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I N T R O D U C T I O N  

This  p a p e r  deals with metal l i ferous sediments  o f  the  seabed occur r ing  in the 
Red  Sea, in par t icular ,  within the  depress ion  o f  the seafloor known as the 
Atlantis-II  d e e p  (A-II deep) ,  which is n a m e d  af te r  the U.S. research vessel 
that  engaged  in the investigation o f  the area.  T h e  d e e p  is in the central  Red 
Sea, be tween J e d d a h  and  Por t  Sudan  (fig. 1). 

T h e  scientific a n d  o t h e r  l i tera ture  on the A-II and  related metal l i ferous 

deposits  has increased in recent  years to such an ex ten t  that  it is difficult to cite 
all the re ferences  used  for  this paper .  Ins tead  only the m o r e  impor t an t  publi- 
cations will be quoted ,  those which, in tu rn ,  of fer  m o r e  detai led bibliographies 
for  the r e a d e r  in teres ted  in specific sectors. In  addi t ion,  the Saudi -Sudanese  
Red  Sea Jo in t  Commission2 is p r e p a r e d  to mail, u p o n  request ,  a c o m p r e h e n -  
sive bibl iography on  the subject. 

D I S C O V E R Y  A N D  EARLY D E V E L O P M E N T  (BEFORE 1974) 

In 1948 the first indications o f  anomalous  seawater  condi t ions  were r eco rded  

by the  Swedish research vessel Albatross. In  the late fifties and  early sixties 
m o r e  evidence was f o u n d  o f  increased t e m p e r a t u r e s  a n d  salinities in near-  
bo t tom water.  Reflecting layers occasionally observed in d e e p  echo soundings  
could not  be i n t e rp re t ed  at that  time. 

1. We wish to t h a n k  the  Saud i -Sudanese  Red Sea J o i n t  Commiss ion ,  J e d d a h ,  a n d  
Preussag  AG, H a n n o v e r ,  fo r  permiss ion  to publ ish  a n d  also apprec ia te  the  he lp  a n d  
criticism o f  o u r  colleagues in the  p e r f o r m a n c e  o f  the  project .  O u r  special thanks  a r e  
d u e  to H. E. Dr. Zaki Mustafa ,  Secretary  Genera l  o f  the  Red Sea Commiss ion,  for  his 
o u t s t a n d i n g  role  of  gu id ing  this project  a long  its t ho rnv  road  f rom the academic  rea lm 
toward  economic  realization. 

2. Saud i -Sudanese  Red Sea Commiss ion ,  P.O. Box 5886, J e d d a h ,  Saudi  Arabia.  



Fic. 1 . - R e d  Sea overview-discovery of brine deeps and/or metalliferous sedi- 
ments. Left, prior to 1969. Right, following 1969. 

T h e  sampl ing  o f  sed iments  with R.R.S. Discovery in 1963 a n d  the recog- 
ni t ion o f  thei r  metal  en r i chmen t s  probably  const i tu ted the actual discovery o f  
the Red  Sea metal l i ferous m u d .  In  1965 the  research  vessel Atlantis 113 re- 

t u r n e d  to the  areas of  anomalous  condi t ions  a n d  surveyed,  in m o r e  detail, the 

seabed depress ion  which became later  known as the Atlantis II deep .  Several 
o t h e r  ships were  dep loyed  in the  following years, a n d  by 1968 six deeps  with 
br ines  and  metal l i ferous sediments  had  been  located (fig. 1). This  history o f  
discovery is an ou t s t and ing  example  o f  in ternat ional  coopera t ion  a n d  the  
r ap id  a d v a n c e m e n t  o f  knowledge  t h r o u g h  j o in t  efforts .  Al together ,  ships 
f rom the following countr ies  a n d  the i r  research  institutes were involved (in 

3. Edi tors '  n o t e . - F o r  specifications o f  this, a n d  m o s t  o f  the  o t h e r  vessels m e n -  
t ioned  in this chap te r ,  see "Surface  Research a n d  Survey Vessels, by Count ry , "  Ap-  
p e n d i x  table 2G, Ocean Yearbook 2, ed. Elisabeth M a n n  Borgese  a n d  N o r t o n  G i n s b u r g  
(Chicago: Universi ty o f  Chicago Press, 1980), pp.  6 4 5 - 7 0 .  



the o r d e r  o f  first appearance) :  Sweden,  Uni ted  States, Grea t  Britain,  Federa l  
Republic o f  Germany ,  a n d  USSR. 

Following the discovery o f  metal l i ferous m u d ,  economic interest  rose 
with the conf i rmat ion o f  meta l -grade  material ,  apa r t  f rom iron and  man-  
ganese,  o f  zinc, copper ,  silver, a n d  several others.  T h e s e  metals are  p resen t  in 
concent ra t ions  that  would make  them interes t ing ores, if they occur red  on  
land.  T h e  results o f  these investigations and  an est imate o f  the overall metal 
conten ts  and  their  value a p p e a r e d  first in 1967 a n d  were revised in 1969.4 

T h o s e  early investigators, speculat ing on the economics o f  the metallifer- 
ous m u d  conta ined  within the A-II deep,  arr ived at a value in the range  o f  
2 . 5 - 8  billion U.S. dollars for  the metals in situ. A l though  the au thors  warned  
against  an  overest imat ion o f  the possibility o f  utilizing this minera l  deposi t  in 
view o f  the absence o f  mining  techniques  and  suitable metal extract ion pro- 
cesses, thei r  reports ,  nevertheless,  caused widespread  interest.  

In  1968, the Democrat ic  Republic  o f  the S u d a n  issued licenses for  f u r t h e r  
investigations, evidently on the assumpt ion  that  the A-II  d e e p  would fall west 
o f  a med ian  line if such a del ineat ion would be i n t roduced  a n d  agreed  u p o n  as 
legally binding.  T h e  licenses were awarded  to a Sudanese  private company,  
which, in tu rn ,  secured the pa r tne r sh ip  and  technical expert ise  o f  Amer ican  
enti ty a n d  Preussag AG o f  Hannove r ,  Germany .  In 1969, a cruise was carr ied 
ou t  with the cha r t e r ed  vessel Wando River, mainly to conduc t  an advanced  
ba thymetr ic  survey o f  the  d e e p  and  to obtain more  sample material .  

