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Sea-floor mining
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> D i a m o n d s , g r ave l a n d s a n d h ave b e e n e x t r a c t e d f r o m c o a s t a l w a t e r s f o r d e c-

a d e s . To m e e t t h e g r o w i n g d e m a n d f o r m e t a l s , t h e r e a r e p l a n s t o m i n e t h e o r e s f o u n d i n t h e f o r m o f
m a n g a n e s e n o d u l e s , c o b a l t c r u s t s a n d m a s s i ve s u l p h i d e s a t d e p t h s o f u p t o 4 0 0 0 m e t r e s . I f a n d w h e n
s u c h s e a -f l o o r m i n i n g i s t o s t a r t w ill d e p e n d o n m e t a l p r i c e s o n g l o b a l m a r ke t s . Wo r k i n g i n d e e p w a t e r
i s s t ill u n e c o n o m i c , a n d n o a p p r o p r i a t e m i n i n g e q u i p m e n t i s av a il a b l e ye t .
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Re sou r c e s for t he world
			

> At p r e s e n t a l m o s t a l l t h e m e t a l s a n d i n d u s t r i a l m i n e r a l s u t i l i ze d t o m an u -

fa c t ur e c onsum e r goods a nd m a ch i n e r y a r e e x t r a ct e d f r o m o n s h o r e r e s o u r ce s . I n a n e ff o r t to b eco m e
inde pe nde nt of i m por t s a nd sa f e g u a r d t h e m s e l v e s f r o m f u t u r e s u p p l y s h o r t a g e s , s o m e co u n t r ies ar e
c ont e m pl a t i ng m i ni ng suc h r e s o u r ce s f r o m t h e o ce a n . B u t u n d e r w a t e r m i n i n g i s s t i l l t o o exp en s ive
a nd t he r e i s unc e r t a i nt y a bout i t s e n v i r o n m e n t a l i m p a ct .

O r e , m i c a , sa nd a nd gr a v e l

and wheel loaders. Sand and gravel are the exception, as
these have for some time now been exploited not only

The manufacture of many high-tech applications and

onshore but also from shallow marine areas.

modern mass-produced electronic products such as

For several decades we have also been aware of the

photovoltaic installations, hybrid cars and smartphones

presence of major occurrences on the sea f loor which

requires abundant mineral resources. These resources

consist of many millions of tonnes of valuable metals.

include mineral ores from which metals such as copper,

These have so far remained unutilized because onshore

nickel, indium and gold are extracted, as well as non-

production has been capable of satisfying demand. In

metallic industrial minerals such as f luorite, graphite

addition, deep ocean mining is still uneconomic because

and mica.

of the expense involved in harvesting the ores using

Mica is utilized among other things as an insulator

ships and underwater robots. Unlike traditional onshore

in tiny components for the microelectronics industry,

mining, the extraction technology has not yet been

and graphite is required for electrodes. Fluorite is used

developed.

in the production of hydrof luoric acid to cauterize steel
and photovoltaic components. Sand, gravel and stone for

Fear of supply shortages

the building industry are also considered to be mineral
resources.

Experts assume that, despite steadily increasing de-

Nearly all the mineral resources used today are

mand, the onshore deposits will in most cases continue

derived from onshore deposits. Depending on the depos-

to satisfy our growing appetite for metals and minerals.

it concerned, these are extracted from underground

They do predict future shortages of some resources,

mines or open-cast mines using enormous excavators

however.
For instance, those resources which are available or
mined in only small amounts – such as antimony, ger-

Rare ear th metals

manium and rhenium – could become scarce, partially
as a result of the growing needs of the BRIC countries

R are ear th met a ls are a set of 17 chemic a l element s which appear in the
per iodic t able and which have similar proper t ies. The unusua l na me
s tems from the fac t that these met a ls used to be ex trac ted from minera ls
(“ear ths”) which were considered ver y rare. In rea lit y, however, many of
the rare ear th met a ls occur frequent ly in the Ear th’s cr us t. On the other

(Brazil, Russia, India and China).
To compare, about 20 million tonnes of refined copper were produced worldwide in 2012, but only 128
tonnes of germanium.

hand, there are few large deposit s cont a ining high concentrat ions of

Germanium is used for the radio technology in

these element s. The larges t occur rences are found in China, par t icular ly

smartphones, in semi-conductor technology and in thin-

in Inner Mongolia. R are ear th met a ls are used in many key technologies.

film solar cells. There are concerns, particularly among

They are needed for per manent magnet s in magnet ic resonance imaging

the leading industrialized nations, that the supply of

( MRI ), in the generator s of wind tur bines and for the produc t ion of

such significant industrial resources could become

accumulator s, LEDs and pla sma screens.

more precarious in coming decades. The following are
some of the factors on which supply depends:

S e a -f l o o r mi n i n g <
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2.1 > Mineral ores
for metal production
are extracted from
huge open-cast mines
such as the Dexing
copper mine near the
eastern Chinese city
of Shangrao. The
excavators are
working their way
deep into the earth.

•

•

•

Rising demand due to new developments: Some

•

State

monopolies:

Many

important

industrial

innovation researchers predict that the need for cer-

resources are found in only a few countries or are

tain metals will increase significantly in the years

currently produced by only a few. These nations

to come as a result of new technological develop-

have an effective monopoly. For instance, China

ments. Rare earth metals, for example, are elements

accounts for 97 per cent of the worldwide produc-

which could be required in rapidly increasing quan-

tion of rare earth metals. Currently it is also the

tities in future for the construction of engines for

most important producer of other resources. Import-

electric cars and generators in wind turbines.

ing nations are concerned that China, or other

Rising demand and competition as a result of eco-

nations, could restrict the availability of these

nomic growth in the BRIC countries and emerging

resources by imposing high tariffs or other econom-

markets, as well as strong growth in the global pop-

ic measures. The situation is aggravated by the fact

ulation.

that modern high-tech industries require resources

Limited availability: Many resources are by-prod-

of extra high quality or high purity. In many cases

ucts of the extraction of other metals. For instance,

these, too, occur in only a few regions of the world.

both germanium and indium – which is vital for the

•

Oligopolies as a result of industry concentration: In

manufacture of LCD displays – are by-products of

some cases resources are mined by only a handful of

lead and zinc mining. They occur in only small

companies. Competition for some resources has

quantities in the lead and zinc deposits. In order to

intensified even more in recent years due to major
resource companies having bought out smaller ones.

extract more germanium and indium, lead and zinc
production would have to increase substantially.

•

Political situation: Supplies from politically fragile

This would be uneconomic, however, because the

states are also fraught with problems. One example

demand for lead and zinc is not high.

is the Democratic Republic of the Congo which gen-
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L e a di ng m e t a l pr oduc e r s a nd t h e i r p e r ce n t a g e o f w o r l d p r o d u ct i o n

2.2 > Many metals

Elements

Largest producer

Second largest producer

Third largest producer

Application

Aluminium (Al)

Australia 31 %

China 18 %

Brazil 14 %

Vehicle bodies,
consumer goods

Antimony (Sb)

China 84 %

South Africa 2.6 %

Bolivia 2.2 %

Flame retardants, electronic
components, consumer goods

Arsenic (As)

China 47 %

Chile 21 %

Morocco 13 %

Semi-conductors, solar cells,
optical components

Cadmium (Cd)

China 23 %

Korea 12 %

Kazakhstan 11 %

Accumulators, pigments,
solar cells

Chromium (Cr)

South Africa 42 %

India 17 %

Kazakhstan 16 %

Stainless and heat-resisting
steels

Cobalt (Co)

Democratic Republic of
the Congo 40 %

Australia 10 %

China 10 %

Wear- and heat-resisting
steels

Copper (Cu)

Chile 34 %

Peru 8 %

USA 8 %

Electric cable, electric motors,
building industry

Gallium (Ga)

China

Germany

Kazakhstan

LEDs, solar cells

Germanium (Ge)

China 71 %

Russia 4 %

USA 3 %

Smartphones, solar cells

Gold (Au)

China 13 %

Australia 9 %

USA 9 %

Investment, jewellery,
electrical industry

Indium (In)

China 50 %

Korea 14 %

Japan 10 %

Displays, alloys, photovoltaics

Iron (Fe)

China 39 %

Brazil 17 %

Australia 16 %

Steel, industrial magnets

Lead (Pb)

China 43 %

Australia 13 %

USA 10 %

Radiation shielding, batteries,
metal working

Lithium (Li)

Chile 41 %

Australia 24 %

China 13 %

Accumulators, aviation- and
space technology

Manganese (Mn)

China 25 %

Australia 17 %

South Africa 14 %

Stainless steel, LEDs

Molybdenum (Mo)

China 39 %

USA 25 %

Chile 16 %

Steel

Nickel (Ni)

Russia 19 %

Indonesia 13 %

Canada 13 %

Corrosion protection,
corrosion-proof steels

Niobium (Nb)

Brazil 92 %

Canada 7 %

–

Stainless steels, jewellery

Palladium (Pd)

Russia 41 %

South Africa 41 %

USA 6 %

Catalysts (chemical industry),
jewellery

Platinum (Pt)

South Africa 79 %

Russia 11 %

Zimbabwe 3 %

Catalytic converters, jewellery, metal coatings

Rare earth metals

China 97 %

India 2 %

Brazil 1 %

Permanent magnets,
accumulators, LEDs

Selenium (Se)

Japan 50 %

Belgium 13 %

Canada 10 %

Semi-conductor and steel
production, fertilizers

Silver (Ag)

Peru 18 %

China 14 %

Mexico 12 %

Investment, jewellery,
chemical industry (catalysts)

Tellurium (Te)

Chile

USA

Peru

Stainless steels, semiconductors, photo diodes

Tin (Sn)

China 37 %

Indonesia 33 %

Peru 12 %

Component of bronze, LEDs,
displays

Vanadium (V)

China 37 %

South Africa 35 %

Russia 26 %

Steel alloys, cladding for
nuclear fuel rods

Zinc (Zn)

China 25 %

Peru 13 %

Australia 12 %

Corrosion protection, batteries, construction industry

today are mined in
only a few countries,
with China leading.
The data originate
from a comprehensive
analysis of resources
carried out in 2010,
since when the
situation has not
changed significantly.
No reliable figures
are available for
gallium or tellurium.
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erates 40 per cent of worldwide cobalt production,
but which has been destabilized by many years of

How much metal does the ore contain?

civil war.
A s a genera l r ule met a ls are ex trac ted from minera l ores. In many c a ses
these are not present a s pure met a l, but in the for m of compounds which

The availability of a resource to a country or company

cont a in both the met a l sought and a range of other chemic a l element s.

does not depend alone on the size of worldwide depos-

One exa mple is copper. Copper ore does not cont a in pure copper, but

its, therefore, but on a combination of factors which

either a copper-sulphur-iron compound (cha lcopyr ite ) or a copper-sul-

determines the price. Of course, the price is also affect-

phur compound (cha lcocite ). The met a l mus t f ir s t be separated from

ed by the situation on the resource markets. For instance

such minera ls by means of mult i-s tep met a llurgic processes. In many

as demand for a resource grows, so does its price. In

c a ses these processes are so complic ated that they account for up to 30

other cases resources may increase in price as a result

per cent of the met a l pr ice. The met a l recovered is descr ibed a s “ref ined

of speculation alone, because markets overreact. One

copper”. M inera l ores, therefore, are made up of a combinat ion of dif-

example here was the huge price hike of copper and

ferent subs t ances and cont a in only a cer t a in a mount of met a l. In mos t
c a ses copper ores cont a in bet ween 0.6 and 1 per cent of copper. Conse-

other resources after 2006 when China snapped up

quent ly one tonne of ore generates a ma ximum 6 to 10 kilogra ms of

major quantities of resources. At that time there could

copper. In the c a se of plat inum the yield is much lower: 1 tonne of ore

be no question of scarcity, however.

usua lly cont a ins bet ween 3 and 6 gra ms of plat inum. Nonetheless it is
s t ill wor thwhile mining bec ause the plat inum pr ice is high. In 2013 the

M easurin g u ncertain t y

pr ice per gra m wa s around 35 Euros.

Experts are trying to assess the certainty of future
ment sound policies and regulations that permit and

resource supplies. They take state and corporate monop-

promote private sector development;

olies into account on the one hand, and the political
situation in the prospective mining areas on the other,

•

Rule of law: measures perceptions of confidence in
and adherence to the rules of society, and in particu-

to produce a “weighted country risk”.
This weighted country risk is ascertained on the

lar the quality of contract enforcement and property

basis of 6 criteria (indicators) against which the govern-

rights. It also measures the quality of the police and

ance and prevailing political situation of individual

the courts, as well as the likelihood of crime and
violence;

states are measured. These indicators have been defined
by the World Bank as follows:

•

Control of corruption: measures perceptions of the
extent to which public power is exercised for private

•

Voice and accountability: measures perceptions of

gain, including both petty and grand forms of cor-

the extent to which a country’s citizens are able to

ruption, as well as the inf luence of elites and private

participate in selecting their government, as well as

interests.

freedom of expression, freedom of assembly and a
•

•

•

free media;

Numeric values are assigned to the 6 indicators, and

Political stability and absence of violence: measures

these are totalled to reveal country risk values between

perceptions of the likelihood of a government being

+1.5 and –1.5. Values above 0.5 indicate a low risk,

destabilized by violence, political violence or terror-

between –0.5 and +0.5 a moderate risk, and those

ism;

below –0.5 are considered critical.

