system realize decoupling between floating system and
subsea production system. A moveable subsea storage can lead a longer collection period in
6000mwd and the different moving speeds between moveable storage and mining vehicle can
allow the mining vehicle work in a larger collection range.
Generate model and initial calculation
In chapter seven a simple model will be generated and focus on the model a lot calculation
process and result will be plot. It include the comparison between system with buoyance
material and without buoyance material; the horizontal and vertical force act on the topside
and subsea system in different moving speeds; reliability of flexible pipe in this whole system.
Conclusion
As can be conclude from above flexible pipe as a deep-sea transportation tool have received
such large number of study and test in many projects. It has the irreplaceable advantages in
deep-sea mining industry. This is also the reason why lots of domestic and foreign scholars
pay increasingly attention on the flexible pipe.
As the transportation tool in 6000mwd mining project flexible pipe can solve numbers of
problems that cannot be solved by rigid pipe. It can allow the mining vehicle collect the
manganese nodules in a larger and relative free area. Compared with the rigid pipe the
flexible pipe can cause much lower force on the floating system. It can reduce the risk and
damage on the floating system. Construct a safer working condition for the whole system.
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INTRODUCTION
In December 2015, KRISO has performed sea test of pilot lifting system consisting of
buffer, lifting pump and riser at Pohang area in the East Sea of Korea. Here, the offshore
operation means system installing and retrieving, high electric power supply, control and
monitoring, and lifting performance measuring for the lifting system. For the offshore
operation, on-board support systems such as moon-pool structure, deck pipe-line system,
nodule separation-measurement system, electric power supply system and operation S/W
are installed on test vessel with moon-pool and offshore crane. The multipurpose support
vessel, Normand Baltic is chartered, in which moon-pool and offshore crane are equipped.
The moon-pool structure to install and retrieve the pilot system through moon-pool is
manufactured. The deck pipeline system is to control and monitor pressure and flow in
deck pipeline. The nodule separation-measurement system separates nodule from slurry or
measures volume and weight of transported slurry for the specified time. The electric
power supply system is to supply high power source to the lifting pump and buffer.
Operation S/W controls the lifting system through measured data processing in sea test.
This paper introduces about the on-board support systems and operation S/W in detail.
Pilot Lifting System
KRISO has developed the pilot lifting system consisting of buffer, lifting pump and riser.
With intermediate storage function, Buffer feeds the constant nodule into riser. For flow
assurance inside riser, feeding control and the heading keeping of buffer should be
guaranteed. The electric power capacity of buffer is about 150kW. The lifting pump is
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designed to transport the specified slurry, 500m3/h up to the vessel, which is driven by
inverter, 3,930kW (input voltage: 6,600V). 8-inch steel pipe is used as the riser whose unit
length is 12m. The total length of the pilot lifting system is about 500m. The lifting pump
is positioned at 450m depth, and the buffer is at 500m depth. For the sea test of the lifting
system, Normand Baltic, multipurpose support vessel is chartered, in which moon-pool
and offshore crane with AHC (Active Heave Compensation) function are installed.
Buffer

Lifting Pump

Riser

Fig. 1 KRISO pilot lifting system

Operation System
Support Vessel
In this sea test, Normand Baltic is chartered in which moon-pool(6.5m(W)×6.5m(L)) and
offshore crane with AHC(Active Heave Compensation) function are installed. The crane
has lifting capacity, 100ton at the middle of moon-pool. The net deck space and
DPS(Dynamic Position System) of the vessel are 950sqm and DPⅡ class respectively.
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Fig. 2 Chartered support vessel, Normand Baltic