T h e  g o v e r n m e n t  o f  the K ingdom o f  Saudi  Arabia,  also conscious o f  the 
economic  implications o f  these discoveries in the Red Sea, sponsored  an  ex- 
tensive research p r o g r a m  t h r o u g h  the Ministry o f  Pe t ro leum and  Minerals. 
F inanced by the Saudis, geochemical  investigations a long the axis were 
u n d e r t a k e n  by the Imper ia l  College o f  Science a n d  Technology,  London ,  
us ing the Nereus, in 1970 and  1971. Several deeps  were investigated, inc luding 

the previously u n r e c o r d e d  Nereus  deep ,  but  no m i n e r a l i z a t i o n - c o m p a r a b l e  
to that  o f  the A-II d e e p - w a s  found .  In 1971, magnet ic  and  gravimetric  
surveys a n d  con t inuous  seismic profil ing were f inanced by the Saudis and  
u n d e r t a k e n  by Woods  Hole Oceanograph ic  I n s t i t u t i o n - u s i n g  the vessel 
Chain. T h e s e  geophysical investigations a n d  the dri l l ing subsequent ly  u n d e r -  
taken by the Glorraar Challenger eventually led to the concept  o f  a two-stage 
seafloor s p r e a d i n g  as the mechanism responsible for  the fo rmat ion  o f  the Red 
Sea. '  In 1972 the min ing  author i t ies  o f  Saudi  Arabia  c o n f e r r e d  prospec t ing  
r ights  for  Red Sea minerals  on  Preussag.  

4. J.  L. Bischoff  and F. T.  Manhe im,  "Economic  Potential  o f  the  Red Sea Heavy 
Metal  Deposits ,"  in Hot Brines and Recent Heavy Metal Drpnsits in the Red Sea. ed.  Egon  T .  
Degens  a n d  David A. Ross (Berlin: Spr inger -Ver lag ,  1969), pp.  5 3 5 - 4 1 ;  T h o m a s  N. 
Wal th ie r  a n d  Cl i f ford  E. Schatz, "Economic  Significance o f  Minerals  Deposi ted in the  
Red Sea Deeps."  in Degens  a n d  Ross, eds.,  pp .  5 4 2 - 4 9 .  

5. David A. Ross, "Results o f  Recent  Expedi t ions  to the  Red S e a - ` C h a i n , '  



FIG. 2 . -Research  vessel haldivia II 

Preussag,  with a long t radi t ion a n d  d e e p  involvement  in min ing  and  
processing n o n f e r r o u s  metal ores on land a n d  in of fshore  activities, h a d  de- 
c ided toward  the end  o f  the sixties to become e n g a g e d  in the reconnaissance 

a n d  evaluation o f  seabed minerals ,  in general ,  and  to p r e p a r e  a highly sophis- 
ticated and  especially e q u i p p e d  explora t ion  system, in the fo rm o f  a research  
vessel, for  this purpose .  A s tern- t rawler  was acqui red  a n d  conver ted  to such a 
vessel. In r e m e m b r a n c e  o f  Valdivia, an ocean research  ship used  at the t u r n  o f  

the century,  the newly conver ted  vessel was n a m e d  af ter  her.  With the finan- 
cial s u p p o r t  o f  the Ministry o f  Research a n d  Techno logy  o f  the Federa l  Re- 
public o f  G e r m a n y  and  the part icipat ion o f  the Federal  Geological Survey, 
m e m b e r s  o f  university institutes, and  o t h e r  industr ial  firms, Preussag or- 

ganized and  ope ra t ed  two extensive cruises with valdivia II. (For a view o f  the  
vessel a n d  impor t an t  technical data,  see fig. 2 a n d  table 1.) T h e s e  surveys, 
p e r f o r m e d  mainly in the Red Sea and  the Gu l f  o f  A d e n  in 1971 and  in the 
central  a n d  sou the rn  Red Sea in 1972 to follow u p  in more  detail  the previous  
work,  p r o d u c e d  several results. 

' G l o m a r  Cha l lenger . '  a n d  'Valdivia'  Expedi t ions ."  in Red Sea Research 1 9 7 0 - 1 9 7 5 ,  ed.  
Di rec tora te  Gene ra l  of  Mineral  Resources  ( Jiddah), Bullet in 22-B (1977), pp.  B 1-B 14. 



TABLE I . -RESEARCH VESSELS "VALDIVIA" AND "SONNE": 
TECHNICAL DATA 

In  the Gu l f  o f  A d e n  no deposi ts  similar to the metal l i ferous m u d  o f  the 
A-II  d e e p  were discovered.  T h e r e  were only r a re  signs o f  possibly hydro-  
t he rma l  activity; otherwise,  only crusts  on  the  seafloor, mostly i ron a n d  man-  
ganese  en r i chmen t s  with no base metals in in teres t ing  contents ,  were en- 
coun te red .  Con t r a ry  to this negative f inding,  m o r e  t han  a dozen  new br ine  
deeps  a n d / o r  occurrences  o f  metal l i ferous sed iments  were discovered in the 



Red Sea (fig. 1 ).s Brines and  sediments  show a variety o f  physical and  chemical 
characteristics.  T h e  br ines  exhibit  d i f fe ren t  salt concent ra t ions  and  t empera -  
tures;  some are  stratified with m o r e  concen t ra ted  a n d  ho t t e r  layers under ly-  
ing a less concen t ra ted  a n d  cooler  br ine  body. T h e  p r e d o m i n a n t  metals in 
most  deeps  a re  i ron a n d  manganese .  In the  Chain  d e e p  the manganese  con- 
ten t  averages 3 0 % - 4 0 % .  

O f  all Red Sea deposits discovered,  the A-II d e e p  occur rence  is the only 
interest ing one  f r o m  the economic viewpoint.  At  a water  d e p t h  o f  approxi -  
mately 2,000 m, the seawater  is unde r l a in  by a 200-m thick layered body o f  
b r ine  (up to 25% NaCl a n d  exceeding  60°C). T h e  br ine  fills an e longated ,  
nor thwes t  t r e n d i n g  depress ion  with steep walls, cover ing  abou t  60 km2 (figs. 3 
a n d  4). At the bot tom,  the variegated,  part ly lamina ted  deposits at tain an  
average thickness o f  11 m. T h e  br ight  white, yellow, red ,  a n d  grayish black 
colors co r r e spond  to the oxidic and  sulfidic mineral  facies a n d  c o m p o u n d s  o f  
i ron and  manganese  a n d  the value metals: zinc, copper ,  and  silver. T h e  
schematic sequence  o f  units in the A-II d e e p  is shown in table 2. 