Government effectiveness: measures the quality of

Economists are using the Herfindahl-Hirschman

public services, the civil service and the degree of

Index (HHI), a measure of market concentration, as they

its independence from political pressures;

attempt to assess the extent to which resource supply is

Regulatory quality: measures perceptions of the

inf luenced by state or corporate monopolies. This math-

ability of the government to formulate and imple-

ematically determined index considers the number of
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2.3 > The security of
individual resource
supply is ascertained
by looking at the reliability of exporting
nations (weighted
country risk) and the
monopolization of
individual resource
markets. This diagram
considers state monopolies in particular
(country concen-
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Weighted count r y r isk of produc t ion
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M et a ls ( ref ined )
Indus t r ia l minera ls
–1.0

Coba lt

– 0.5

0

Gold

which are considered
safe (low risk) are
highlighted in green,

T in
Fluor ite
Va nadium
Magnesite
Phosphate
Ba r ite
Chromium Ferchromide
Ga r net
Nickel Ma nga nese Cr ude
Pa lladium
s teel
Lead
A luminium
Silver
Zinc
Zinc Ta lc Lead Silicon
Indium
Cadmium
B entonite
Bauxite
Coba lt M olybdenum
Copp er Nickel Iron
M ic a
Pot a sh
K aolin
Copp er
Rut ile
T in

tration). Resources

0.5
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companies competing in the market and their market

concentration ratios. This is because copper is produced

shares, from which they can calculate the degree of con-

in politically stable countries, by a range of different

centration of that market. In terms of figures, the Her-

companies.

findahl-Hirschman Index ranges between the highest

Rare earth elements and the metalloid antimony are

value 1 where there is only one market participant

considered extremely high risk resources. Deposits

(indicating a monopoly), and the lowest value 0, which

with a high content of antimony are found mainly in

is achieved when (theoretically) an infinite number of

China, which supplies about 84 per cent of global pro-

participants have the same market share. For practical

duction. The Herfindahl-Hirschman Index value is cor-

reasons the values are multiplied by 10,000 to effective-

respondingly high. Antimony is used for touchscreens

ly remove the decimal point.

and micro-electronic components; it is also very much

Accordingly, a resource market with an HHI below
1500 is considered “unconcentrated”. Above 2500 it is

in demand as a f lame retardant for fire-resistant clothing and plastics.

seen as “highly concentrated” or monopolized, and values in between indicate that a market is “moderately

H o w l o n g w i l l r e s o u r ce s l a s t ?

concentrated”.
If the resources are assessed according to both the

Calculating the supply risk can naturally provide only a

weighted country risk and the HHI at the same time,

snapshot of the current situation. It does not tell us just

they can be classified into 3 different risk groups: low

how long we can expect the resources to be available in

risk, moderate risk and high risk resources. Copper is

future.

considered a low risk resource. It has a low country risk

Geoscientists are trying to answer this question by

value and at the same time low corporate and country

gauging the reserves and resources of the various sub-

S e a -f l o o r mi n i n g <

stances. Essentially we know where certain ores can be

and complicated. For this reason interest has mainly

anticipated, because resources usually occur in charac-

been focused on areas in the vicinity of known occur-

teristic geological formations, the worldwide distribu-

rences. Major tracts of Australia, Canada, South Ameri-

tion of which is relatively well known.

ca and West Africa remain largely unexplored. Assess-

Platinum for example occurs mainly in the Bushveld
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ing worldwide occurrences is therefore a very unreliable

Complex of South Africa in a layered igneous intrusion.

undertaking. Occurrences are classed into different

This is a layer of rock caused by magmatic activity

categories, depending on the extent to which an area of

which has penetrated the adjacent rock strata. Platinum

land has been sampled or developed:

in such intrusions is also found in some other regions
of the world. However, the platinum content of the ores

•

RESERVES: Reserves are occurrences of resources

is in many cases so minimal that extraction is not pro-

which have already been proven and their extrac-

fitable.

tion is economically feasible using current technology.

Ground surveys, geological and geophysical analyses and test drilling must be undertaken before it is possible to ascertain whether metals occurring in a geolog-

•

RESOURCES: An occurrence is described as a

ical formation are concentrated enough to be considered

resource when its metal content and volume have

a deposit.

not yet been proven by sampling, or when its extrac-

No such testing has as yet been carried out in many

tion and processing are economically unfeasible.

regions of the world because the exploration of new

One example is nickel laterite ore, a special type of

deposits in unknown terrains is extremely expensive

nickel ore found in the residual soils of tropical and

Ident if ied

Not yet conf ir med

S a mpled

Conf ir med by
intensive dr illing
(spacing
a pprox.10 m )

Conf ir med by
dr illing
(spacing
a pprox. 10 0 m )

Conf ir med
by s a mpling
of sur face
rock s

Hypot het ic a l :
a ssumed to exis t due
to cha rac ter is t ic
geologic a l s t r uc tures
of known deposit s
in t he vicinit y

Sp eculat ive :
a ssumed to exis t due
to cha rac ter is t ic
geologic a l s t r uc tures
in a n a s-yet
unknown region

2.4 > Mineral
resource deposits are
classified in different
categories, depending

Economic :
economic a lly
fea sible

R E S E R V E S

on how well-known

c a n b e s afely a ssumed to exis t , a nd t heir ex t rac t ion
is technic a lly a nd economic a lly fea sible

or sampled they are.
Whether the resources
can be extracted
is another factor
considered.

Sub - economic :
cur rent ly not
economic a lly fea sible

E conomic ally dubious zone

R E S O U R C E S
c a n only b e a ssumed or a re cur rent ly not recovera ble b ec ause t he
on-site cos t s of mining or infra s t r uc ture a re too high,
or b ec ause t here is no cos t- ef f icient met a llurgic a l process
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2.5 > Bauxite is
extracted mainly in
open-cast mines.
A specialized machine
like this one removes
800 tonnes per hour.
Bauxite is primarily
used to manufacture
aluminium.

sub-tropical areas. Until the 1950s there was no

cast mines will be developed onshore, because of their

economically-feasible industrial process to separate

drastic intervention in landscapes.

the nickel from the ore. The occurrences, although

Many stretches of land have been completely trans-

well-known, could not be utilized. The laterites

formed over past decades as a result of mining. People

were therefore ranked as resources. Once an appro-

have lost their homes and important ecosystems have

priate metallurgical process was developed, they

been destroyed. Copper mining was responsible for the

became an exploitable reserve. Today about 50 per

enormous craters in the ground in South America. In

cent of the nickel produced worldwide comes from

Brazil large tracts of rainforest were destroyed by the

such lateritic deposits.

open-cast mining of bauxite, another residual soil from
which aluminium is extracted. Any expansion of

Unlike natural gas and oil, metal reserves and resources

onshore mining is therefore viewed with a great deal of

are further sub-classified according to the extent to

scepticism.

which they have been sampled. The economic feasibility of their extraction is also taken into account.

R e cy cl i n g r a t h e r t h a n d i s ca r d i n g ?

In view of the major areas of land worldwide which
have not yet been properly sampled, geoscientists

An alternative to intensified ore mining could in future

assume that many as-yet-undiscovered deposits exist

be the recycling of valuable resources. Just as alumini-

and that these will theoretically be capable of meeting

um and steel are already being melted down and repro-

the growing need for mineral resources in the future.

cessed on a grand scale, other resources too could be

But it is debatable whether major underground or open-

recovered from waste and electronic scrap.
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However, electronic waste is processed by only a

•

The creation of economic incentives to spur a func-

few companies worldwide, which mainly recover cop-

tioning recycling market which specializes in

per, silver, gold and platinum.

resources from consumer goods, end-of-life vehicles

From a process engineering point of view it would

61

and electronic scrap.

also be feasible, for instance, to recycle indium tin oxide
film from smartphone screens. As yet, however, no

C o u l d s e a -f l o o r m i n i n g b e t h e a n s w e r ?

industrial facility has yet been designed for routine processing.

To make future resource supplies more secure, sea-f loor

Not only are discarded smartphones and computers

mining could offer many states and companies a poten-

of interest for recycling: waste also accumulates during

tial alternative, for both economic and geopolitical rea-

production. Yet because processes for treating the waste

sons. It would avoid the land-use conf licts which under-

and extracting the substances are lacking, the electron-

ground and surface mining bring in their wake, and

ics industry can return only a portion of its waste into

could also help many nations without resource reserves

the production process. A process for gallium from LEDs

to become a little less dependent on the exporting

would be highly desirable, for example.

nations.

Collection systems for end-of-life products and pro-

In principle there are two scenarios where sea-f loor

duction waste are also lacking. Recycling is further

mining is concerned: mining within the territorial

complicated by the fact that a product may contain only

waters of a nation, and mining in the deep sea which is

tiny amounts of certain metals, making it scarcely

considered a common heritage of mankind and a

worthwhile to reprocess. Experts are trying to create

resource to be shared among all nations.

new methods to improve the identification and separation of the various processed substances.

Nation states are responsible for regulating the mining activity in their own sovereign territory. In the case

Microchips and other microelectronic components

of the deep sea, however, the central authority is the

in which a range of different substances are effectively

International Seabed Authority (ISA), which grants

fused together present a particular challenge. Because

licences for specific areas. The ISA is based in Kingston,

most electronic scrap cannot be recycled, many indus-

Jamaica.

trialized nations export it into developing and newly
industrializing countries as waste. In some cases it is
still being transported illegally overseas. Companies
involved in such activity claim to recycle the scrap and
are paid accordingly. But instead of recycling it in a
technically complex manner, they save money by
exporting it.
For this reason specialists are discussing the following measures and suggestions for the future recycling of
metals:
•

The development of new systems to recover industrial production waste;

•

The introduction of recycling bins for private households;

•

The priority development of recycling processes for
metals at a high risk of shortages (country risk,
country concentration);

2.6 > A worker in a
recycling factory in San
José, Costa Rica, sorts
tin cans from which aluminium is recovered.
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2.7 > Electronic components such as chips with
electronic circuits contain very small amounts of
various metals. Recycling is extremely difficult as
the metals are virtually fused together.
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In particular the ISA ensures that the future profits

solution rises rapidly and is extruded back into the

gained from deep-sea mining activities are shared equi-

sea. As soon as this solution mixes with the cold

tably. The objective is to prevent a situation occurring

seawater, the minerals form a precipitate which

whereby only rich nations have access to promising

accumulates around the hydrothermal vents in the

resources.

form of massive ore deposits. Massive sulphides are

The International Seabed Authority has already

found in many places on the sea f loor which are or

assigned numerous licensed areas to several states for

used to be volcanic. Depending on the region, they

exploration purposes; as yet they may only explore –

contain widely different amounts of copper, zinc,

not exploit. To date no actual mining has been carried

lead, gold and silver, as well as numerous important

out anywhere because the final set of rules governing

trace metals such as indium, germanium, tellurium

the activity is still being debated. The ISA plans to

or selenium.

establish the legal conditions for such seabed mining by
2016.

If and when marine resources are mined depends main-

As far as sea-f loor mining is concerned, interest is

ly upon how resource prices actually develop world-

focused on 3 main types of resource deposit which con-

wide. It is impossible to predict whether, as is the case

tain different valuable metals:

with oil, world market prices will continue to rise. New
onshore mining projects could lead to price reductions

•

MANGANESE NODULES: Manganese nodules are

for certain resources, for example. In the past we have

lumps of minerals ranging in size between that of a

often seen that when mining of a major new onshore

potato and a head of lettuce. They cover enormous

deposit begins, there is a surplus of the resource con-

areas of the seabed of the Pacific and Indian Oceans.

cerned. Cost savings also contribute to falling prices.

They are composed mainly of the chemical elements

There are many reasons behind such savings such as

manganese, iron, copper, nickel and cobalt along

new mining technologies, automation or improved met-

with other substances such as molybdenum, zinc

allurgic processes.

and lithium. Manganese nodules are mostly found
at depths below 3500 metres.

On the other hand, prices rise as the demand for a
resource increases. This could in future prove to be the
case with resources which are highly sought after due

•

COBALT CRUSTS: Cobalt crusts are incrustations of

to technological and social developments. One example

minerals which form on the sides of submarine

here is the metal neodymium which is increasingly

mountain ranges and seamounts. They develop as a

used in the construction of electric motors and wind

result of the accumulation of minerals dissolved in

turbine generators. Experts are in fact concerned that

the water and contain mainly manganese, iron,

supplies of this metal could run short in the coming

cobalt, nickel, platinum and rare earth elements.

years. If the prices of metals that are also found offshore

Cobalt crusts are found in the western Pacific at

increase in the coming years as a result of such short-

depths of 1000 to 3000 metres.

ages, sea-f loor mining could become economic. However, at this stage nobody can foresee whether such a

•

MASSIVE SULPHIDES: Massive sulphides accumu-

situation will occur.

late mainly at the openings of hot vents on the

An exception could possibly be the massive sul-

ocean f loor. In these regions cold seawater pene-

phides found in the territorial waters of Papua New

trates through cracks in the sea f loor at depths of up

Guinea, which have been found to contain substantial

to several kilometres. The water near magma cham-

amounts of gold and silver. Their retrieval has been

bers then heats up to temperatures exceeding 400

planned for several years now, but for economic and

degrees Celsius. As it does so, metalliferous miner-

contractual reasons production has been postponed

als are released from the rock. Upon warming the

repeatedly.
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S an d , grave l a nd p ho s p ha t e fr o m th e se a

The ex trac t ion of minera l resources from the sea is by no means a new

Sand and gravel are ex trac ted by ships cons tr uc ted specia lly for this

ac t ivit y. Many countr ies have in fac t been ex trac t ing sand and gravel

pur pose, which suck them from the ocean floor using a large pipe. This

for dec ades. This loose rock is used to make concrete, a s back f ill on

process is known a s suc t ion dredging. The pipes are up to 8 5 metres

building sites and in har bour s, and a lso a s beach nour ishment to pro -

long and c an have a dia meter of up to 1 metre. A s a r ule, the dredging

tec t coa s t lines.

area s are around 3 kilometres long and severa l hundred metres wide.

How much mar ine sand and gravel is ef fec t ively t aken wor ldwide is

There are t wo dif ferent dredging processes. The f ir s t is s t at ic suc t ion

dif f icult to es t imate bec ause the dat a is not collec ted centra lly. What

dredging dur ing which the ship lies at anchor a s it suck s up sand from

the ava ilable s t at is t ic s do show, however, is that Europe is the larges t

a single spot. This produces pit s of up to 10 metres in depth. The sec-

producer of mar ine - dredged sand and gravel, with sand being the mos t

ond process involves the ship pulling a suc t ion pipe with a draghead

sought-af ter produc t.

behind it and slowly following a route through the dredging area. This

According to es t imates published by the Inter nat iona l Council for
the Explorat ion of the Sea ( ICE S ), the organizat ion responsible for the

method of mater ia l ex trac t ion removes a layer of sand 25 to 5 0 cent imetres thick from the sea floor.

Nor th At lant ic mar ine habit at , 93.5 million cubic metres of sand were

The ex tent of the da mage and des tr uc t ion that is inflic ted upon

removed from European water s in 2012. That f igure equates to approx-

mar ine habit at s by the large-sc a le ex trac t ion of sand and gravel ha s

imately the volume of 37 Great P yra mids of Cheops. The Nether lands

long been a subjec t of heated discussion. The Nor th Sea f ishing indus-

accounted for the ma jor share of about 6 3 million cubic metres. No less

tr y, for ins t ance, ha s voiced fear s that f ishing could be impac ted

than 37 million cubic metres were needed by that countr y a lone to

negat ively by suc t ion dredging operat ions. A mong other thing s, the

replenish the Nor th Sea coa s t line and of f shore islands to ba lance out

cr it ic s of dredging have a sser ted that :

the sand ma sses wa shed away by the autumn and winter s tor ms in the
Nor th Sea. Some of the sand is used each year to expand the por t of

• Fish are dr iven away by the noise of the suc t ion dredger s ;

Rot terda m.

• The hunt ing and spawning grounds of the f ish are des troyed by the

The ex tent of sand and gravel consumpt ion by the Nether lands is
highlighted by the fac t that the USA uses only about 57 million cubic
metres of mar ine sand each year. In that countr y, the mater ia l is a lmos t

dredging or the sediment that wa s s t ir red up ;
• Fishing equipment such a s lobs ter pot s are r uined by the suc t ion
dredger s.

exclusively ut ilized for the pur poses of coa s t a l protec t ion and beach
replenishment.