Moon-pool structure
Moon-pool structure similar to derrick is designed and manufactured to install and retrieve
the lifting system through moon-pool with offshore crane. In process of assembling or
disassembling of the lifting system, by the 4-storeyed structure 12m-riser is held and
guided vertically or umbilical cable is tied along riser body or buffer is joined with the
riser. In the bottom of the structure, there is the gate opened and closed manually. On the
gate, the system sunk under water is gripped by clamping device, while the system is
linked to riser with bolts and nuts.
Deck Pipeline system and Nodule separation-measurement system
Deck Pipeline system and Nodule separation-measurement system are for measuring the
lifting performance of the pilot system. On the deck pipeline system, 5 pressure sensors, a
flow meter, and three valves are equipped. The valves control pressure and flow in the
pipeline. To lessen pressure drop for valve, orifices are inserted into the pipeline. The
nodule separation-measurement system has load cell and storage tank. It can measure
volume and weight of transported slurry for one minute.
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Fig. 3 Deck pipeline system and nodule separation-measurement system

Electric power supply system
Electric power supply system is divided by two parts, one is for buffer and the other is for
lifting pump. Buffer receives the electric source, 440VAC from vessel, which is boosted
to 3,000VAC by step-up transformer. To drive the lifting pump, extra generator of 2MW,
step-up transformer of 2MW, and inverter of 3,930kW are installed on the deck. The
transformer boosts 440V to 6,600V, which is input source of inverter. The power sources
are supplied to the buffer and the lifting pump through two umbilical winches. In this sea
test, two extra generators are prepared on deck, the one is against emergency such as
shutdown or power shortage of generator.

Fig. 4 Connection diagram of electric power supply
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Operation S/W
The operation S/W of the lifting system is developed by LabView of National instruments.
On deck, main controller, TCP server, monitoring PC are set up, and in buffer, three is
remote controller, cRIO. The TCP server is in charge of data communications control. The
main controller transmits operator commands to remote controller, or analyzes data, or
calculates control input. The remote controller collects and transmits date from sensors in
buffer, or controls buffer actuators according to the transmitted commands. All data is
updated with a precise time interval by real time module. The monitoring PC displays the
working state of the lifting system and on deck support systems. Four main monitors are
allocated to display the working state of the total systems.

Fig. 5 Monitoring GUI in operation S/W

Keywords: pilot lifting system, offshore operation, on-board support system, operation
S/W, Manganese nodule.
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ABSTRACT
This study investigates the formation of lower oceanic crust and geochemical variations
of basalts along the Central Indian Ridge (CIR, lat. 7°45′–17°10′ S). Harzburgites, various
gabbroic cumulates, medium- to fine-grained oxide gabbros, diabases, and pillow basalts
were recovered by dredging from segment ends such as ridge-transform intersections
(RTIs), non-transform discontinuities (NTDs), and transform offset areas. The occurrence
of both harzburgites and gabbroic rocks with minor basalts at all segments ends, and
leucogabbro intrusive into harzburgite at the 12°45′ S NTD indicates that oceanic crust at
segment ends exposes mantle-derived harzburgites and gabbroic intrusions with a thin
basaltic cover due to sparse magmatic activity. Basalts collected along the entire ridge
show wide compositional variations between N (normal)- and E (enriched)-mid-ocean
ridge basalt (MORB). T (transitional)-MORBs with enriched affinities are more prominent
than N-MORBs. There is no tendency of enrichment towards specific directions.
(La/Sm)N variations in MORB along the CIR (8°–21°S) fluctuates at a regional scale with
local high positive anomalies reflecting compositional heterogeneity of the sub-CIR
mantle domain.

Sang-Bong Yi - 1
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mineral Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

2 – Sang-Bong Yi
45th Underwater Mining Conference 9-13 October 2016

Resource and Environmental Assessments for Seafloor Mining Development
UMC 2016 Orakai Songdo Park Hotel, Incheon, Korea