In  general ,  the solid con ten t  o f  the m u d  varies be tween 8% a n d  13%; the 
rest is brine.  T h e  m u d  averages 2 % - 5 %  zinc, 0 . 3 % - 0 . 9 %  copper ,  a n d  6 0 - 1 0 0  
p p m  silver, on  a dry,  salt-free basis. T h e  total solid substance conta ined  within 
the d e e p  weighs abou t  100 Mt. T h e  shares  o f  the  value metals are: zinc, abou t  
2 Mt; copper ,  0.4 Mt; silver, 9,000 tons; gold, abou t  80 tons. T h e  30 Mt o f  i ron  
are  not  o f  economic interest .  W h e r e  the base o f  the metal l i ferous sediments  is 

r eached  by core samplers ,  it is general ly  f o u n d  to be geologically young  basalt. 

Metall iferous sediments  o f  the  A-II  type are  believed to or iginate  as fol- 
lows: seawater  percolates t h r o u g h  the  tectonically active, highly f rac tu red  and  
fissured seafloor, consisting o f  Ter t i a ry  evapori tes  (mostly Miocene rock salt), 
a long  the  flanks o f  the  deep ,  a n d  basalt, f o r m i n g  the bo t tom (fig. 4). As a 
resul t  o f  the seafloor spreading ,  whereby  the  crustal plate with the Arabian  
Peninsula  drifts away f rom the Afr ican plate a long the central  rift o f  the Red 
Sea, the  emplaced  basalt closes the  gap  a n d  forms new ocean floor. More  hea t  
is conveyed to the  seabed,  where  the  u p w a r d  m o v e m e n t  o f  mol ten  rock- 
material  leads to volcanic activities. U n d e r  this highly increased hea t  flow the 
percolat ing seawater  dissolves salt a n d  metals f r o m  the host  rocks. W h e r e  the  
hea ted  water  is d i scharged  again in closed depress ions  o f  the seafloor, it may 
collect and  fo rm br ine  pools. (Some o f  the metals a re  also con t r ibu ted  f r o m  
solutions rising f r o m  the magmat ic  sources o f  the  ear th  mantle.)  U p o n  contact  

6. H. Backer  a n d  M. Schoell, "New Deeps  with Br ines  a n d  Metal l i ferous Sedi- 
m e n t s  in the  Red  Sea," Nature Physical Science 240 (December  1972): 153 -58 ;  H.  
A m a n n ,  H. Backer ,  a n d  E. Blissenbach, "Metal l i ferous  Muds  o f  the  Mar ine  Environ-  
ment , "  Preprints of the Off.shore Techrzology Conference, 5th A n n u a l  C o n f e r e n c e  o f  the  
Amer ican  Inst i tu te  o f  Mining,  Metallurgical ,  a n d  Pe t ro l eum Engineers ,  Hous ton ,  May 
1973, P a p e r  no. 1,759 (Hous ton ,  1973), 1 :345-58 ;  H. Backer ,  "2.2 Erzsch lamme,"  
Geologisches Jahrbuch D38 (1980): 7 7 - 1 0 0  a n d  192-96 .  



FIG. 3 . - A t l a n t i s - I I  deep :  core  stations a n d  m i n i n g  test sites (MS 1-4) o f  1979; 
isobaths in meters .  



FIG. 4 . - A t l a n t i s - I I  deep :  schematic  cross-section a n d  principles  o f  origin of  metal-  
l i ferous sed iments  (hypothet ical  flow o f  solutions a n d  seafloor spreading) .  

TABLE 2 . - S E Q U E N C E  OF ZONES IN ATLANTIS II DEEP (from Top to Bottom) 

Sf)URf ts.—H. Backer and M. Schoell, "New Deeps with Brines and Metalliferous Sediments in the Red Sea," Nature Physical 
Srience 240 (December 1972): 153-58; H. Amann. H. Backer, and E. Blissenbach. "Metallifemus Mu�1s nf the Marine Envirnn- 
ment," Prrprints of 1M °ff5lurrp Technology C�n/rr�n�f. 5th Annual Conference of the American Institute of Mining, Metallurgical 
and Petroleum Engineers, Houston. Mav 1973, Paper no. 1759 (Houston, 1973), 1:345-58; H. Backer, "2.2 Erzschlamme," 
Grologiiehesjahrbwh D38 (1980): 77-100 and 192-96. 



o f  the dissolved br ine  const i tuents  with no rmal  (cooler, oxygenized) seawater,  
precipi ta t ion o f  cer tain metallic c o m p o u n d s  takes place. T h e s e  resul t ing 
chemical  sediments  collect at the  bot tom o f  the d e e p  to fo rm metal l i ferous 
mud .  T h e  sed imenta t ion  rate  is relatively high,  a r o u n d  1 m m / y e a r -  
considerably h i g h e r  than  for  no rma l  deep-sea  deposits,  abou t  100,000 times 
m o r e  t h a n  f o r  t h e  P a c i f i c  m a n g a n e s e  n o d u l e s  . 7  

In  recent  years, it has become increasingly evident  that  a n u m b e r  o f  ore  
deposits,  some o f  considerable  economic  impor tance ,  were originally f o r m e d  
in a way similar to that  o f  the A-II m u d  (a l though a closer o r  identical re- 
lat ionship would requ i re  the presence  of ophiolites a n d / o r  mafic o r  ul tramafic 
rocks f o r m e d  as new oceanic crust). P r o m i n e n t  ore  deposits  include lead-zinc 
suppliers ,  such as the P re -Cambr ian  Mt. Isa (1.6 billion years old) o f  Australia 
and  the Devonian Rammelsbe rg  mine  (300 million years old) o f  West Ger-  
many.  A t h o r o u g h  knowledge  o f  the origin o f  those ore  deposits  could help to 
locate still undiscovered  extensions o r  ne ighbor ing  (sister) occurrences.  