Since the s t ar t of the new millennium, therefore, a whole raf t of bio -

Europe’s second larges t consumer of mar ine sand af ter the Nether-

logic a l s tudies ha s been c ar r ied out with the a im of a ssessing the

lands is Great Br it a in. That nat ion used a lmos t 12 million cubic metres

impac t of suc t ion dredging on the mar ine environment. These inves t i-

in 2011, plus near ly 7 million cubic metres of gravel. Approximately

gat ions have shown that dredging does indeed have an impac t , but

8 0 per cent of both produc t s are used to manufac ture concrete, par-

have a lso revea led that such ef fec t s are limited to relat ively sma ll

t icular ly for cons tr uc t ion wor k c ar r ied out in London and in souther n

area s. An English s tudy, for ins t ance, proved that af ter 25 year s of

par t s of England.

sand dredging, an area needs about 6 year s to completely repopulate.

No other nat ions regular ly ex trac t sand and gravel to such an ex tent.
However, in individua l c a ses, large a mount s are indeed needed for
building projec t s such a s the expansion of Hong Kong a ir por t and the
por t of Singapore.
What is more, despite the ready ava ilabilit y of deser t sand, mar ine

In an area dredged for only a br ief per iod or jus t once, the or igina l
condit ions are a lready res tored af ter 1 or 2 year s.
A Dutch s tudy even concluded that 2 year s af ter dredging sand to
expand the por t of Rot terda m the f ish bioma ss in the dredged area
increa sed subs t ant ia lly. Why this is, is unclear.

sand is a lso used to cons tr uc t ar t if icia l islands such a s the Pa lm Islands

What is cer t a in, however, is that ex trac t ion does change the compo -

of Duba i. This is bec ause the rounded gra ins of ocean sand are bet ter

sit ion of the seabed sediment s. When gravel or coar se-gra ined sand is

for concrete produc t ion than the angular gra ins t aken from the deser t.

removed, the sites af ter wards of ten f ill with f iner sand which is wa shed

Mar ine sand and gravel are used ma inly where no suit able deposit s c an

in by the cur rent. Fine-gra ined area s at trac t dif ferent sea dweller s than

be found onshore. This is the c a se in both souther n England and the

coar se-gra ined area s. These changes c an per sis t over many year s.

Nether lands. However, bec ause it is genera lly subs t ant ia lly more cos t-

However, a s relat ively sma ll area s cover ing only a few square kilo -

ly to remove them from the sea, onshore deposit s tend to be prefer red

metres are dredged, the s tudies conclude that there c an be no ques t ion

wor ldwide.

of ma jor habit at change.

S e a -f l o o r mi n i n g <
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2.8 > A suction dredger extracts sand from the North Sea floor off the Dutch

2.9 > The sand-water combination is pumped from the ship onto the beach

island of Ameland to widen the beach.

using the “rainbow method”.

The conflic t that er upted in Great Br it a in bet ween the f isher ies sector on the one side, and the sand and gravel indus tr y on the other, wa s

The tour ism indus tr y fear s that da mage to it s reput at ion and f inancia l
losses may follow.

defused by awarding licences for mar ine area s in accordance with the

Apar t from sand and gravel, phosphate is another minera l resource

Mar ine and Coa s t a l Access Ac t 2010. Now, for the f ir s t t ime, the Ac t

which ha s the potent ia l to be exploited from the sea on a grand sc a le.

coordinates and regulates the mar it ime spat ia l planning of the water s

Phosphate is ma inly used a s a feeds tock for fer t ilizer produc t ion. Ma s-

of f Great Br it a in and their use by f ishing fleet s, tour ism operator s,

sive quant it ies are mined in Wes t Afr ic a and Tunisia, from where it is

wind energ y companies and the sand and gravel indus tr y. By a lloc at ing

expor ted to many dif ferent countr ies. The impor t at ion and long-haul

specif ic area s for well- def ined uses, it c an be ensured that the a sso -

sea transpor t at ion are relat ively expensive for dis t ant nat ions, which

ciated ac t ivit ies rema in far enough away from f ish spawning grounds.

would consequent ly prefer to make use of the mar ine resources of f

This avoids a situat ion ar ising in which suspended sediment s c aused by

their own coa s t s. There are thus plans to mine phosphate at Chatha m

dredging smother the egg s of her r ing and other species.

R ise, a submar ine r idge of f the ea s t coa s t of New Zea land. These plans

Some countr ies t ake a ver y cr it ic a l view of the mining of sand and

are meet ing with a s tor m of protes t from conser vat ionis t s who fear

gravel. In South Afr ic a for ins t ance, dune sand is ex trac ted for use in

that impor t ant habit at s on the sea floor could be des troyed. Propo -

the cons tr uc t ion indus tr y. A s dunes are a natura l bulwar k aga ins t the

nent s argue that the proposed mining area is ex tremely sma ll com-

ocean sur f cr it ic s are concer ned that this ac t ivit y could adver sely

pared to the area af fec ted by bot tom trawling.

af fec t the coa s t line.

Debate ha s begun in Na mibia and South Afr ic a, too, about the har-

Fisher men in India are protes t ing aga ins t the remova l of sand from

ves t ing of mar ine phosphate. Fisher men in Na mibia are concer ned that

beaches. They are concer ned that f ish s tock s are being compromised

mining of f the coa s t of Wa lvis Bay could des troy the hake f ishing

by the suspended sediment being s t ir red up and that c atches will dwin-

grounds. Environment a lis t s in South Afr ic a, for their par t , a sser t that

dle a s a result.

the area s ear mar ked for sea-floor mining will be adjacent to spe-

For more than 10 year s now sand ha s been illega lly removed from

cies-r ich Vulnerable Mar ine Ecos ys tems ( VMEs) mer it ing par t icular

Morocc an beaches and sold to other countr ies for concrete manufac-

protec t ion. They are demanding that in- depth environment a l impac t

ture. This ha s trans for med some beach area s into lunar landsc apes.

a ssessment s should be c ar r ied out before any mining begins.
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Ma n ga ne se nodu le t r e a su r e s
			

> M a n y t h o u s a n d s o f s q u a r e k i l o m e t r e s o f t h e d e e p -s e a f l o o r a r e c o ver ed b y

m e t a l - be a r i ng nodul e s. The y c o n t a i n p r i m a r i l y m a n g a n e s e , b u t a l s o n i ck e l , co b a l t a n d co p per, wh ich
m a k e s t he m e c onom i c a l l y pr om i s i n g . A l t h o u g h m a n y co u n t r i e s a n d co m p a n i e s a r e a l r e a d y i nt en s ively
inv e st i ga t i ng t he i r di st r i but i on, i t i s n o t ce r t a i n w h e t h e r t h e m a n g a n e s e n o d u l e s w i l l e v e r b e m in ed .
Af t e r a l l , a t l e a st f or t he i nt e r m e d i a t e f u t u r e , t h e r e a r e e n o u g h m e t a l s a v a i l a b l e o n l a n d .

Me t a l - r i c h c l um ps

ing from the west coast of Mexico to Hawaii. The nodules are not evenly distributed over this area. At some

Together with cobalt crusts, manganese nodules are

sites they are more densely grouped. No nodules at all

considered to be the most important deposits of metals

are found in stony areas. On the average, one square

and other mineral resources in the sea today. These nod-

metre in the Clarion-Clipperton Zone contains around

ules, with a size ranging from that of a potato to a head

15 kilograms of manganese nodules. Especially rich

of lettuce, contain mainly manganese, as their name

areas can have up to 75 kilograms. The total mass of

suggests, but also iron, nickel, copper, titanium and

manganese nodules here is calculated to be around

cobalt. In part, the manganese nodule deposits are of

21 billion tonnes.

interest because they contain greater amounts of some
metals than are found in today’s known economically

PERU BASIN: The Peru Basin lies about 3000 kilometres

minable deposits. It is assumed that the worldwide

off the Peruvian coast. It is about half as large as the

manganese nodule occurrences contain significantly

Clarion-Clipperton Zone. The region contains an aver-

more manganese, for example, than in the reserves on

age of 10 kilograms of manganese nodules per square

land.

metre.

Occurrences of economic interest are concentrated
particularly in the Pacific and Indian Oceans, in the

PENRHYN BASIN: The third important manganese nod-

wide deep-sea basins at depths of 3500 to 6500 metres.

ule area in the Pacific is located in the Penrhyn Basin

The individual nodules lie loosely on the sea f loor, but

very near the Cook Islands, a few thousand kilometres

can sometimes be covered by a thin sediment layer.

east of Australia. It has an area of around 750,000

Theoretically they can be harvested relatively easily

square kilometres. Large areas in the Cook Islands

from the sea f loor. They can be collected from the bot-

coastal waters have concentrations of over 25 kilograms

tom with underwater vehicles similar to a potato har-

of manganese nodules per square metre of sea f loor.

vester. Prototypes in the late 1970s and early 1980s
have shown that this will work.

INDIAN OCEAN: So far only a single large area of manganese nodules has been discovered here, with an area

2.10 > Slice through

Four m a j or oc c ur r e nc e s

a manganese nodule:
Over millions of

comparable to that of the Penrhyn Basin. It is located in
the central Indian Ocean. Each square metre of the sea

Manganese nodules occur in many marine regions.

f loor here contains around 5 kilograms of manganese

deposited around a

They are found in significant abundances in four regions

nodules.

core.

of the ocean:

years minerals are

How nodules grow

CLARION-CLIPPERTON ZONE (CCZ): With an area of
around 9 million square kilometres, approximately the

The formation of the manganese nodules is conceivably

size of Europe, this is the world‘s largest manganese

simple. Dissolved metal compounds in the sea water

nodule region. The CCZ is located in the Pacific, extend-

precipitate over time around a nucleus of some kind on
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M etal con ten t of m a nga ne se nodul e oc c ur r e nc e s i n m i l l i o n s o f t o n n e s
Elements

Clarion-Clipperton Zone
(CCZ)
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2.11 > Worldwide,

Global reserves and resources
on land (both economically
recoverable and sub-economic
reserves)

Global reserves on
land (economically
recoverable reserves
today)

manganese nodule
occurrences contain
large amounts of
metals. The occurrences in the Clarion-

Manganese (Mn)

5992

5200

630

Copper (Cu)

226

1000+

690

Titanium (Ti)

67

899

414

Rare earth oxides

15

150

110

economically minable

Nickel (Ni)

274

150

80

deposits on land

Vanadium (V)

9.4

38

14

today. The amount of

Molybdenum (Mo)

12

19

10

Lithium (Li)

2.8

14

13

than in economically

Cobalt (Co)

44

13

7.5

exploitable deposits.

Tungsten (W)

1.3

6.3

3.1

Niobium (Nb)

0,46

3

3

Arsenic (As)

1.4

1.6

1

Thorium (Th)

0.32

1.2

1.2

Bismuth (Bi)

0.18

0.7

0.3

Yttrium (Y)

2

0.5

0.5

Platinum group metals

0.003

0.08

0.07

obtained from man-

Tellurium (Te)

0.08

0.05

0.02

ganese nodules in the

Thallium (Tl)

4.2

0.0007

0.0004

Clipperton Zone
(CCZ) alone hold
around 10 times more
manganese than the

thallium in the CCZ is
even 6000 times more

It must be kept in
mind, however, that
the possible marine
deposits are compared
to actual economically recoverable
occurrences on land.
Whether, and how
much metal can be

future is completely
uncertain.

2.12 > Manganese

Cla r ionClipp er ton
Zone

nodules occur in
all oceans. But only
in 4 regions is the
density of nodules
great enough for industrial exploitation.

India n
O cea n

E xc lusive Economic Zone

Penr hyn
Ba sin

Per u
Ba sin
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2.13 > Manganese
nodules are present
in various quantities
in different areas of
the deep sea. In this
close-up view of the
Pacific sea floor, the
nodules are relatively
close together.

the sea f loor. The growth core can be, for example, a

ganese nodules can only grow in areas where the envi-

shark’s tooth or a fragment of a clam shell, around

ronmental conditions remain stable over this kind of

which the nodule grows. This growth process can take

time scale. The following factors are essential for the

place in two ways. In the hydrogenous process, metal

formation of manganese nodules:

compounds sinking through the water are precipitated.
In large part this involves the manganese oxide mineral

•

ly;

of other metals join in smaller amounts.
The second process is referred to as diagenetic

Low sedimentation rates of suspended material.
Otherwise the nodules would be covered too rapid-

vernadite, which forms naturally in water. Compounds
•

Constant f low of Antarctic bottom water. This water

growth. This process does not occur in the water col-

f lushes fine sediment particles away that would

umn but within the sediments. Metal compounds that

otherwise bury the nodules over time. The coarser

are present in the water between the sediment par-

particles, such as the shells of small marine organ-

ticles, the pore water, are deposited. This is sea water

isms and clam or nodule fragments, may be left
behind to act as nuclei for new nodules;

that penetrates into the sea f loor and reacts with the
sediments to become enriched with metal compounds.

•

Good oxygen supply. The Antarctic bottom water,

Where it rises up and out of the sediment, the metal

for example, transports oxygen-rich water from the

compounds are likewise deposited around the nodule

sea surface to greater depths. Without this the manganese oxide compounds could not form;

growth core. As a rule, this involves the manganese
oxides todorokite and birnessite.

•

Aqueous sediment. The sediment has to be capable

Most nodules grow both hydrogenously and diage-

of holding large amounts of pore water. Diagenetic

netically, whereby the relative inf luence of each process

nodule growth can only take place in very aqueous

varies in different marine regions. It is fascinating how

sediments.

extremely slowly the manganese nodules grow. In a
million years their size increases on the order of milli-

Furthermore, some researchers hold the opinion that

metres. Hydrogenous nodules grow up to 10 millimetres

bottom-dwelling organisms such as worms that burrow

per million years, while diagenetic nodules grow

around in the sediment must be present in large num-

between 10 and 100 millimetres. This means that man-

bers in order to constantly push the manganese nodules

S e a -f l o o r mi n i n g <

up to the sediment surface. This hypothesis, however,

countries that do not have access to their own land

has not yet been proven.

reserves, manganese nodules offer a way to become
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independent from imports.
D i fferen t reg ion s, diff e r e nt c om posi t i ons
W h o o w n s r e s o u r ce s i n t h e s e a ?