Figure 2. (La/Sm)N, normalized to chondrite, and Mg# variations in MORB along the Central
Indian Ridge (lat. 8°S-21°S). Thick line shows (La/Sm)N variation along the ridge, and black
diamonds are (La/Sm)N of each basaltic rocks. Three data (white circles; basaltic glass) are from
Kim et al. (2012). Basaltic glass data between 18°S-21°S are from Murton et al. (2005). From the
north to the south, (La/Sm)N in MORBs shows a fluctuating pattern from groups 1 to 3 on a
regional scale, with locally high positive anomalies.
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ABSTRACT
One of the major challenges in the exploitation of marine minerals is to transfer understanding
from geological investigations to the engineering and metallurgical personnel, who must
design and deliver technological solutions to enable the transition to a successful mine - i.e.,
the need to transfer a 3D understanding of geological reality in sufficient detail to ensure that
engineering solutions designed for the seabed operate in the manner expected and required.
A significant roadblock to this process lies with the communication between the numerous
disciplines involved in establishing a working mine; more particularly, with the differences in
terminology and thought-processes adopted across these various disciplines. Geologists and
geophysicists, on the one hand, happily revel in incomplete datasets, abstract concepts and
multi-variate options throughout an exploration programme. Engineers, on the other hand,
typically have very precise, 'black and white' personalities and commonly make assumptions
to cut through such uncertainties. The devil is always in the detail, however, and making such
assumptions can have catastrophic consequences if the transfer of knowledge was inadequate
and resultant engineering or mining solutions are ill-conceived. This tension is typical in the
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terrestrial mining and exploration scene, but becomes exaggerated in the marine environment,
where much of the conceptual thinking has been driven from an academic perspective, largely
by Marine Science Research Groups.
In the context of commercial exploration, much of this academic body of work rests in the
conceptual (predictive) phase typical of early exploration (as per Hronsky and Groves (2008)
and McCuaig et al. (2010)). At the opposite end of the spectrum, at the prospect, or minescale, an increased emphasis on mapable targeting criteria (direct detection) methods is
required to obtain the necessary data and comply with Industry codes. Successful progression
along the exploration pipeline differs for shallow-water and deep-water settings. In general,
progression is facilitated by development of multi-scale geological models that incorporate all
key geological and geophysical criteria, and recognise changes in significance (weighting) of
these criteria with changes in scale. Failure to incorporate this thinking early in an exploration
programme, before transitioning into the direct detection phase, can result in the subsequent
design and implementation of a mining solution that is not fit-for-purpose and based on
flawed assumptions about the geological nature of the deposit and its variability.
In the marine environment the ability to create multi-scale geological models is dependent on
acquisition of appropriate geological and geophysical data at multi-scale resolution. At the
prospect scale, geological changes influencing the distribution of mineralisation and variation
in grade typically occur at an outcrop scale. At this scale, the resolution of geological and
geophysical data should ideally match this scale of variability, which is typically reflected
vertically within sample-hole or drill-core successions, and laterally from sample point to
sample point. This enables data trends to be more confidently extrapolated across sample/drill
sites to build cohesive prospect-scale geological and mineralisation models. The need for
detailed geophysical imaging and the ability to build comprehensive 3D models lies at the
root of success for future offshore marine mineral deposits. Even deposit considered as 2D
tabular ore bodies (for example, placer deposits or polymetallic nodules) stand to benefit from
the generation of 3D volumetric models. These models enable better understanding of factors
such as facies and grade variability, and footwall rugosity (see for example Stevenson et al,
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2006a), which influence recovery rates and mining tool performance. Establishment of a
detailed, mine-scale geological and geophysical understanding can impact greatly on sample
support design, sample/drill tool design, and mining tool design and performance. It can also
be used as the foundation for real-time mining tool visualization and control (Stevenson et al.,
2006b).
Embedding a culture of multi-disciplinary participation and idea sharing at the beginning of a
project, and fostering it throughout the various development phases, can make the difference
between success and failure of the project. The required cross-discipline knowledge transfer
can be facilitated in numerous ways, including, but not limited to data fusion and immersive
visualisation techniques of geological and geophysical data (an approach commonly used in
the petroleum industry), and first hand observation of the geological environment –through
ROV or submersible program interaction, or field workshops using onshore analogues, where
available.
MMG personnel are among the few to have made the transformation from conceptual
geological models to resources, reserves and successful marine mines. This paper illustrates
the pathway, with some of the lessons learned from experience, and some insights to what can
go wrong when the transfer of understanding is incomplete. We show how program design
can enable successful knowledge transfer and minimise project risk, while conforming to
industry best practice, code compliance and stakeholder expectations.
Keywords: Marine minerals, marine geology, marine engineering, marine mining expertise,
knowledge transfer, best practice, code compliance.
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