A D V A N C E D  D E V E L O P M E N T  (SINCE 1974) 

Saudi Sudanese  A g r e e m e n t  and  Founda t ion  o f  Red Sea Jo in t  Commission 
( R S C ) 1 9 7 4 - 7 5  

Meetings between the gove rnmen t s  o f  Saudi Arabia a n d  Sudan  s tar ted as 
early as May 1968 for the p u r p o s e  o f  r each ing  a suitable a g r e e m e n t  with 
r e g a r d  to the exploi tat ion o f  Red Sea minerals .  Later  tha t  year,  the Royal 
Decree  No. M-27 established the Saudi  ownersh ip  over minera l  resources  o f  
the seabed adjacent  to the Saudi cont inental  shelf. 

Progress  for  an in ternat ional  a g r e e m e n t  on  possibly d i spu ted  boundar i e s  
o f  adjacent  o r  opposi te  states was slow, in spite o f  Saudi Arabian  efforts  to call 
for  a meet ing  of all r ipar ian  states in July  1972. Following action by the Sudan ,  
a new r o u n d  o f  negotiat ions with Saudi Arabia  was o p e n e d  in 1973 and  
resul ted  in a bilateral a g r e e m e n t  in 1974. U n d e r  this ag reemen t ,  the bed o f  
the  Red Sea between the two countr ies  is divided into th ree  zones (beyond the 
coastline a n d  the adjacent  zone o f  full sovereignty): ( 1 ) a zone ex t end ing  west- 
ward  f rom the Saudi coast to a line where  the water  d e p t h  is cont inuously  
1,000 m; (2) a zone ex t end ing  eas tward  f rom the Sudanese  coast to a line 
where  the  water  d e p t h  is cont inuously  1,000 m; a n d  (3) a c o m m o n  zone lying 
between the two zones, as def ined above, and  including all the known deeps .  
Each count ry  has exclusive sovereign r ights  over  the area  be tween its coastline 
a n d  the  c o m m o n  zone, in which both  countr ies  have exclusive a n d  equal  
rights.  

7. Edi tors '  n o t e . - F o r  an e x t e n d e d  discussion o f  interact ions  be tween sea wate r  
a n d  oceanic crust ,  see A. 'I'. A n d e r s o n ' s  cont r ibu t ion ,  " 'I 'he O c e a n  Basins a n d  O c e a n  
Water , "  in this volume.  



T h e  a g r e e m e n t  gave to the Saudi -Sudanese  Red Sea Jo in t  Commiss ion  
(RSC) in 1975 a co rpora t e  status and  an i n d e p e n d e n t  legal personality;  the  
RSC was to consist o f  th ree  m e m b e r s  f rom each country ,  each side being 
h e a d e d  by the  minis ter  responsible  for  minera l  resources  in his country .  
F u n d i n g  o f  commission activities is p rov ided  by the  g o v e r n m e n t  o f  Saudi  
Arabia,  which will recover  such funds  f rom the expec ted  revenues  o f  p roduc-  
tion f r o m  the c o m m o n  zone in a m a n n e r  to be ag reed  u p o n  between the two 
countr ies .  

T h e  RSC chose the B u r e a u  de  Recherches  G6ologlques et Miniere  
(BRGM), a French  public body, as its technical consultants.  O n  the basis o f  its 
previous exper ience  Preussag was des igna ted  as genera l  con t rac tor  for  the 
implementa t ion  o f  a feasibility study, cover ing both  the  economic a n d  the 
technological aspects o f  deve lop ing  the  minera l  resources  lying within 
the A-II deep .  

Cont rac t  with Preussag  (  1976) -At lan t i s - I  I -Deep  Mineral  
Deve lopmen t  Project 

T h e  negotiat ions with Preussag were  successfully conc luded  in Augus t  1976. 
T h e  contract  was based on cost r e i m b u r s e m e n t  wi thout  profi t  e lements  in 

favor  o f  the genera l  contractors .  It left o p e n  the  possibility o f  Preussag's  
marke t ing  the metals p r o d u c e d  a n d  o f  obta in ing  a certain percen tage  o f  the 
p roduc t ion .  

T h e  p u r p o s e  o f  the  project  consists in assessing o f  the economic  utiliza- 
tion o f  the  A-II d e e p  minera l  deposits and  in acqui r ing  the knowledge neces- 
sary to decide w h e t h e r  or  not  commercia l  exploi tat ion is to be initiated. T h e  

p r o g r a m  was conceived in two subsequen t  steps o f  several years each: a pre-  
pilot phase  and  a pilot phase.  In view of  the very new and  un ique  n a t u r e  o f  
this type o f  work,  a concise p r o g r a m  could only be d ra f t ed  for  the  first phase.  
T h e  prepi lo t  phase  would compr ise  comprehens ive  studies and  tests in the  
following fields: sampl ing  and  evaluat ion o f  the minera l  deposit ,  establishing 
env i ronmenta l  factors and  assessing possible impacts o f  exploitat ion,  min ing  
methods ,  a n d  selecting and  deve lop ing  me thods  to extract  the metals f rom 
the  metal l i ferous mud .  This  first phase  was to culminate  in a prepi lo t  min ing  
test (PPMT).  Af ter  its conclusion and  subsequen t  metallurgical  studies, the 
prerequis i tes  for  en t e r ing  into the  second phase  were expec ted  to be available 
a n d  to allow detai led p l ann ing  o f  that  phase  in 1980. 