Although the conditions for the formation of manganese
nodules are the same in all four of the major regions,

The international Law of the Sea precisely regulates

their metal contents vary from place to place. The high-

who can mine manganese nodules or massive sulphide

est manganese content is 34 per cent in the Peru Basin

and cobalt crusts in the future. If the resources are

nodules, while the highest iron content is in the Pen-

located within the Exclusive Economic Zone (EEZ) of a

rhyn Basin nodules with 16.1 per cent. The greatest con-

country, the so-called 200 nautical mile zone, this coun-

tent of cobalt, at a substantial 0.4 per cent, is also found

try has the sole right to mine them or to award mining

here. In this area, therefore, the extraction of cobalt has

licences to foreign companies. This is the case, for

the highest priority. According to expert estimations, 21

example, in a part of the Penrhyn Basin near the Cook

million tonnes of cobalt could be produced here, which

Islands.

is a great amount. The economically feasible reserves on

The CCZ, the Peru Basin, and the Indian Ocean

land currently amount to around 7.5 million tonnes.

area, on the other hand, all lie far outside the Exclusive

Even adding the deposits on land that are not yet eco-

Economic Zones, in the realm of the high seas. Here,

nomically minable, only 13 million tonnes of cobalt

mining is centrally regulated by an agency of the United

could be retrieved – still significantly less than the nod-

Nations, the International Seabed Authority (ISA), with

ules in the Penrhyn Basin could provide. After a record

headquarters in Kingston, Jamaica. In particular, the

high before the economic crisis of 2008, however, the

ISA ensures that the benefits from future activities

cobalt price has fallen steeply, so that mining of the

related to marine mining are shared equitably. Its

deposits is not presently economical.

authority is based on various articles of the United

Nevertheless, given the large amounts of metals

Nations Convention on the Law of the Sea, which define

that are contained in the manganese nodules world-

the high seas as the common heritage of mankind.

wide, it is certainly conceivable that the nodules may be

Activities on the high seas should thus serve the good

mined in certain marine regions in the future. For many

of all people. Among other things, exclusive access to

Hydrogenous nodules

M et a llic compounds in sea water
a re deposited on nodules

2.14 > Manganese
nodules grow when

35 0 0

metal compounds
dissolved in the water

B ot h diagenet ic
a nd hydrogenous
nodule grow t h

column (hydrogenous
growth) or in water
contained in the

BA SA LT

sediments (diagenetic

S EDIMENT

growth) are deposited

D iagenet ic nodules

around a nucleus.

6500

Most nodules are
a product of both
diagenetic and hydro-

S ea water enr iched in met a l compounds

genous growth.
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Che m i c a l c om pone nt s of m a ng a n e s e n o d u l e s f r o m d i ff e r e n t m a r i n e r e g i o n s
2.15 > Chemical

Elements

analyses reveal that
manganese nodules

Manganese nodules
of the CCZ

Manganese nodules of
the Peru Basin

Manganese nodules of
the Indian Ocean

Manganese nodules of
the Cook Islands area

Manganese (Mn) **

28.4

34.2

24.4

16.1

Iron (Fe) **

6.16

6.12

7.14

16.1

Copper (Cu) *

10,714

5988

10,406

2268

Nickel (Ni) *

13,002

13,008

11,010

3827

Cobalt (Co) *

2098

475

1111

4124

Titanium (Ti) **

0,32

0.16

0.42

1.15

Tellurium (Te) *

3.6

1.7

40

23

Thallium (Tl) *

199

129

347

138

Rare earth elements
and yttrium *

813

403

1039

1707

Zirconium (Zr) *

307

325

752

588

from different marine
regions vary significantly in their metal
contents.

* Grams per tonne

** Percentage by weight

the promising resources in the deep sea by rich coun-

These applications are related to areas explored by the

tries should be prevented.

original contractors and reserved for developing coun-

For the manganese nodule areas this means that

tries, which will now be consigned to Nauru, Kiribati

contractors apply to the ISA for an exploration area of up

and Tonga. The financial and technical means for fur-

to 150,000 square kilometres. The individual contractor

ther exploration and eventual development of these are-

must pay a licence fee for these areas. The crucial condi-

as, however, will not be supplied by the 3 island nations

tion is that the countries can only use half of their

but by the industry partners.

licence area, or a maximum of 75,000 square kilo-

Up to now, the licences awarded by the ISA have all

metres. After preliminary exploration, the other half is

been exploration licences, which allow nations to inves-

reserved for developing states. So far the ISA has award-

tigate the potential mining areas more closely. This

ed 12 licences for the Clarion-Clipperton Zone and one

includes detailed studies to determine which parts of

for the Indian Ocean, all to various states. The contrac-

the region have the highest densities of nodules or nod-

tors are China, Germany, France, India, Japan, the Rus-

ules with especially high metal contents. The licences

sian Federation, South Korea, and the Interoceanmetal

are awarded for a period of 15 years and can be extend-

Joint Organization, a consortium of Bulgaria, the Czech

ed one time for 5 more years. After that the mining

Republic, Slovakia, Poland, the Russian Federation and

must begin or the country will forfeit its mining rights.

Cuba.

However, the ISA will not define the legal regulatory

Two commercial companies have recently joined the

framework for future mining until 2016. There are still

applicants: the British company UK Seabed Resources

a number of unresolved questions. The mining tech-

Limited and the Belgian G-TEC Sea Mineral Resources

niques to be used in the future to harvest nodules have

NV. Since 2011 a number of developing countries (Nau-

still not been determined, and there is no plan in place

ru, Kiribati and Tonga) have submitted applications in

for effective protection of the marine environment from

cooperation with industrialized-country companies.

large-scale mining.
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2.16 > In the future,
manganese nodules
will be picked up from

Riser pipe
Armoured hose

Buf fer s torage and valves

Mining machine

the sea floor by harvesting machines and
pumped to the ship
through solid pipes.
But as yet no such
machines have been
built. Conceptual

Lif t ing mechanism

studies envisage an
apparatus furnished with a special
body that prevents
stirring up large
amounts of sediment.

M ini ng mach inery st i l l not a v a i l a bl e

starting with the raising of up to 250-tonne machines to
the surface.

Manganese nodule mining at an industrial scale is pres-

It is presently estimated that in the German licence

ently not possible because there are no market-ready

area of the Clarion-Clipperton Zone alone, around 2.2

mining machines. Although Japan and South Korea

million tonnes of manganese nodules would have to be

have built prototypes in recent years and tested them in

extracted in order to make the mining economically fea-

the sea, these still need improvement.

sible. This requires not only the mining machinery, but

Three years ago the German Federal Institute for

also the technology for subsequent working stages.

Geosciences and Natural Resources (Bundesanstalt für

The extraction begins with the mining machines,

Geowissenschaften und Rohstoffe – BGR) invited ten-

which plough into the sea f loor to a depth of 5 centime-

ders for a design study for suitable deep-sea machines

tres and cull the nodules out of the sediment. Most of

that Germany wants to deploy in its own licence area in

the sediments should be separated out on site and left

the CCZ. The participating companies included one that

behind on the sea f loor. The remaining nodule-sediment

already makes machines for diamond mining in the

mixture is then pumped from the sea f loor through rigid

Atlantic off Namibia. The equipment for diamond pro-

hoses to production ships at the water surface. On the

duction, however, is deployed in only 150 metres of

ships the manganese nodules are separated from the

water near the coast. It still has to be adapted for water

sediment and cleaned. Finally they are loaded onto

depths in the CCZ and working conditions on the high

freighters that transport them to land, where they are

seas. After all, the machines for manganese nodule min-

processed and the metals separated out. This entire pro-

ing have to withstand the high pressures at water

cess chain still has to be developed. Furthermore, the

depths of 6000 metres. Furthermore, they must be able

metallurgical processes required to retrieve the various

to work dependably over long time periods because

metals from the manganese nodules are not yet fully

repairs on deep-sea equipment are extremely costly,

f ledged.
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Life in the manganese nodule fields
If manganese nodules were to be mined in the future it would be

f ish, sponges, sea cucumber s and s t ar f ish. These organisms are

a severe intr usion into the deep -sea biologic a l environment

from 2 to over 10 0 cent imetres in size.

bec ause the har ves t ing machines would plough up large area s of
the sea floor. It is ver y dif f icult to a ssess precisely how and to

A specia l feature of the Pacif ic manganese nodule area s is the

what ex tent the deep -sea ecos ys tem would be impac ted, bec ause

presence of unusua lly large species of fora minifera. In contra s t to

so far only sma ll area s have been scient if ic a lly inves t igated. The

their miniscule cousins, the Xenophyophora are up to 10 cent i-

few exis t ing s tudies, however, clear ly show that there is more life

metres in size and are thus included in the megafauna. Xenophy-

in the deep ba sins than wa s previously believed.

ophores live on top of the sediment and, like sea cucumber s,

Many of the organisms live bur ied within the deep -sea sedi-

leave behind feeding track s severa l metres long.

ment s, especia lly in the upper 15 cent imetres of the sea floor. The

It is largely unknown how large the propor t ion of endemic

init ia l impression of a bar ren deser t is decept ive. A large number

species living in manganese nodule area s is. Mar ine biologis t s

of organisms a lso live in the open water. The deep -sea organisms

from var ious research ins t itutes are present ly eva luat ing bot tom

are divided into dif ferent c ategor ies ba sed on their size. For the

sa mples obt a ined on expedit ions. Many endemic species have

dif ferent iat ion of sma ll species, the size of the sieve opening s

a lready been discovered.

used to f ilter the anima ls out of the bot tom or water sa mples is a
useful cr iter ion. The 4 following c ategor ies are genera lly used :

Addit iona lly, it is presumed that the species composit ions in
and on deep -sea sediment s change ever y 10 0 0 to 30 0 0 kilo metres, which means it would change within a manganese nodule

MICROFAUNA : This consis t s of organisms that are sma ller than

area. The rea son for this is that the nutr ient condit ions in dif fer-

the opening s of a ver y f ine sieve of 0.0 3 millimetres. It compr ises

ent mar ine regions var y slight ly, bec ause nutr ient levels are par-

a lmos t exclusively microorganisms.

t ia lly dependent on transpor t by near-sur face water cur rent s.
When more nutr ient s are cont a ined in the water, then a lgae c an

MEIOFAUNA : This includes, for example, the copepods and nema-

produce more bioma ss, which subsequent ly ra ins down to the

todes (sma ll wor ms), a s well a s fora minifera, a group of single-

bot tom. Dif ferent organisms predominate depending on the sup -

celled anima ls that live in c a lc areous shells. These organisms are

ply of c ar bon. Compared to the nutr ient-r ich coa s t a l area s, the

ret a ined on sieves with opening s of 0.0 3 to 0.0 6 millimetres.

dif ferences in the a mount of c ar bon bet ween the var ious deep sea regions are relat ively sma ll. Never theless, they apparent ly

M ACROFAUNA : This group includes anima ls that are c aught on

c ause dif ferences in species composit ions. Mar ine biologis t s

sieves with opening s of 0. 3 to 0.5 millimetres. L arge number s of

therefore insis t that mining be regulated to the ex tent that the

macrofauna l organisms live in the sediment s, especia lly br is t le

dif ferent species a ssemblages, and thus the charac ter of the

wor ms, but a lso crabs and mussels.

deep -sea area s in ques t ion, are at lea s t in par t preser ved and that
a success ful recolonizat ion is possible. These fac tor s, a s well a s

MEG A FAUNA : This includes anima ls that c an be seen with the

the protec t ion of endemic species, should be considered in the

naked eye on under water videos or photographs, for exa mple,

mining regulat ions of the ISA .

2.17 > Various animal species, including sea cucumbers, deep-water prawns, fish and brittle stars, have been found in the CCZ.
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D estructio n o f deep - se a ha bi t a t s?

the sea f loor so that the particles settle relatively quickly. Engineers say, however, that this additional pipe sys-

Scientists agree that mining manganese nodules would

tem would make manganese production significantly

represent a dire encroachment on the marine habitat.

more expensive. It is still not clear today how fast the

The following detrimental impacts are assumed:

habitats on the sea f loor would rebound from this massive intervention. Several international projects have

•

•

•

•

While ploughing through the sea f loor the harvest-

been carried out since the end of the 1980s to investi-

ing machines stir up sediment. Ocean currents can

gate the rate at which harvested areas of the sea f loor

move this sediment cloud through the area. When

would be recolonized. But these were quite small-scale

the sediments finally settle down to the sea f loor

interventions. For example, scientists in the German

again, sensitive organisms, particularly the sessile,

project

immobile ones are covered and die.

ploughed up a sea-f loor area of several square kilo-

Directly in the ploughed area all organisms are

metres in the Pacific with experimental equipment and

killed that cannot escape the plough quickly

revisited the site over several years afterward. The

enough, including snails, sea cucumbers and

results indicated that a period of 7 years were required

worms. And even if they are not hurt by the plough,

before the ploughed area had adjusted back to the same

they can be vacuumed up with the nodules and die

density of bottom life as before. Yet some species had

during the cleaning process on the ship.

disappeared permanently, particularly those that were

The mining, pumping and cleaning of the manga-

reliant on a hard substrate. This means that after 7

nese nodules creates noise and vibrations, which

years the disturbed area was significantly species-de-

disturb marine mammals such as dolphins, and

pleted. In 2015, the German Federal Research Ministry

could force them to f lee from their natural area.

will provide money for an expedition that will visit this

The sediment-laden water produced by the cleaning

area once again. Then, for the first time, the long-term

of manganese nodules is released into the sea from

effects will be observed after a period of 25 years. The

the ships. A sediment cloud is also created here.

DISCOL researchers stress that the damage caused by

Present concepts envision a near-bottom discharge

mining a large area of manganese nodules would be

in order to minimize the spread of the cloud. Releas-

much greater. After all, in the experiment a compara-

ing it near the bottom also avoids clouding of the

tively small area was harvested. The disturbed area was

near-surface light-penetrating water layers. Biolo-

resettled rather quickly from the undamaged surround-

gists are concerned that clouding of the near-surface

ing areas. But if areas with many more square kilo-

waters could disturb the growth of algae and other

metres of sea f loor are harvested, recolonization of the

planktonic organisms.

harvested areas would take many years longer.

Disturbance

and

Recolonization

(DISCOL)

The ISA therefore envisions that the licence areas
It is certain that these problems cannot be completely

would not be harvested all at once, but in smaller steps.

eliminated. However, discussions are presently under-

Alongside harvested sites, untouched areas should be

way about how to reduce them as much as possible. In

preserved. From these, the harvested areas can be recol-

any case, the ISA requires environmentally sound man-

onized. Marine biologists are trying to determine how

ganese nodule production. And solutions actually

the patterns of exploited and non-exploited areas should

appear to be possible. According to recent studies, the

look in detail. It would thus be conceivable to limit the

sediment cloud can be reduced by using a cowled rather

intensity of harvesting manganese nodule areas from

than open harvesting machine. This would, in part, pre-

the outset, proceeding in individual stages like the

vent stirring up of the sediment into the water column.

DISCOL project, alternating between harvested and

Furthermore, the sediment cloud released by the ship

unharvested strips. Such an approach would be com-

could be reduced by pumping it through pipes back to

pletely possible today thanks to precise GPS navigation.
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Met a l-r ic h c r u st s
			 > Cob a l t cr u s t s a r e a p r o m i s i n g r e s o u r ce o n t h e s e a f l o o r b e ca u s e t h ey co n ta i n l a r ge a m ount s of c oba l t , n i ck e l , m a n g a n e s e a n d o t h e r m e t a l s t h a t co u l d e x ce e d t h e c o n t en t in
la nd de posi t s. The y f or m on t h e r o ck y s u r f a ce s o f u n d e r s e a r i s e s . F o r t h e i r e x t r a ct i o n , m a ch in es ar e
re qui r e d t ha t c a n se pa r a t e t he m a t e r i a l f r o m t h e s u b s t r a t e . To d a t e , h o w e v e r, o n l y co n ce p t u al s t u d ies
e x i st .

nese nodules. They will have to be laboriously separat-

A c oa t i ng on t he r oc k s

ed and removed from the underlying rocks.
Seamounts

Cobalt crusts are rock-hard, metallic layers that form on

It has been estimated that there are over 33,000

Seamounts grow

the f lanks of submarine volcanoes, called seamounts.

seamounts worldwide. The exact number is not known.

through volcanic acti-

Similar to manganese nodules, these crusts form over

Around 57 per cent are located in the Pacific. The Pacif-

millions of years as metal compounds in the water are

ic is thus the most important cobalt crust region in the

precipitated.

world.

vity to great heights
on the sea floor over
millions of years. They

As with manganese nodules, deposition occurs very

The western Pacific is of particular interest. The

slowly. Crusts grow 1 to 5 millimetres per million years,

world’s oldest seamounts were formed here during the

which is even slower than nodules. Depending upon the

Jurassic period around 150 million years ago. Accord-

seamounts are also

concentration of metal compounds in the sea water,

ingly, many metallic compounds were deposited here

called knolls.

crusts with different thicknesses have formed in differ-

over a long period of time to form comparatively thick

ent ocean regions. On some seamounts they are only

crusts. This area, around 3000 kilometres southwest of

are found in all of the
oceans and reach
heights of 1000 to
4000 metres. Smaller

2 centimetres thick, while in the richest areas thick-

Japan, is called the Prime Crust Zone (PCZ). The amount

nesses can be up to 26 centimetres. Because the cobalt

of crust in the PCZ is estimated to total 7.5 billion

crusts are firmly attached to the rocky substrate, they

tonnes.

30

1.4

25

1. 2
1.0
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Weight per cent

cannot simply be picked up from the bottom like manga-

0. 8
0.6
10

0.4

Tung s ten

Zinc

Copper

0

Lead

0

R are- ear th
element s
and y t tr ium

0. 2

Nickel

5

Cobalt

Iron

Like manganese nodules, cobalt crusts also represent a
very large metal resource in the sea. As the name suggests, the crusts contain a relatively large amount of
cobalt compared to deposits on land and to manganese

15

Manganese

A m e t a l -r i ch cr u s t

Coba lt cr us t s in t he P C Z
M a nga nes e no dules in t he CC Z

nodules. The largest share of metals in the cobalt crusts,
however, consists of manganese and iron. The crusts
are often more precisely referred to as “cobalt-rich ferromanganese crusts”. Tellurium is also comparatively
abundant in cobalt crusts. Tellurium is necessary particularly for the production of highly efficient thin-film
photovoltaic cells.
In absolute terms the crusts of the Prime Crust Zone
do not contain as much manganese as the manganese

2.18 > Manganese nodules and cobalt crusts contain primarily manganese and iron. Because iron is plentiful in land deposits, it is not a key factor in marine mining. For the
other elements making up lower weight per cents of the deposits, however, there are great

nodules of the Clarion-Clipperton Zone. However, the
quantities of manganese in the PCZ are still almost 3

differences to occurrences on land. In the manganese nodules nickel and copper predo-

times greater than the economically minable amounts

minate, while in cobalt crusts cobalt, nickel and rare earth elements are more significant.

on land today. Furthermore, in the southern area of the
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2.19 > Cobalt crusts
occur in different
ocean regions than
manganese nodules. Each of these
resources has its own
especially abundant
regions. The most
important cobalt crust
area is the Prime
Crust Zone (PCZ) in
the western Pacific.
The area of greatest
manganese nodule
concentration is the
Clarion-Clipperton
Pr ime Cr us t Zone
Cla r ion- Clipp er ton Zone ( nodules )
Cr us t s on t he C a lifor nia cont inent a l ma rgin
Ma nga nese nodules in t he Per u Ba sin

Zone (CCZ).

Ma nga nese nodules in t he India n O cea n
Cr us t s in t he S out h Pacif ic
Cr us t s in t he India n O cea n
Cr us t s in t he At la nt ic

M etal con ten ts in m i l l i ons of t onne s
Elements

Cobalt crusts in the
Prime Crust Zone
(PCZ)

Global reserves on
land (economically
minable deposits
today)

Global reserves and
resources on land
(economically minable as well as subeconomic deposits)

Manganese nodules
in the Clarion-Clipperton Zone

2.20 > Cobalt crusts
are especially abundant in the western
Pacific within a region
the size of Europe,

Manganese (Mn)

1714

630

5200

5992

Copper (Cu)

7.4

690

1000+

226

Zone (PCZ). When

Titanium (Ti)

88

414

899

67

compared to deposits

Rare earth oxides

16

110

150

15

Nickel (Ni)

32

80

150

274

area of the Clarion-

Vanadium (V)

4.8

14

38

9.4

Clipperton Zone

Molybdenum (Mo)

3.5

10

19

12

Lithium (Li)

0.02

13

14

2.8

cobalt and tellurium

Cobalt (Co)

50

7.5

13

44

in particular are com-

Tungsten (W)

0.67

3.1

6.3

1.3

Niobium (Nb)

0.4

3

3

0.46

Arsenic (As)

2.9

1

1.6

1.4

Thorium (Th)

0.09

1.2

1.2

0.32

Bismuth (Bi)

0.32

0.3

0.7

0.18

Yttrium (Y)

1.7

0.5

0.5

2

Platinum group

0.004

0.07

0.08

0.003

Tellurium (Te)

0.45

0.02

0.05

0.08

Thallium (Tl)

1.2

0.0004

0.0007

4.2

called the Prime Crust

on land and to the
manganese nodule

(CCZ), it is notable
that the occurrence of

paratively large in the
PCZ, with amounts
exceeding both the
land deposits and
those in the CCZ.
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PCZ, comparatively high contents of rare earth elements
are found in the crusts.

Cobalt crusts are found at water depths from 600 to
7000 metres. Studies at seamounts have shown that the
thickest crusts and those richest in resources are locat-

St r ong c ur r e nt s a r ound se a m ou n t s

ed on the upper areas of the seamount slopes, where
currents are most active. On the average these lie in

Cobalt crusts form on all exposed rock surfaces on

water depths of 800 to 2500 metres, near the oxygen

undersea rises, particularly on seamounts and knolls.

minimum zone. Analyses also show that the crusts

Seamounts act somewhat like gigantic stirring rods in

between 800 and 2200 metres have the highest cobalt

the sea to produce large eddies. Nutrients or other mate-

contents. Researchers do not know the reason for this.

rials that rain down from the sea surface or that are

Like a sponge, or the activated charcoal used as a

transported by ocean currents are often trapped by

filter in aquariums, cobalt crusts are very porous.

these eddies at the seamounts. These can include metal-

Thanks to the many micrometre-sized pores, the crusts

lic compounds that are deposited on the rocks. An

have a large internal surface area. In the same way that

important precondition for the formation of cobalt crusts

pollutants are trapped in the pores of an activated char-

is that the rock and the growing crusts remain free from

coal filter, metal compounds are deposited on the large

sediments. This condition is met at the seamounts and

surface areas of the crusts. Because the dissolved met-

other elevated areas. Currents carry the fine sediments

als occur at very low concentrations in sea water,

away and keep the rocks and crusts exposed.

growth of the crusts requires very long periods of time.
The crusts are mainly formed through the deposition of
iron oxide-hydroxide [FeO(OH)] and manganese oxide

D e e p o x yg e n e n a b l e s c r u s t g r o w t h

(vernadite, MnO 2 ). The other metals are deposited with
the iron oxide-hydroxide and vernadite on the crust sur-

Coba lt cr us t s are created when met a l ions in the water reac t with ox ygen
to for m oxides, which are deposited on the rock sur faces at sea mount s.
Oxides, and thus coba lt cr us t s, c an only for m where suf f icient ox ygen is
present in the sea water.
Paradoxic a lly, however, the thickes t coba lt cr us t s on sea mount s are

faces rather like hitchhikers. The reason is that, in the
ocean, various metal ions attach themselves to the iron
oxide-hydroxide and vernadite molecules in the water.
Iron oxide-hydroxide is slightly positively charged and

loc ated near the ocean depth layer with the lea s t ox ygen. This ox ygen

thus attracts negatively charged ions such as molybdate

minimum zone genera lly ha s a thickness of severa l hundred metres, and

(MoO 42 –). Vernadite, on the other hand, is slightly nega-

in mos t places it is loc ated at a depth of around 10 0 0 metres. It is pro -

tively charged and attracts positively charged ions such

duced by the bac ter ia l breakdown of sinking dead bioma ss, a process

as cobalt (Co 2+), copper (Cu 2+) or nickel (Ni 2+).

that consumes ox ygen in the water. B ec ause the water here is not mixed

Incidentally, most of the metal ions contained in sea

by s tor ms and waves, ver y lit t le ox ygen penetrates to this depth. So,

water originate from land. Over time they are washed

theoret ic a lly, it would seem that neither oxides nor coba lt cr us t s should
be for med.
This apparent contradic t ion, however, c an be expla ined a s follows :
B ec ause there is ver y lit t le ox ygen within the ox ygen minimum zone, the
met a l ions c an for m few oxides, so the ions are enr iched in the ox y-

out of the rocks and transported by rivers to the oceans.
Iron and manganese, however, usually enter the ocean
through volcanic sources on the sea f loor called hydrothermal seeps.

gen-poor water. At higher elevat ions of the sea floor such a s sea mount s,
however, ox ygen-r ich deep water flows upward from the bot tom. This

Crust mining in sovereign territory?

c an be sea water, for exa mple, that cools intensely at the South Pole,
sink s to the sea floor and spreads through the deep ocean. At the sea-

Manganese nodules and cobalt crusts are of equal inter-

mount s, this Ant arc t ic deep water introduces ox ygen to the ox ygen-poor

est for future marine mining because they contain trac-

water s enr iched in met a l ions, and a s a result met a l-r ich oxides are
for med that subsequent ly precipit ate onto the rock sur faces over t ime to
produce cr us t s.

es of many industrially important metals that, because
of the immense tonnage of the deposits, are of economic
interest. But there are important differences with regard

S e a -f l o o r mi n i n g <

77

to the exploration and future mining of the crusts. One
of these, for example, is the legal situation. In contrast
to manganese nodules, most of the richest crust occur-

+

–

–

high seas but in the Exclusive Economic Zones (EEZs) of

+

–

various island nations. Thus the International Seabed
Authority (ISA) will not be responsible for determining
the conditions for future mining there. Rather, the
respective local governments will have jurisdiction.
However, to date no country has presented concrete
plans.
For those crust deposits in international waters, on
the other hand, a binding system of regulations has
recently been established. In July 2012 the ISA adopted

is true that China, Japan and the Russian Federation at

+

the western Pacific, but the council and the assembly of

–

–
+

–

+

+

+

–

+

M ixing zone +

–

+

+

+

+
–
+
+

Ox ygen-r ich
deep water

S ea mount

+

–

+
+

–

–
Va r ious a mount s of
ot her molecules

–

+

Coba lt cr us t s

+

+
–
–

+

–
–

10 0 0 m

Ma nga nese oxide
(ver nadite )

e.g. lead c a r bonate
–
+

+

–

–

–
+ –
–

e.g. zinc ions

Iron oxide hydroxide

500 m

+

+

Ox ygen minimum zone

that time had already submitted working plans to the
ISA for future exploration in the international waters of

+

+

internationally binding regulations for the exploration
of such crust occurrences in regions of the high seas. It

–

–

rences are not found in the international waters of the

e.g. nickel ions

–
e.g. M olybdenum
oxide ( molybdate )

e.g. coba lt ions
+ +
+ – +
+

e.g. copp er ions

Va r ious a mount s of
ot her molecules

the seabed authority first have to approve these. The
working plans specify what basic information the countries want to collect in the upcoming years, including
taking samples from the sea f loor and analyses of the

2.21 > Many metal ions end up in the cobalt crusts as “hitchhikers”. In the water, the
metal ions attach themselves to iron oxide-hydroxide and vernadite molecules, and are
then deposited onto the porous surfaces with them.

crusts, depth measurements or studies of faunal assemblages.

Instruments that could be pulled through the water
near the bottom to accurately measure the crust thick-

Problematic th ickn es s m e a sur e m e nt s

ness while passing over would be much more efficient.
This would allow large areas to be studied in a relative-

The exploration of cobalt crusts is also fundamentally

ly short time. Scientists are therefore working to refine

different from the manganese nodule situation in some

high-resolution acoustic instruments. These send sound

technical aspects. Manganese nodules can be brought

waves into the sea f loor and record the ref lected

quickly and easily on board with a box corer, similar to

signals, then calculate the layered structure of the sub-

a backhoe, and then sampled to measure the metal con-

bottom. This kind of apparatus is standard technology

tent, for example. Furthermore, the nodules are rela-

in exploration for other resources on the sea f loor. How-

tively evenly distributed over the sea f loor. This allows

ever, instruments precise enough to measure cobalt

relatively straightforward assessment of the deposits by

crust thicknesses to the nearest centimetre and to

photos and video recordings, particularly with respect

distinguish them from the underlying rocks are not yet

to the size of the nodules. Sampling and measurements

available.

of the thickness of cobalt crusts, however, are much

An alternative method of assessment might be gam-

more difficult because rock boulders have to be torn or

ma-ray detectors, which are already being used today

drilled out. Local thickness differences are poorly con-

for measuring rock layers on land.

strained and the spot sampling is extremely time-consuming and expensive.

Many rocks contain radionuclides, which are unstable atoms that can decay and emit radioactive waves, or
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this. Moreover, they will also have to be able to work on
the rough terrain of the seamount f lanks.
For mining the cobalt crusts – and likewise for the
manganese nodules – the transport of minerals from the
sea f loor to the ship also remains a challenge. Pumps
and valves must be extremely resistant to wear in order
to withstand the high demands on equipment. Engineers are presently testing the durability of hoses and
pump prototypes using glass marbles, gravel and rubble.
But it will be at least 5 years before a prototype of a conveyer system with caterpillar vehicle, pump technology
and riser string can be realized.
S p e ci e s -r i ch s e a m o u n t s

With regard to protecting the environment, it is actually
fortunate that the technical solutions for economical
mining are not yet available, because it is not yet known
2.22 > Visually

gamma rays. The detectors can measure these rays.

to what extent the mining of cobalt crusts will damage

unimpressive, but

Because radionuclides are present in different combina-

deep-sea habitats. So far only a few hundred seamounts

extremely attractive

tions or numbers in every rock unit or stratum, different

around the world have been thoroughly investigated by

companies: cobalt

rocks can be distinguished from one another based on

marine biologists. Many marine regions along with

crusts on the sea

their gamma-ray patterns. The crusts and the underly-

their seamounts have not been investigated at all with

floor.

ing volcanic rocks of the seamounts are significantly

respect to their biology. Biologists therefore deem it nec-

different in their mixture of radionuclides. Because this

essary to investigate additional areas and biological

method is very precise, the thickness of cobalt crusts

communities on seamounts before mining of the crusts

can be quite accurately assessed. As yet, however, there

begins. The later it begins the more time they will have

are no appropriate detectors available for routine use in

for this.

for mining and metal

the deep sea.