P r o g r a m  inc luding Prepi lot  Mining  Tes t  (PPMT) 1979 

T h e  first major  ope ra t ion  u n d e r  this p r o g r a m  was the explora t ion  cruise with 
the  newly commiss ioned  R/V Sonne (fig. 5, table 1) in fall 1977. Most o f  the  



Fig. 5 . -Resea rch  vessel Sonne 

survey concen t r a t ed  on f u r t h e r  m a p p i n g  a n d  sampl ing  o f  the  A-II deposits  
a n d  on  env i ronmen ta l  studies. It was felt f rom the very beg inn ing  o f  the 

project  that  every p recau t ion  must  be taken to en su re  that  a f u t u r e  min ing  
opera t ion  would not  e n d a n g e r  the ecosystem o f  the Red Sea t h r o u g h  pollu- 
tion. A wide r a n g e  o f  studies, with the part icipat ion o f  scientists f rom re- 
n o w n e d  universi ty institutes, were initiated. Th i s  inc luded  physical ocean- 
o g r a p h y  to establish the  systems o f  c u r r e n t s - h o r i z o n t a l l y  and  vertically, 
seasonally, etc. It was f o u n d  that  new ins t ruments  had  to be deve loped  in or-  
d e r  to r eco rd  the  pa r ame te r s  requ i red ,  for  example ,  a dr i f t  buoy for  the  
seawater /br ine  interface.  A n o t h e r  large sector o f  work consisted o f  the  s tudy 
o f  the biosphere:  a baseline inventory  o f  flora a n d  fauna ,  thei r  dis tr ibut ion 
and  habits, and  the  contents  o f  metals in thei r  bodies. (It t u r n e d  ou t  tha t  a 

good deal was known abou t  marginal  areas,  such as r e e f  populat ions ,  but  little 
abou t  critical issues, such as cu r ren t s  in the  central  Red Sea a n d  its bot tom-  

dwell ing fauna.)  
In  1979, the survey o f  the minera l  deposi t  a n d  the e n v i r o n m e n t  was 

con t inued  with a cruise o f  the R/V valdivia, which also assisted in the p repa-  
ra t ion and  execut ion o f  the PPMT.  For  this cruise, a b u o y - m o u n t e d  trans- 
p o n d e r  system was used for  posit ioning. T o g e t h e r  with satellite navigation 
and  min i ranger ,  this system pe rmi t t ed  isobath char t ing  o f  f o u r  P P M T  sites at 



1-m contours  (fig. 3). D u r i n g  the two cruises o f  1977 a n d  1979, abou t  220 
sed iment  cores were  recovered  f rom the d e e p  (in addi t ion  to the 130 cores 
taken previously). T h e  new samples allowed an u p d a t e d  a n d  more  accurate  
assessment  o f  the metal  values. Because the  results were still insufficient, 

a n o t h e r  voyage with Valdivia was u n d e r t a k e n  in 1981, p r o d u c i n g  core samples 
f rom 443 m o r e  stations. 

T h e  total o f  almost  800 cores f rom the d e e p  may a p p e a r  high,  being 
equivalent  to an average o f  abou t  13 samples p e r  square  kilometer.  It must ,  
however ,  be recognized that  the dis tr ibut ion o f  samples is not  as u n i f o r m  as 
des i red  statistically, no r  did the cor ing  e q u i p m e n t  always pene t r a t e  the  en t i re  
sequence  o f  metal l i ferous sediments .  It should also be b o r n e  in m i n d  that  
minera l  deposits o f  comparab le  origin on land must  be sampled  at a much  
closer spacing before  allowing a reasonably reliable deposi t  evaluation; such 
figures a re  commonly  in excess o f  50 samples p e r  square  ki lometer  p r io r  to 
commercial  exploitat ion.  

T h e  selection o f  a min ing  system for  the P P M T  was p receded  by a 
t h o r o u g h  study o f  the flow behavior  of  the  m u d  (from earl ier  expedit ions)  in 
o r d e r  to establish friction coefficients a n d  analyze such proper t ies  as abrasion.  

As a result  o f  tests p e r f o r m e d  by a G e r m a n  university institute, an easy a n d  
cheap  al ternat ive (the use o f  plastic p ipe  for  p u m p i n g  u p  the mud)  had  to be 
discarded.  Steel p ipe  had  to be p rov ided  instead,  leading to heavier  loads a n d  

the necessity o f  us ing a m u c h  la rger  and  m o r e  expensive test ship. 
A n o t h e r  i m p o r t a n t  sector o f  the  p r o g r a m  consisted o f  tests to extract  the 

value m i n e r a l s - z i n c ,  silver, a n d  c o p p e r - f r o m  the m u d .  T h e  metal com- 

p o u n d s  a re  only a small pe rcen tage  o f  the  m u d ;  t he re fo re  it is necessary to 
effect a concent ra t ion  o f  the solid phase  on the s h i p - p r i o r  to f u r t h e r  treat- 
ment .  

O n e  m e t h o d  o f  concent ra t ion  is flotation, whereby air is injected into a 
cell conta in ing  metal l i ferous mud .  With the  addi t ion  o f  special reagents ,  the 
metallic c o m p o u n d s  collect on the surface o f  the rising bubbles and  fo rm a 
concent ra te  which can be sk immed o f f  as a foam. Lab tests had  shown that, in 

spite o f  the unfavorable ,  ex t remely  small particle size o f  the m u d  with 
m o r e  than  80% below 2 IL (0.002 mm),  a flotation concent ra te  could be 
fo rmed .  However ,  because such an opera t ion  would have to be car r ied  out  on 
boa rd  a vessel, it r ema ined  to be tested w h e t h e r  the ship's movements  would 
allow this m e t h o d  to be appl ied.  In a British laboratory,  flotation-at-sea condi- 
tions were simulated.  T h e  effectiveness o f  the  p r o c e d u r e  was not  much  in- 
fer ior  to the one  u n d e r  stable land condit ions.  

With r ega rd  to the recovery opera t ion ,  it was t h o u g h t  best to fluidize the 
m u d  with a specially des igned  min ing  head  a n d  p u m p  it to the surface 

t h r o u g h  a length  o f  steel pipe. A six-stage centr i fugal  p u m p  was eventually 
chosen (flow rate  u p  to 100 m3/hour ;  with a 535-kw electric motor) .  T h e  min ing  
head  was fu rn i shed  with a vibration mechan i sm a n d  water  u n d e r  p ressure  for  
b reak ing  u p  the m u d .  High-quali ty oil-field drill p ipe  o f  5 inches d i ame te r  was 



FIG. 6 . - M i n i n g  test vessel Sedco 445 in Marseille port for conversion 

selected for  the vertical t ranspor t .  T h e  min ing  head  plus p u m p  were con- 
nected and  tested once, in shallow water  in a Scottish f jord in 1978. 