It is known that the species assemblages of seamounts vary significantly from one marine region to

L i t t l e m or e t ha n c onc e pt ua l st u d i e s

another. Like mountains on land that, depending on
their geographical position and height, provide different

It is also still not clear how the crusts can be mined at

habitats for different species, the species composition

all in large volumes in the future. So far only conceptual

and diversity on seamounts also varies. In the past it

plans have been presented and laboratory experiments

was assumed that many endemic species occurred here.

carried out. The concepts being worked on by engineers

More recent studies have not been able to verify this

include caterpillar-like vehicles that peel the crusts

presumption.

away from the stone with a kind of chisel, and pump

Seamounts are also important for free-swimming

them to the ship at the surface through special hoses.

organisms. This is probably related to the special cur-

Specialists estimate that more than 1 million tonnes of

rent conditions here. The circling currents, for one, tend

cobalt crust material will have to be extracted to make

to keep nutrients near the seamounts. Secondly, nutri-

the mining economical. Presumably, this can only be

ent-rich water is upwelled at seamounts from near-

achieved if the crusts have a thickness of at least 4 cen-

bottom currents, which leads to increased plankton

timetres. The caterpillars need the capacity to handle

growth. Because of this abundant supply of food at sea-
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mounts, both sharks and tuna are known to visit them
frequently, for example in the southwest Pacific. These
seamount areas are thus also very important for tuna
fishing.
In light of the estimated total number of at least
33,000 seamounts around the world, the knowledge we
have about them is still fairly limited because few have
been thoroughly investigated. In order to at least roughly estimate the diversity of the deep sea and how strongly deep-sea habitats around the world differ from each
other, the GOODS Report (Global Open Oceans and
Deep Sea-habitats) on the worldwide marine and deepsea habitats was commissioned by UNESCO and published in 2009.
This report divides the ocean into different bioregions. Depth was also especially considered. The report
defined 14 bioregions within the depth range between
800 and 2500 metres, which is where the thickest and
richest crusts also occur. The classification is based on

vention. For example, it has been shown that in areas

2.23 > At a depth of

biological information from deep-sea expeditions as

where trawl nets have been used, even after an inter-

2,669 m, black coral,

well as oceanographic parameters, including carbon,

lude of 10 to 30 years of inactivity, the fauna were sig-

salt and oxygen content, and the temperatures at cer-

nificantly less species-rich than areas that had not been

tain depths. The structure of the sea f loor, or topogra-

damaged by the trawl fisheries.

feather stars cover a
part of the Davidson
Seamount off the
coast of California.

phy, was also considered. This provided a distinction
between f lat deep-sea areas, hydrothermal seeps and

primnoid coral, and

S ca r ce l y s t u d i e d – l i f e o n t h e co b a l t cr u s t s

seamounts. This classification system is still very rough,
as the authors of the study admit, but the GOODS Report

To date only a few expeditions have been carried out

helps to predict which habitats can be expected in

with the explicit goal of investigating the habitats of

which marine regions.

cobalt crusts. Studies carried out by Japan between

Many animal species that live on or near seamounts

1987 and 1999 in cooperation with SOPAC member

are characterized by extremely slow growth rates and

states (Secretariat of the Pacific Community Applied

by producing relatively few offspring. The cold-water

Geoscience and Technology Division) are one example.

corals, for example, which live in the deep sea, can live

The aim of these expeditions was to study the habitats

for hundreds or even up to 1000 years. Some deep-sea

at locations of various mineral resources in the ocean –

fish also live to be more than 100 years old. They do not

the cobalt crusts, manganese nodules and massive sul-

become sexually mature until around 25 years of age

phides – in the Exclusive Economic Zones of the island

and only produce a few eggs at a time. Relatively large

nations Kiribati, the Marshall Islands, Micronesia,

numbers of such species are often found at seamounts.

Samoa and Tuvalu.

Because they produce low numbers of offspring, they

Thousands of underwater photographs were taken

are particularly endangered by fishing or destruction of

in order to identify the presence of organisms. Although

their habitats. If the adult animals die there may not be

the areas photographed, at 0.35 to 2 hectares, were rel-

enough offspring to revive stocks.

atively small, the researchers discovered a great diversi-

Studies off Australia and New Zealand have shown

ty of organisms. In the megafaunal size class (larger

that fauna at seamounts recover very slowly from inter-

than 2 centimetres), many attached, or sessile, species
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2.24 > Xenophyophores are poorly studied one-celled organisms that live in the
deep sea, often on the
slopes of seamounts.
This specimen is 20
centimetres in size.

such as corals and sponges were identified. Sea pens

now carrying out further research at seamounts that

and delicate colonies of small polyps were also

have been too poorly studied so far. Because cobalt

described. The seamounts are characterized by a rocky

crusts are limited to undersea rises, their extraction

substrate and strong currents, and these kinds of organ-

will be on a smaller scale compared to manganese nod-

isms are well adapted to these conditions. They are all

ules. The sediment cloud produced would also be signif-

filter feeders, and sieve food particles out of the water.

icantly smaller than in the mining of manganese nod-

Seamounts are an ideal habitat for them because the

ules, because no soft sediment would be stirred up. The

ocean currents provide them with abundant food. In

details of cobalt crust mining impacts for the future are

addition, the photographs revealed crabs, starfish, sea

still unknown. According to experts, the following

cucumbers and squid, as well as xenophyophores, one-

problems can be expected, which are very similar to

celled animals several centimetres in size belonging to

those for manganese nodule mining:

a family that are usually less than one millimetre in
diameter.

•

The machines used to strip the crusts would stir up
rocks and particulates. Although these particle
clouds would not be as large as in manganese nod-

A sse ssi ng t he i m pa c t s of m i ni n g

ule mining, there is still the fundamental hazard of
a drifting cloud that would harm other habitats.

Scientists call for more detailed studies of the habitats
on seamounts with abundant cobalt crust deposits

•

In the harvested area all sessile organisms, the pre-

before submarine mining can even begin. This applies

dominating groups of organisms on the cobalt

particularly to the island nations in the southwest Pacif-

crusts, would be destroyed.

ic, whose territorial waters contain the richest crusts.
After the joint studies with Japan, SOPAC members are

•

The use of harvesting machines and the pumping
and cleaning of crust material would create noise

S e a -f l o o r mi n i n g <
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2.25 > In cross
section the black
cobalt crust, several
centimetres thick,
is easy to recognize
against the lightcoloured volcanic
rock. This rock comes
from the Louisville
seamount chain in the
southwest Pacific,
which comprises over
70 seamounts.

•

•

and vibrations, which would disturb and drive away

extracted. This destroys entire regions and causes peo-

dolphins and whales.

ple to lose their homelands. Marine mining, however,

Waste water accumulated during harvesting of the

would be a comparatively small intervention because

crusts would be discharged back into the ocean.

only the surface of the sea f loor or the seamount would

This would also produce a sediment cloud.

be removed. There would be no need for infrastructures

The lights on the ships and harvesting machines

like streets or tunnels. There would also be no overbur-

could disturb marine birds and mammals as well as

den piles.

fish.
•

Due to the paucity of marine biological studies, the

The disposal of everyday ship refuse would pollute

advantages and disadvantages of marine mining can

the ocean.

hardly be evaluated at present. It is still unknown to
what extent the mining would change life in the sea

Proponents of mining stress that manganese nodules

and what the eventual consequences would be for peo-

and cobalt crusts are present as thin layers lying direct-

ple and fisheries. These open questions can only be

ly on the sea f loor or on the f lanks of seamounts. In con-

answered through continued intensive research and the

trast to ore deposits on land, they are thus a two-dimen-

necessary financial support for appropriate expeditions.

sional resource that can theoretically be extracted with

Some researchers, sceptical biologists in particular,

relatively little effort. On land, on the other hand, ores

call for the harvesting of large experimental areas in

are extracted from mines or gigantic open pits, in which

pilot projects before industrial mining may commence,

machines dig more than 100 metres deep into the earth.

in order to be able to assess the impact of a large-scale

For production of these three-dimensional reserves,

mining operation. Ministries of research or the Euro-

millions of tonnes of earth (overburden) have to be

pean Union, for example, could provide financial sup-

removed and transported before the actual ore can be

port for such a large-scale test mine.
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Ma s si ve su lph ide s i n smok y dept h s
			 > Hy d r o t h e r m a l v e n t s w h e r e m e t a l -b e a r i n g s u l p h u r co m p o u n d s ca lled m as si v e sul phi de s a r e de posi t e d w e r e d i s co v e r e d i n t h e P a ci f i c i n 1 9 7 9 . T h e y a r e n o w k n o w n t o o ccu r
w or l dw i de . Al t hough t he t ot a l a m o u n t s f o u n d t o d a t e a r e b y f a r n o t a s g r e a t a s t h e co b a l t cr u s t s an d
m a nga ne se nodul e s, som e de po s i t s co n t a i n s i g n i f i ca n t l y l a r g e r co n ce n t r a t i o n s o f co p p e r, zin c, g o ld
a nd si l v e r. Off t he c oa st of Pa p u a N e w G u i n e a m i n i n g co u l d b e g i n a s s o o n a s 2 0 1 6 .

the sea f loor. At these depths the seawater is heated to

A v e r y hot st r e a m of w a t e r

temperatures of around 400 degrees Celsius by volcanic
Beside manganese nodules and cobalt crusts, a third

activity, whereupon it dissolves metals and sulphur

type of metal-bearing mineral resource is found in the

from the ambient volcanic rocks. The heated water is

Sulphides

sea: massive sulphides. They consist of sulphur com-

less dense than the cooler water above, so it rises quick-

Sulphides are chemical

pounds, sulphides, which form massive deposits on the

ly and f lows back into the sea. In the ocean, the plume

sea f loor similar to cobalt crusts – thus the name. Mas-

of hot water cools again rapidly. This causes the dis-

ponents of massive

sive sulphides originate at hot vents in the ocean where

solved metals to bind into minute sulphide particles and

sulphides include iron

sulphide-enriched water f lows out of the seabed.

sink as fine precipitants to the bottom.

compounds of sulphur
and metal. The com-

sulphide (pyrite),

At many hydrothermal vents around the world the

thermal vents. They are found along plate boundaries

sulphides have accumulated to form tall chimney-like

sulphide (sphalerite),

and at active undersea volcanoes, where the exchange

structures on the sea f loor. Water shoots out of the fis-

as well as sulphides of

of heat and elements between the crustal rocks and the

sures into the sea like a fountain. More and more mate-

other metals such as

ocean takes place due to interactions between the vol-

rial is gradually deposited on the sides of the openings

canic activity and seawater. Seawater penetrates sever-

and the tower continues to grow. Because of their

al thousand metres into the bottom through fissures in

appearance, these structures are also called smokers.

copyrite), and zinc

gold and silver. The
relatively high content
of precious metals
makes the massive
sulphides promising
for ocean mining.

Water dept h in met res

These sites of escaping hot water are called hydro-

copper sulphide (chal-

As the escaping water is usually black-coloured by the

0

minerals it contains, they are also called black smokers.

400

The first black smokers were discovered in 1979
during an expedition to the East Pacific Rise. They

800

caused a sensation not only for geologists, but also for

120 0

biologists because they were found to be populated by a
16 0 0

diverse animal community. Scientists had not expected
to find so much life in the deep sea. At that time it was

20 0 0

considered to be a bleak and empty landscape.

24 0 0

2.26 > Distribution

Hydrothermal vents have now been found in all

28 0 0

oceans. They usually form in water depths between

320 0

1000 and 4000 metres.

of hydrothermal
vents by depth
and type of origin.

36 0 0

Massive sulphides occur around the world at plate

270 s tudied hydrot her ma l
vent s :

4000

boundaries. Geologists distinguish 4 different typical
areas of origin for hydrothermal vents and the associat-

Isla nd-a rc volc a no
Back-a rc ba sin
Int ra plate volc a no
M id- ocea n r idge
O t her s

4400
4800

ed massive sulphides:
AT MID-OCEAN RIDGES: Mid-ocean ridges are moun-

520 0

tain ranges in the ocean that circle the globe like the
0

5
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15

20

25

30

35

seam on a baseball. This is where the oceanic plates are
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2.27 > Smokers form
in magmatically
active ocean regions.

M et a l compounds
dissolved in water

Water seeps through
fractures in the sea
bottom to depths
of several thousand

Sulphide precipit at ion

metres. Near magma
chambers it is warmed
to around 400 degrees

35 0 °C

Celsius and dissolves
minerals from the

Ox ygen from
t he seawater

rocks. Because of its
low density it rises

Br is t le wor ms

again and shoots

S E A FLOOR

out of the smoker

Ma ssive sulphides

4 0 0 °C

S eawater is heated a nd
dissolves met a ls a nd
sulphur from t he rock s

back into the sea.
Reaction with the cold
seawater causes the
formation of mineral
particles that are
then deposited onto
the chimneys of the
smoker or the nearby

120 0 °C

sea floor.

drifting apart. The separation produces fractures in the

apart, until it finally splits open. In many cases this

seabed through which water sinks to great depths to be

kind of tension occurs several dozen kilometres behind

heated at magma chambers.

the active island-arc volcanoes. This area is therefore
referred to as the back-arc basin.

AT ISLAND-ARC VOLCANOES: Island-arc volcanoes are
formed when one oceanic plate is forced beneath anoth-

AT INTRAPLATE VOLCANOES: In addition to plate

er one under the sea. The subducted rocks melt at great

boundaries and subduction zones, volcanoes also form

depths and then rise as magma. Over time a large volca-

in the plate interiors. In these cases magma rises

no grows. As long as the volcano does not reach the sea

through fissures, burning its way through the Earth’s

surface, it is called a seamount. Hydrothermal vents can

crust like a blowtorch. Because they form at individual

form near the crowns of these underwater volcanoes.

sites or points, they are called hotspots. Single, isolated

Many islands in the southwest Pacific have formed by

hydrothermal vents can also be found at these hotspots.

this kind of subduction of oceanic plates and the rising

The Hawaiian island group is an example of intraplate

of magma. There are usually a number of these volca-

volcanoes. It was formed as the oceanic plate slowly

noes lined up in an arc along the subducting plate

moved across the hotspot. At various points magma has

boundary because of the spherical form of the Earth.

erupted to build up the islands.