In  March 1979, the cha r t e r ed  vessel Sedco 445 (of a U.S. contractor) ,  

normal ly  employed  for o f f shore  oil drilling, a r r ived at Marseilles, where  she 
was conver ted  into a min ing  ship (fig. 6). By mid-Apri l  she was at  the  A-11 
deep ,  where  navigational aids had  been  previously set by valdivia for  the  
dynamic  posi t ioning o f  the ship, because the d e p t h  o f  m o r e  than  2,000 m 
would not  allow anchor ing .  T h e  dynamic  posit ioning,  whereby  the vessel can 
remain  above a given point  with the aid o f  compute r -con t ro l l ed  thrus ters ,  
worked  wi thout  fault,  a n d  the ship could move in any given direct ion at  low 
speed,  in spite o f  heavy seas, cur ren ts ,  a n d  wind. 

T h e  min ing  head,  p u m p ,  and  o the r  min ing  equ ipmen t ,  inc luding  a large 
n u m b e r  o f  ins t ruments  for  measu r ing  t e m p e r a t u r e ,  flow speed,  density, 
m o v e m e n t  o f  pipe,  thickness o f  sediments  below the  min ing  h e a d  (in o r d e r  to 
avoid collision with the r u g g e d  basaltic bedrock) ,  etc., were  lowered t h r o u g h  
the m o o n  pool, the mid-ship  o p e n i n g  (fig. 7). Several days passed with the  
inevitable d e b u g g i n g  o f  equ ipmen t .  O n  May 1, 1979, the first flow o f  m u d  
f rom such a d e p t h  was a c h i e v e d - a  spectacular  b r e a k t h r o u g h  similar to the 
test min ing  o f  manganese  nodules  f rom the d e e p  Pacific seabed the previous 
year.8 Af te r  the  tanks were  filled with m u d  u n d e r  varying min ing  condit ions,  

8. Zaki Mustafa  a n d  Hans  M. A m a n n ,  ' t h e  Red Sea Pre-Pilot  Mining  Tes t  1979," 
Proceedings of the Offshore Technology Cozzferezzce, 12th A n n u a l  C o n f e r e n c e  o f  the  Amer i -  



Fig. 7 . - A t l a n t i s - I  deep: prepilot mining test of 1979. Left, true-to-scale relation of 
water depth to mining vessel. Center and right, details of mining test equipment. 

the flotation tests began.  Difficulties arose which were overcome,  the concen- 
t rat ion s tar ted to work,  and ,  t h r o u g h  changes  o f  condit ions,  it gave improved  
results. T h r e e  subsequen t  test sites, previously selected as areas representa t ive  
o f  the varying proper t ies  o f  the  A-II  deposits ,  were mined  (fig. 3). 

O n e  o f  the major  r ema in ing  tasks was the disposal o f  the  flotation tailings. 
T h e y  were  ejected t h r o u g h  a 400-m long vertical p ipe  at the  bow o f  the ship 
(fig. 7). T h a t  d e p t h  was chosen because it lies below the r icher  sea life layer 
(fig. 8). T h r o u g h  several me thods  o f  mon i to r ing  (tracers, d i rect  observat ion o f  

can Inst i tu te  o f  Mining,  Metal lurgical ,  a n d  P e t r o l e u m  Engineers ,  May 1980, P a p e r  no.  
3874 (Hous ton ,  1980) ,  4 :197-210 ;  Zohai r  Nawab  a n d  Klaus Luck,  "Tes t  Mining  o f  
Metal l i ferous M u d  f rom the Red Sea Bot tom,"  Meerestechnik znt 10 (December  1979): 
181-87 .  



FIG. 8 . - A t l a n t i s - I I  deep :  schemat ic  cross-section t h r o u g h  water  co lumn  a n d  bot- 
tom,  inc lud ing  water  layering,  salinity, t e m p e r a t u r e ,  oxygen,  a n d  biomass (zoo- 
p lankton) .  



p lume  by echosounde r ,  light a t t enua t ion  probe ,  dr if t  buoys in p lume,  etc.) the 

disposed tailings could be followed by valdivia.� F rom the point  o f  d ischarge  
they sink to a d e p t h  o f  about  1,200 m in a short  time, probably as a result  of jet 
flow and  gravity. 

Carefu l  base-line studies were conduc ted  to establish the  status o f  the Red 

Sea ecosystems. T w o  examples  may serve to illustrate the  ex t r ao rd ina ry  re- 
sults ob ta ined  in the course  o f  env i ronmen ta l  base-line studies. Crustacea  

f rom the water  co lumn a n d  the seabed in the  vicinity o f  the A-II d e e p  were 
f o u n d  to exhibit  mercu ry  contents  of several par ts  p e r  million. T h e s e  rates a re  
a full o r d e r  o f  magn i tude  in excess o f  the W H O  a n d  F A O  limit for  h u m a n  

consumpt ion .  H a d  such a f inding been  m a d e  following the  beg inn ing  o f  
ocean mining,  it would u n d o u b t e d l y  have been  a t t r ibu ted  to that  activity. 
A n o t h e r  unusua l  f inding is the  presence  o f  water  gyres as r eco rded  by c u r r e n t  
measu r ing  devices a long vertical profiles. T h e  base-line studies have also 

conf i rmed  oceanographe r s '  previous f indings that  the Red Sea is a very poorly 
popu la t ed  water  space, apa r t  f r o m  the  r ee f  zones whose rich life is e r rone-  
ously taken by the genera l  public as r ep re sen t ing  the average.  (With re fe rence  
to metazoa smaller  than  1 m m  p e r  uni t  bo t tom surface,  the Red Sea com- 
muni t ies  a m o u n t  to only one- th i rd  o f  the n u m b e r  o f  organisms on  the 
Med i t e r r anean  seabed,  a n d  only to one-seventh  to one-e igh th  o f  their  n u m -  

bers in the east Atlantic a n d  the Norwegian  Sea; for  o the r  categories o f  
metazoa,  the discrepancy is even larger.) 

Samples o f  m u d  and  tailings were secured  in o r d e r  to test thei r  effect on 

specific m e m b e r s  o f  the ecosystem, in di lated fo rm a n d  in short-  a n d  long- 
t e r m  exper iments .  A l though  a final evaluat ion o f  the env i ronmenta l  studies is 
not  yet available, it appea r s  that  the re  is no de t r imenta l  influence to be fea red  
f rom commercia l  min ing  if these principles o f  d ischarge  are  followed. Al- 
toge the r  it appea r s  tha t  the env i ronmen ta l  studies, p e r f o r m e d  with the inter- 
national  coopera t ion  o f  scientists and  r e n o w n e d  institutes, fo rm the most  
comprehens ive  investigation ever  u n d e r t a k e n  to assess the  effects o f  f u t u r e  
ocean mining  (table 3). (Because o f  the exempla ry  na tu re  o f  such investiga- 
tions they received the financial s u p p o r t  o f  the  Federa l  Republic o f  Ge rmany ,  
Ministry o f  Research a n d  Technology. )  

9. H. Backer  a n d  L. Karbe,  " E n v i r o n m e n t a l  Research Accompany ing  a Deepsea  
Min ing  Project  in the  Red  Sea." Conference Report of thr Intentiariter '80, ed.  C. K r u p p a  
a n d  G. Clauss ( H a m b u r g :  Messe � Congress ,  1980), pp.  5 4 3 - 5 2 ;  J.  Lange,  "Cont ro l  o f  
Env i ronmen ta l  Pollut ion by Mining  Wastes (Metal l i ferous Mud ,  Red Sea)," Proceedings 
of the 4th International Symposium on Environmental Biogeochemi.stry and  Conference on 
Biogeochemi,stry in Relation to Min ing  Indu.stry and  Environmental Pollution, C a n b e r r a ,  
A u g u s t / S e p t e m b e r  1979 (in press); J .  Lange ,  H.  Backer,  J .  Post, a n d  H. Weber ,  "Plans 
a n d  Tes ts  for  a Metal Concen t r a t i on  a n d  'I 'ailing Disposal at Sea," Proceedings, Sym- 
posium on the Coastal aml Marine Eravirorcmerat of  the Red Sea, Gu J of Aden and Tropical 
Western Indian Oceans, J a n u a r y  1980, ed. Y. B. A b u  Gideiri  ( K h a r t o u m :  Universi ty 
Press,  in press [with m o r e  re fe rences  o n  this subject]). 





D u r i n g  the  3 -month  test pe r iod  in 1979, abou t  15,000 tons o f  m u d /  
br ine  mix tu re  were  mined.  F rom 2,000 tons o f  m u d  4 tons o f  concent ra te  

were p r o d u c e d  with zinc contents  o f  2 5 % - 4 0 % ,  in addi t ion  to coppe r  a n d  
silver. T h e  concent ra tes  were then  used for  processing tests, with the partici- 
pa t ion  o f  some o f  the  world 's  leading  companies  in extractive metal lurgy,  to 
select the  most  a p p r o p r i a t e  process. Since convent ional  metallurgical  pro-  
cesses r equ i re  the p r io r  removal  o f  salt, p resen t  to a high deg ree  in the 
concentra tes  as a b r ine  residue,  recently i n t roduced  al ternat ive me thods  were 
investigated. T h e y  requ i re  the  p resence  o f  salt a n d  use cupr ic  o r  ferric 
chlor ide  as a lixiviant o r  a h i g h - t e m p e r a t u r e  oxygen p ressure  leach. Several o f  
the results f r o m  a 6 - m o n t h  test pe r iod  o f  these m e t h o d s  were most  en- 
couraging ,  and  two o f  t h e m  were selected for  f u r t h e r  studies. T h e y  have been  
e labora ted  to a deg ree  where  the first, s o u n d  estimates o f  these processes 
could be p re sen t ed  and  incorpora ted  a m o n g  the pre l iminary  feasibility data. 'o 
(E.g., the capital e x p e n d i t u r e  p e r  annua l  ton  o f  zinc is es t imated to r ema in  

below U.S.$2,000 with ope ra t i ng  costs o f  U.S.$350,  as o r d e r  o f  magni tude . )  

Pilot Ope ra t i on  a n d  Commerc ia l  P roduc t ion  

T h e  deve lopmen t  work  u n d e r t a k e n  to da te  does not  yet allow assessment  o f  
the project 's overall technical and  economic  feasibility, in spite o f  many  en- 
courag ing  findings a n d  the absence o f  any prohibi t ive results. Before  a final 

decision on commercial izat ion is reached ,  it is necessary that  a longer - te rm 
test o f  min ing  a n d  metal  p roduc t ion  on  a pilot scale be successfully per-  
f o rmed .  Th i s  opera t ion ,  lasting f rom 200 to 300 days, would  also give the  
working  exper ience  necessary for  des igning  the commercia l  plants. 

In  par t icular ,  the pilot opera t ion  should  mine  metal l i ferous m u d  with a 

newly des igned  min ing  head ,  s t ronge r  p u m p s ,  a n d  (probably) 9%-inch pipe,  
to allow the p roduc t ion  o f  abou t  10 tons/day o f  concentra te ,  in the course  o f  

s imul taneous  flotation on b o a r d  the  pilot m in ing  ship a n d / o r  a s u p p o r t  vessel. 
T h e  concen t ra te  could be periodically t r anspo r t ed  by a shutt le  boat  to the 
metallurgical  pilot p lant  on  shore,  which may become pa r t  o f  the f u t u r e  

commercia l  processing p lant  (fig. 9). T h e  residues (tailings) will be d i scharged  
at  800 m. It is likely that  the site o f  the processing p lant  will be the de- 

ve lopmen t  project  o f  Yanbu,  300 km nor thwes t  o f  J e d d a h ,  where  a large 
pe t rochemical  indust ry ,  based on the  oil a n d  gas suppl ied  by pipel ine f r o m  
the  Arab ian  Gul f  fields, is be ing erec ted  (fig. 10). T h e  processing o f  the A-II  
concent ra tes  would be the  first minera l  resource  project  in this complex.  

T h e  a n n u a l  commerc ia l  p r o d u c t i o n  envisaged would  a m o u n t  to about  

10. H. Weber ,  K. Pretzsch,  C. Barbery ,  a n d  A. W. Fletcher ,  "Metal lurgical  
T r e a t m e n t  o f  Red  Sea Concent ra tes , "  Conference Report Interocean '81, ed.  H.  G. Stalp 
(Diisseldorf:  Di lsse ldorfer  Messegesellschaft ,  1981), pp.  116-22 .  