They are then called island arcs.
U n co u n t e d h y d r o t h e r m a l v e n t s

VOLCANOES BEHIND ISLAND ARCS (back-arc basins):
When one plate submerges beneath another, tension is

To date, expeditions have discovered around 187 active

produced in the overlying plate. Subduction of the sink-

hydrothermal vents with massive sulphides. An addi-

ing plate causes the overlying plate to thin and pull

tional 80 known hydrothermal vents are no longer
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67,000 kilometres, and the island-arc volcanoes a length
B l a c k , w h i t e , g r e y, a n d s o m e t i m e s e v e n y e l l o w

of around 22,000 kilometres, there could be around
90,000 hydrothermal vents worldwide. Researchers

Although they are generally referred to a s ma ssive sulphides, stric tly
speaking the deposit s at hydrothermal vent s are charac terized by 3 dif ferent kinds of sulphur a ssociations : sulphides, sulphates, and native sulphur. Which compounds predominate depends on the temperature of the
hydrothermal vent a s well a s the chemical conditions in the hydrothermal

assume that large areas may be found every 50 to 100
kilometres that contain up to 100 black smokers. It is
predicted that there are around 500 to 1000 sites
around the world with large massive sulphide deposits.

fluid. The hot test known vent ha s a temperature of 4 07 degrees Celsius.

The size and metal content of massive sulphides,

At all others the temperature of the escaping liquid is significantly lower.

however, are difficult to measure. This is because the

Sulphides predominate at hydrothermal vent s with temperatures bet ween

hot-water plume escaping from active smokers disperses

330 and 38 0 degrees Celsius. Because these sulphur compounds are black,

rapidly and the sulphides, in part, are carried away by

the vent s are called black smokers. At white smokers, on the other hand,

the currents. Massive sulphide areas extending 10 to

the prevailing temperatures are below 30 0 degrees Celsius. White sul-

hundreds of metres can thus be formed that contain

phate compounds are more abundant here. There are also grey smokers
that discharge both sulphides and sulphates. Yellow smokers occur in
some regions. These are located at ac tive volcanoes. The water temperatures here are below 150 degrees Celsius and primarily yellow native sulphur is extruded.

several million tonnes of massive sulphides. At a single
glance, however, it is not possible to tell how large an
occurrence is; this requires bottom samples or drill
cores. This costly sampling process is also necessary to
determine the metal content.
Based on the analyses of many bottom samples car-

active, but massive sulphides are found here that were

ried out in recent decades, researchers believe that mas-

deposited in the past. Furthermore, 30 sites are known

sive sulphide deposits containing valuable metals such

where high-temperature hydrothermal solutions f low

as copper and gold that are actually large enough for

out of the seabed but no massive sulphides have formed.

economic mining occur at relatively few hydrothermal

There could, however, be sulphide deposits below the

vents. Moreover, many of the regions are in rough ter-

surface here. So there are a total of around 300 hydro-

rain that is unsuitable for the mining equipment.

thermal vents or massive sulphide deposits known

Geological studies have shown that large deposits

today. 58 per cent of these are located at mid-ocean

can only form when one or more of the following condi-

ridges, 26 per cent at the back-arc spreading zones,

tions are met:

16 per cent at island-arc volcanoes, and one per cent on
intraplate volcanoes.

•

al tens of thousands of years, giving time for a suffi-

Researchers assume that the worldwide number of

cient amount of material to accumulate.

hydrothermal vents, and thus of massive sulphides, is
much larger. This is based on estimates of the geother-

The hydrothermal vent was active for at least sever-

•

The plates at the mid-ocean ridge or in the back-arc

mal heat f lux of the Earth. The amount of heat generated

basin may only spread apart at very slow rates. Oth-

in the Earth’s interior and that released by magmatism

erwise new fissures would constantly be forming

and volcanism is accurately known today. This heat

with numerous small vents, and no single site with

amounts to 1.8 trillion watts, equivalent to the output of

large amounts of sulphide enrichment could devel-

one million nuclear power plants. According to the esti-

op. Projections suggest that 86 per cent of all mas-

mates, a portion of the heat is released through hydro-

sive sulphide deposits occur at fractures where the

thermal vents. Based on the calculations, some research-

plates are spreading apart at the low rate of no more

ers reckon that there is one hydrothermal vent for every

than 4 centimetres per year. Only 12 per cent of the

kilometre of mid-ocean ridge or back-arc spreading

massive sulphide deposits are found at rifts where

zone. Considering that the mid-ocean ridges and back-

the spreading rate is 4 to 8 centimetres per year. In

arc spreading zones together have a total length of about

addition, these deposits are usually smaller in size.

S e a -f l o o r mi n i n g <

85

2.28 > The number of
hydrothermal vents is
difficult to determine
because they are
dispersed around the
world. 187 active and
80 inactive hydrothermal vents where massive sulphides have
formed are known to
exist.

Dor mant hydrot her ma l vent s
Ac t ive hydrot her ma l vent s

2.29 > Hydrother-

Isla nd-a rc volc a no

mal vents develop
in different kinds of
magmatically active

Back-a rc ba sin volc a no

areas where water
penetrates to great
depths and is heated.
These areas include

LITHOS PH ER E
( Ea r t h’s cr us t)

O cea nic
cr us t

island-arc volcanoes,
for example, which
are formed when
rocks plunging far be-

A S TH ENOS PH ER E
( ma nt le )

low the sea floor are
melted. Behind the island arcs, the seabed
ruptures due to the

Int raplate volc ano

spreading motion
of the Earth’s crust,
allowing magma to

M id- ocean r idge

rise. Mid-ocean ridges
form when oceanic
plates drift apart.
Intraplate volcanoes,
on the other hand,
originate at weak
points in the crust.

Hot spot
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The challenging search for hydrothermal vent s and profitable ma ssive sulphide deposit s
Ma ny hydrot her ma l vent s have b e en found by coinc idence dur-

Fur t her more, s t ill lit t le is known a b out how t he met a ls a re dis-

ing exp e dit ions in magmat ic a lly ac t ive o cea n regions. The s ea rch

t r ibute d in t he ma ssive sulphide dep osit s. In some a rea s it ha s

for new hydrot her ma l vent s is dif f icult b e c aus e a rea s jus t a few

b e en conf ir me d t hat t he met a ls a re ma inly concent rate d on t he

tens to a hundre d met res in size mus t b e found wit hin t he va s t

sur f ace of t he dep osit while in t he inter ior t he concent rat ion

o cea n. F or t his s ea rch, ma r ine sc ient is t s usua lly employ s ensor s

drops sha r ply. A dep osit is only prof it a ble, however, when b ot h

lowere d f rom t he ship on a s te el c a ble. The s ensor s c a n re cog-

t he tonnage a nd t he content of t he desire d met a l a re la rge

nize hot water plumes by mea sur ing t he tur bidit y of t he water,

enough. Ma ny of t he o ccur rences known to day do not me et

t he temp erature, or chemic a l signa ls.

t hes e condit ions.

However, mea surement s c an only be made at selec ted point s at

O n t he ot her ha nd, sc ient is t s a ssume t hat t here a re ma ny old

a par t icular site. In recent year s, therefore, autonomous under-

ma ssive sulphide dep osit s hidden in t he va s t ness of t he de ep s ea

water vehicles (AUVs) have been increa singly used. The tor pedo -

t hat could b e ver y interes t ing e conomic a lly. It is t r ue t hat t he

shaped AUVs are a lso equipped with these sensor s. They are

volc a nic a lly ac t ive zones in which ac t ive hydrot her ma l vent s a re

c apable of travelling freely through the water and diving down to

found a re usua lly only a few kilomet res across. But since t he

the sea floor. Af ter an excur sion of around 20 hour s they retur n

ent ire o cea n wa s for me d, af ter a ll, t hrough t his kind of volc a nic

to the ship.

ac t ivit y, it s t a nds to rea son t hat ma ssive sulphide dep osit s mus t

W it h t he help of autonomous under water vehicles, a s ma ny a s

exis t ever y where t hroughout t he o cea n. O ver t ime, ma ny of

10 new hot water plumes have b e en discovere d on a single

t hes e o ccur rences have proba bly b e en covere d by t hick layer s of

exp e dit ion. They c a nnot deter mine t he pre c is e p osit ion of t he

younger s e diment s. It is t hus ver y dif f icult or mayb e even imp os-

vent , however. Fur t her more, it c a nnot b e known whet her t here

sible to discover t hes e. Even if t he ma ssive sulphide dep osit s

is ac tua lly a hydrot her ma l vent at t he s ea b e d wit h sulphide -r ich

could b e found, mining t hem would only b e e conomic if t he

black smoker s. This c a n only b e conf ir me d by t he us e of towe d

s e diment layer s were t hin a nd could b e remove d wit hout much

c a mera s, c a mera s on bat hysc a phes or submer sible rob ot s, or

ef for t .

wit h sona r ins t r ument s t hat c a n repro duce t he image of individua l chimneys using acous t ic signa ls. It is t herefore ne cess a r y to
dis t inguish b et we en proven a nd unconf ir me d hydrot her ma l
vent s. Cur rent ly, in addit ion to t he known o ccur rences, a n addit iona l 20 0 unconf ir me d hydrot her ma l vent s have b e en ident if ie d.
O ld ma ssive sulphide dep osit s at dor ma nt hydrot her ma l vent s
a re a lso b es t ident if ie d by c a mera obs er vat ions nea r t he b ot tom.
A us ef ul indic ator for t hes e is s t a ining on t he s ea f lo or such a s
r us t , which sug ges t s t he pres ence of iron. Init ia lly, t he size of
such a dep osit is roughly es t imate d. O ne te chnique res ea rcher s
us e to es t imate t hickness is to obs er ve whet her t he dep osit is
higher t ha n t he sur rounding s ea f lo or. Using dat a f rom pa s t
exp er ience t he densit y of t he sulphide is es t imate d. They t hen
der ive a n a pproximate tonnage ba s e d on t he a rea covere d by t he
dep osit a nd t he es t imate d densit y.
It is now known t hat t he es t imates ba s e d on under water pictures have f re quent ly b e en to o high, b e c aus e subs e quent a na lys es have of ten revea le d t hat ha rdly a ny sulphides were in t he
s ea b e d. A s dr illing is ver y exp ensive, however, ef for t s b eyond

2.30 > A research ship crew member deploys an autonomous under-

t he init ia l es t imates a re of ten not c a r r ie d out .

water vehicle (AUV) equipped with sensors into the sea.
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Very few massive sulphide deposits occur at rifts

Region

Gold (Au)
in grams per tonne

Silver (Ag)
in grams per tonne

Manganese nodules in the
Clarion-Clipperton Zone (CCZ)

0.0045

0.17

Cobalt crusts in the
Prime Crust Zone (PCZ)

0.013

4

Massive sulphides in Solwara 03
(central Manus Basin)

15.2

642

Massive sulphides in Solwara 09
(eastern Manus Basin)

19.9

296

Massive sulphides in Solwara 18
(western Manus Basin)

0.2

110

with more rapidly spreading plates (greater than
8 centimetres per year).
•

The hydrothermal vent is covered by sediments,
which are enriched from below by sulphides rising
from the subsurface. In this situation the fine sulphide particles form when the hot water reacts with
the cooler water in the pores of the sediments. The
metals can be highly enriched in such sediments
because the sulphides are not dispersed by water
currents, as they are at black smokers. There are,
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however, very few known deposits of this kind.
M ore preciou s than n odul e s a nd c r ust s

ny, tellurium, thallium and indium. In some deposits,

2.31 > Massive

however, especially at island-arc volcanoes, these ele-

sulphides are notable

ments can be more highly concentrated.

for their high gold
and silver content,

Compared to the billions of tonnes of manganese nod-

Which metals are contained in the massive sul-

ules and cobalt crusts, the estimated amounts of mas-

phides and at what concentrations depends principally

exceeds that of

sive sulphides, at a total of a few hundred million

on the composition of the rocks beneath the hydrother-

manganese nodules

tonnes, are much smaller. Estimates of the total amounts

mal vents and on the temperature of the escaping water.

are extremely difficult, however, because to date only a

The contents f luctuate, therefore, not only from region

fraction of the total occurrences have been discovered.

to region, but also within a single massive sulphide

occurrence is rich in

Furthermore, presumably not all of the estimated 500 to

occurrence or at an individual black smoker. This is

precious metals. Even

1000 large occurrences can yield valuable metals. The

because the temperature drops with increasing distance

massive sulphide occurrences of the East Pacific Rise,

from the hydrothermal vent. Minerals that are rich in

Basin of Papua New

and in part those of the Mid-Atlantic Ridge, contain

copper often form in the core of the smoker. In the outer

Guinea, occurrences

mostly iron sulphide, which has no economic value.

zone of the porous smokers the hot f luids are mixed

The deposits in the Bismarck Sea east of Papua New

with the cold seawater, and minerals with other metals

Guinea are one example of economically promising

are deposited, for example pyrite, sphalerite, or marca-

massive sulphides. They have high contents of copper

site, which are rich in iron and zinc. This zonation is

and zinc. The contents of gold and silver are also consid-

also observable at larger scales: at the margins of mas-

erable. The concentration of gold in some of the deposits

sive sulphide occurrences the smokers have lower out-

here is around 15 grams per tonne. That is about 3 times

f low temperatures, so these precipitate different miner-

as much as in typical deposits on land. The silver con-

als. Because expeditions in the past have often only

tent here is commonly between 100 and 300 grams per

taken massive sulphide samples directly from the chim-

tonne, with peak values of 642 grams per tonne in the

neys themselves, it is still not well known how the met-

Solwara Field in the western Bismarck Sea. This is sig-

als are distributed within an area. The composition of

nificantly higher than the concentrations in manganese

the massive sulphides varies not only with distance

nodules and cobalt crusts, which only reach values of

from the hot vent, however, but also with depth, and

about one gram of silver per tonne. The highest propor-

there is little data available regarding this. Only small

tions found on land are 100 to 160 grams of silver per

numbers of expeditions or research ships have special

tonne.

drilling equipment available for taking samples. In

Many chemical elements are found in relatively

order to assess how profitable a deposit is and how high

small amounts in massive sulphides, including manga-

the metal content is, much additional drilling will be

nese, bismuth, cadmium, gallium, germanium, antimo-

necessary in the future.

which in part greatly

and cobalt crusts. But
by no means every
massive sulphide

within a single region
such as the Manus

are found with
highly variable gold
and silver contents.
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2.32 > Water at temperatures of up to
380 degrees Celsius is released at black
smokers. It contains sulphides, sulphur
compounds that give a dark colour to
the water.
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Firs t activity in th e Sout h Pa c i f i c

for areas on the Mid-Atlantic Ridge. Other states have
just recently applied for, or will soon apply for explora-

Like the cobalt crust occurrences, important massive

tion licences. Germany is planning for the Indian

sulphide deposits are found not only in international

Ocean, for example. The ISA will first have to rule on

waters of the high seas, but also in the Exclusive Eco-

these applications. Overall, however, the same scenario

nomic Zones (EEZ) of a number of island states. Here the

is expected for massive sulphide deposits as will likely

appropriate local governments and not the International

occur for the mining of cobalt crusts and manganese

Seabed Authority will determine the conditions for

nodules: while mining in international waters will not

future extraction activities.

happen in the immediate future, individual states, in

Plans for mining in the Bismarck Sea off Papua New

cooperation with mining or resource concerns, could

Guinea are already at an advanced stage. The govern-

get a head start by beginning to mine in their own EEZs.

ment there is working with a Canadian company which,

For Papua New Guinea, for example, mining is interest-

in turn, includes participation by large commodities

ing because the massive sulphide deposits off their

companies from Canada, Russia and South Africa. The

coast have high gold and silver contents.

plans were temporarily on hold due to arbitration proceedings related to the payment of project costs. An

E x t r e m e h a b i t a t , m a n y s p e ci a l i ze d s p e ci e s

arbitrator was finally able to bring the parties to an
agreement in October 2013. It now appears that a con-

Hydrothermal vents are not only providers of resources,

tract will be awarded to a shipyard in the spring of 2014

but also extraordinary habitats. In spite of the hostile

for the construction of a special ship for massive sul-

conditions, such as temperatures over 350 degrees Cel-

phide mining. The seabed crawlers for working on the

sius and the slightly acidic hydrothermal f luids enriched

bottom have already been built. In the future, vehicles

in toxic metal compounds, a unique natural community

weighing from 3 to 300 tonnes will be used: one large

has evolved here over millions of years, perfectly adapt-

and one small rock cutter plus a collecting machine to

ed to the inhospitable environment.

retrieve the pieces of massive sulphide. According to

Normally the sun is the source of energy for life in

the manufacturer, the technical challenges can be easi-

the ocean. It causes algae to f lourish, which use the

ly overcome. The company has been producing heavy

sunlight and photosynthesis to construct high-energy

crawler vehicles called trenchers that are used to lay

molecules like sugar. This is called primary produc-

underwater cables. These have been operated in even

tion, and is the base of the food web in the ocean.

deeper waters. The rock mixture will be pumped from

But it is dark at the hydrothermal vents. Primary

the collecting machine into a large container that rises

production here is performed by chemoautotrophic

and sinks between the ship and sea f loor. The container

bacteria, which exploit the energy-rich chemical com-

is filled with blocks of massive sulphides on the bottom

pounds found at the hydrothermal vents and alter them

and then raised to the ship, emptied, and lowered to the

into molecules that can also be used by other organisms.

sea f loor again. The partners expect mining operations

The bacteria can endure water temperatures greater

to begin around 2016.

than 100 degrees Celsius and thus occur near the smokers. The bacteria or the products of their metabolism

Limited exp loration l i c e nc e s

provide nourishment for higher organisms such as mussels, and these in turn for other organisms. Communi-

Comparable progress has not been achieved in interna-

ties with up to 600 different species can thus be found

tional waters because exploration and mining there are

at the vents, including, for example, snails of the genus

centrally regulated and coordinated by the ISA. Licenc-

Alviniconcha, which can tolerate temperatures up to

es have already been awarded to China and South Korea

45 degrees Celsius. Many of these animal groups live

for areas in the Indian Ocean, and to France and Russia

exclusively at hydrothermal vents. Because of the con-
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2.33 > Off Papua New
Guinea, the mining
of massive sulphides
should begin by 2016.
The heavy chassis
of the rock cutter,
which will work on
the sea floor, is ready.

tinuous inf lux of nutrients, the organisms are present in

hand, large numbers of deep-sea shrimps are found

great numbers. Expeditions have sometimes recorded

living with symbiontic chemoautotrophic bacteria on

hundreds to thousands of animals within one square

their bodies, which provide them with nutrients. And

metre of sea f loor.

finally, in the Indian Ocean, deep-sea shrimps as well
as anemones and snails are found with symbiontic bac-

W ha t i s r a r e ?

teria.

Whether there are endemic species living at the hydro-

been made to categorize hydrothermal vents into bio-

thermal vents in the deep sea that only occur in a limit-

geographic provinces based on similarities of the bio-

ed area, or in extreme cases only at a single massive

logical communities and the geological structures. To

sulphide deposit, is a vital question for mining, because

this end researchers have interpreted data from expedi-

it could bring about their extinction. Biologists are thus

tions and used statistical methods to compare individ-

trying to determine the extent of distribution of certain

ual organism counts from 63 hydrothermal vents.

Because of the various discoveries, attempts have

species – whether they live in a larger oceanic region

According to this analysis there are 6 different prov-

like the Indian Ocean at numerous hydrothermal vents

inces in which, to a large extent, different species occur.

or are limited to a smaller region such as the Bismarck

The provinces are the Northwest Pacific, the Southwest

Sea.

Pacific, Northeast Pacific, Northern East Pacific Rise,

In fact, scientists have found differences between
different ocean regions. Large tube worms predominate

Southern East Pacific Rise, and the Northern Mid-Atlantic Ridge.

in areas of the eastern Pacific, but have never been

Of course, to some degree, related or even the same

found in the Atlantic or Indian Oceans, or in the south-

species occur in different provinces. The researchers

west Pacific. At the Mid-Atlantic Ridge, on the other

have thus tried to discover whether and how species
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Metal-rich brines in the Red Sea
The sulphide-r ich sediment s at the bot tom of the Red Sea are a

the deep ba sins. Hydrother ma l solut ions enr iched with sulphides

specia l kind of sulphide deposit. The sulphides do not occur in

r ising up from the depths mix with the war m sa line water, and the

solid for m here, but a s a viscous met a lliferous sludge. The c ause

met a ls dissolved in the water combine chemic a lly with sulphide

of sulphide for mat ion in the Red Sea is a lso subsur face magmat ic

par t icles. The par t icles sink to the bot tom and for m the met a l-

ac t ivit y.

r ich muds.

The Red Sea for med where the Afr ic an and Arabian plates are

The larges t deposit of sulphide sediment s in the Red Sea is

moving apar t. Each year the plates dr if t about 1 cent imetre far-

loc ated in the At lant is II Deep, a 20 0 0 -metre- deep ba sin the size

ther apar t , so that the Red Sea is slowly but s teadily growing. The

of Manhat t an that lies bet ween Saudi Arabia and the Sudan. This

frac ture line bet ween the plates r uns a lmos t exac t ly a long the

is considered to be the larges t sulphide deposit in the wor ld, the

middle of the Red Sea from nor thwes t to southea s t. At some

ma ssive sulphide deposit s included.

places in the r if t zone there are deep ba sins where br ines for m on

This area wa s intensively explored a s ear ly a s the 1970 s, and
va luable met a ls such a s zinc, copper, silver and gold were found.

the bot tom.
A 20 0 -metre-thick layer of ex tremely sa lt y, heav y water col-

At that t ime, wor king together with the Red Sea Commission – a

lec t s in these ba sins in the way that a ha ze of fog lies in a va lley.

cooperat ive bet ween Saudi Arabia and the Sudan – a Ger man

W ith a temperature of over 6 0 degrees Celsius, this water comes

indus tr ia l consor t ium dr illed over 49 0 explorator y wells in the

from sa lt-r ich rock layer s on the flank s of the Red Sea and is con-

muddy bot tom. This makes the area one of the mos t thoroughly

centrated here. It s sa linit y of around 26 per cent is 7 t imes a s

s tudied sulphide occur rences in the wor ld. Fur ther more, in 1979,

sa lt y a s nor ma l seawater. It is therefore ver y dense and flows into

around 15,0 0 0 cubic metres of mud were brought to the sur face
using a protot ype vacuuming s ys tem.

I R A Q

Like other mar ine mining plans, however, this cooperat ive wa s
abandoned in the ear ly 19 8 0 s bec ause there were enough

Suez
JORDAN

resources on the wor ld mar ket from land deposit s. L ater, due to

ISRAEL

KUWAIT

higher met a l pr ices on the wor ld mar ket , interes t in the muds wa s
renewed. In 2010 a Saudi Arabian- Canadian consor t ium received
a produc t ion licence for 30 year s. Aga in, the area wa s explored in

S A U D I

E G Y P T

A R A B I A

cooperat ion with Ger man researcher s. But to date no concrete
plans have been made bec ause met a l pr ices have recent ly fa llen

R

aga in.

e
d

In a ll, it is es t imated that the At lant is II Ba sin cont a ins muds
with a dr y weight of around 8 9.5 million tonnes, which is a ver y

J edda h
At la nt is II

large a mount compared to the other ma ssive sulphide occur renc-

Por t Suda n

es on the sea floor. The met a l content s in the sediment s are lowS

er, however, than in the ma ssive sulphides of the Bismarck Sea,

e

for exa mple. According to cur rent es t imates, the muds of the

a

S U D A N

At lant is II Ba sin cont a in 3 million tonnes of zinc, 74 0,0 0 0 tonnes
ERITREA
Water dept h in met res
0 to 10 0
10 0 to 10 0 0
deep er t ha n 10 0 0

of copper, 6 5 0 0 tonnes of silver and 4 6 tonnes of gold. Compared
Y E M E N

to the globa l reser ves of these met a ls, these va lues lie in the single- digit per cent , or even the per mill range.
For the Sudan or Saudi Arabia, however, which have no met a l

DJIBOUTI

E T H I O P I A

Gulf of Aden

reser ves of their own to speak of, mining could become interes ting in the future if met a l pr ices r ise aga in. However, s t andard

S O M A L I A

mining equipment will f ir s t have to be developed. One problem is

2.34 > The Atlantis II Deep lies in the middle of the Red Sea. Metal-

that the war m sa lt y water is ver y cor rosive to any kind of mining

rich sulphide brines rest at its bottom.

equipment.
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2.35 > Different
animal species
predominate in the
hydrothermal vent

Nor t h
Ea s t
Pacif ic

habitats of the various worldwide marine

Nor t h Wes t Pacif ic

regions. Through
statistical analyses
of the fauna at 63
S out h Wes t Pacif ic

hydrothermal vents,
researchers were able

Nor t her n
Ea s t Pacif ic
R ise

India n O cea n

to identify 6 biogeographic provinces

S out her n
Ea s t Pacif ic
R ise

with clearly different
species assemblages.

Nor t her n
M id-At la nt ic
R idge

have been able to disperse over thousands of years from

er the animals can spread from one habitat to another.

one province to another. The East Pacific Ridge appears

Only then would a recolonization of harvested areas be

to play a central role as a kind of hub of species disper-

possible at all.

sal. It must be kept in mind here, however, that more
and more differences are being identified between sim-

Before the mining begins …

ilar species through modern genetic studies, and at
many sites such genetic investigations have not yet

To minimize as far as possible the damage that could

been carried out. It is still uncertain whether some

result from the mining of massive sulphides, experts

apparently indistinguishable species are truly identical.

suggest carrying out additional studies to determine the

Besides the species that are adapted in special ways

extent to which endemic species could be affected. This

to the hydrothermal f luids, there are also serious threats

would necessitate distinguishing between massive sul-

to those that are found on the massive sulphides of

phides at active hydrothermal vents and old massive

dormant hydrothermal vents. This habitat is colonized,

sulphides at dormant vents. Because of the extreme lev-

for example, by deep-sea corals, sponges and barnacles.

el of specialization by denizens of the hydrothermal

Similar to other deep-sea organisms, these are rare,

vents, they are assumed to be more likely to live in nar-

grow very slowly, and produce few offspring. For these

rowly limited ocean regions and be endemic. The nor-

reasons they are especially endangered. If the parent

mal, common deep-sea species are more widely distrib-

animals die, then there are sparse young remaining to

uted. Because of their slow growth and low number of

rebuild the stocks.

offspring, however, special care must be taken to pre-

Generally speaking, there is still very little known

vent eradication of entire local stocks. Both of these

today about the biology of deep-sea animals. There are

kinds of species would presumably have a greater

still questions that must be answered before we can

chance if the deposits were only partly harvested, pre-

understand how and whether animal communities can

serving areas from which the harvested areas could be

recover after a disturbance on the scale of massive-sul-

recolonized. Alternatively, massive sulphides could be

phide mining. It is, for example, still unknown how

exclusively produced in areas where it is known that

abundant or rare the species are, in which habitats they

other hydrothermal fields exist nearby that host the

live, how far apart these habitats are, and how or wheth-

same species assemblages.
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Conclusion

Ocean minin g –

tained in the marine deposits is rising because of

no t a g old rush but a n opt i on

new high-tech applications such as smartphones.
For another, many of these elements are only

For decades people have been extracting mineral

mined in a few countries. China, in particular, has

resources from the sea, including diamonds off

a dominant market position. Many states would

Namibia or sand from the coastal areas of Europe

therefore like to secure their own claims on the

for filling depleted beaches. In Europe alone around

sea f loor. It is problematic that many hundreds of

93 million tonnes of sand are extracted from the

square kilometres of seabed will be negatively

sea each year – a quantity which equals the vol-

impacted by ocean mining. Marine biologists are

ume of 37 Cheops Pyramids.

concerned that mining will destroy deep-sea habi-

Governments and industrial corporations plan

tats. To prevent a gold rush in the ocean, the Inter-

to produce even more from the sea in the coming

national Seabed Authority (ISA) was established in

decades. Specifically, they aim to extract hundreds

Jamaica in 1994. It awards licence areas in interna-

of millions of tonnes of metal-bearing minerals

tional waters to interested states and ensures that

that are found on the sea f loor in 3 forms: firstly, as

developing countries will also be able to share in

potato-sized manganese nodules; secondly, as hard

the benefits. In addition, the Authority has nego-

coatings on the f lanks of undersea volcanoes called

tiated regulations for the protection of deep-sea

cobalt crusts; and thirdly, as massive deposits that

environments. Licence areas cannot be completely

have formed at hot, mineral-rich deep-sea vents

mined out. Some areas have to remain untouched

known as massive sulphides.

so that they can contribute to the recolonization of

These resources are of interest because they

the mined areas.

contain large amounts of economically interesting

To what extent, or whether at all the mining of

metals, some of which greatly exceed the known

the sea will develop is still uncertain. No mining

amounts in deposits on land. The manganese nod-

equipment suited to the task is available yet, and

ules in the Pacific manganese nodule area of the

some metal prices, after an interlude of extreme

Clarion-Clipperton Zone alone contain around

increases, have dropped again, so that deep-sea

5 billion tonnes of manganese, which is some

mining now appears less economical. However,

10 times as much as the economically minable

some 200-nautical-mile zones, where the ISA is

deposits on land today. Many of the marine metal

not responsible, are still thought to be promising.

occurrences have been known since the 1970s.

Within these zones the coastal states decide for

Even then manganese nodules were excavated

themselves when and under what environmental

from the Pacific in pilot projects. For a long time

and safety standards metals are extracted. Of par-

mining of the sea f loor remained unattractive

ticular interest are the 200-nautical-mile zone of

because there were enough resources on land and

Papua New Guinea, where massive sulphides with

metal prices were relatively low. But in the past

high gold and silver contents are found, and the

decade, mainly due to growing demand in the new-

Cook Islands, where cobalt-rich manganese nod-

ly industrializing countries, especially in China,

ules are located. Mining of the precious-metal-

prices have risen strongly.

bearing deposits in Papua New Guinea appears to

Marine mining is interesting for various reasons. For one, demand for chemical elements con-

be economical today. An industrial consortium
wants to begin mining there by the end of 2016.
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