60,000 tons o f  zinc, 12,000 tons o f  copper ,  100 tons o f  silver, and ,  possibly, 
c a d m i u m ,  cobalt, some gold, and  by-products  o f  the  processing stages, such as 
gypsum.  Al though  the  zinc p roduc t ion  would be only 1 %-2% o f  the world's 
total, it would,  nevertheless,  be a valuable cont r ibu t ion  to the  economies  o f  the  

countr ies  involved in this project.  Given a beg inn ing  o f  pilot opera t ions  by 
1983, the commercia l  p lant  could be built a n d  become opera t iona l  within the  
second pa r t  o f  this decade .  

R E L A T E D  ISSUES 

O n e  o f  the crucial issues, before  mak ing  any concise commercial izat ion plans 
fo r  the  A-II  d e e p  minera l  deposi t ,  was the  quest ion of  ownership .  Wha t  state 
o r  states o r  any o t h e r  organiza t ion  ( there  has been  an  applicat ion to the Uni ted  
Nations) can claim rights, o r  can anyone  exp lo re  and  mine  u n d e r  one  o f  the  
f r e e d o m s  o f  the h igh  seas? It had  been  a p p a r e n t  tha t  most  a r g u m e n t s  for  
r ights  and  ownersh ip  would favor the two r ipar ian  states: the K ingdom o f  
Saudi Arabia  a n d  the Democrat ic  Republic o f  the Sudan .  This  was f u r t h e r  
s u p p o r t e d  by the  fact tha t  both  states had  dec reed  r ights  over  the cont inenta l  
she l f  adjacent  to thei r  coastal zones o f  sovereignty. In 1971 the re  was an 
a t t e m p t  by a representa t ive  o f  the  industr ia l  par ty  a l ready engaged  in explo- 
ra t ion to p resen t  a sha r ing  a n d  par t ic ipat ion m o d e l . "  T h e  subsequen t  de- 
ve lopmen t  (Saudi-Sudanese  a g r e e m e n t  o f  1974 and  the fo rming  o f  the RSC 
in 1975) has a l ready been  discussed. 

For  many  years, especially since the T h i r d  Uni ted  Nations Confe rence  on  
the Law o f  the Sea (UNCLOS)  was convened  in 1973, controversy m a r k e d  the 
discussions a m o n g  states, individuals,  a n d  o t h e r  g roups  r ega rd ing  seabed 
minerals  and  d e e p  ocean mining.  T h e  deve lop ing  countr ies  (a large majori ty 
at U N C L O S ,  n u m b e r i n g  m o r e  than  a h u n d r e d )  a t t empted  to play the leading 
role in f u t u r e  resource  m a n a g e m e n t  within the  in terna t ional  area,  seaward o f  
the  coastal states' zones o f  full o r  part ial  control .  T h e i r  claim rests on  the  "one  
state-one vote" pr inciple  o f  the  U N  organizat ion,  toge the r  with the " c o m m o n  
her i tage  o f  m a n k i n d "  idea p re sen t ed  by Arvid Pardo,  Maltese ambassador  in 
1967. T h e i r  goal is the  eventual  es tabl ishment  o f  a new economic  o rde r ,  also a 
subject o f  discussion within U N C T A D ,  U N I D O ,  and  o the r  fora. 

O n  the o t h e r  side, the industr ia l ized states technically a n d  financially 
capable  o f  b r ing ing  min ing  o f  the d e e p  seabed to life a r g u e d  that,  for  con- 
t r ibut ing  technology a n d  funds  for  realizing ocean mining,  they should  have 
an a p p r o p r i a t e  share  o f  the benefits. As a fair solution, in thei r  view, they 

11. E. Blissenbach,  "Metal l i ferous  Deposits  o f  the  Red Sea Bot tom a n d  Develop-  
m e n t  Aspects,"  World Law Review, Be lg rade  Wor ld  C o n f e r e n c e  on  Wor ld  Peace 
t h r o u g h  Law a n d  the  3d Wor ld  Assembly o f  J u d g e s ,  1971 (Washing ton ,  D.C.: Wor ld  
Peace t h r o u g h  Law Cen te r ,  1972), 5 : 1 3 5 - 4 2 .  



suggested a "parallel system" allowing the enterpr i se ,  d o m i n a t e d  by develop- 
ing countr ies ,  to u n d e r t a k e  exploi tat ion u n d e r  the same condit ions as private 
a n d  state companies  f rom the industr ia l ized world. This  is hard ly  the place to 
go into m o r e  detail abou t  this controversy,  bu t  it should  be stated that  the  
opposi te  views could not  be reconciled,  especially concern ing  the so-called 

technology t ransfer ,  in spite o f  r emarkab le  compromises  in o the r  i m p o r t a n t  
sectors o f  law o f  the sea affairs.12 

T h e  model  o f  coopera t ion  between Saudi Arabia a n d  the Sudan ,  as rep-  
r e sen ted  by the RSC and  a company  f r o m  the industr ial ized world,  may serve 
as an example  for  many  o the r  cases, where  the prerequis i tes  could be differ-  

en t  bu t  the under ly ing  principle,  nevertheless,  applicable. In  the example  
discussed, states a n d  companies  share  whatever  they are  able to contr ibute:  
the Sudan  offers  its minera l  r ights a n d  some t ra ined  personnel ;  Saudi  Arabia  
contr ibutes  minera l  rights a n d  the  project  funding ;  BRGM as consultants  a n d  
Preussag as principal  cont rac tor  con t r ibu te  know-how a n d  the exper t ise  o f  
o thers  re ta ined  as subcontractors .  It has been  the  concern  o f  the RSC to 

engage  the most  proficient  parties in the  project. As a result,  subcontrac tors  
f rom the following countr ies  have been  involved: several f rom the Uni ted  

States, Uni ted  Kingdom,  France,  the  Federa l  Republic o f  Germany ,  a n d  at 
least one  f rom Norway a n d  Spain,  in addi t ion  to companies  a n d  institutes 
f r o m  Saudi Arabia  a n d  the Sudan .  

Because the RSC believes that  know-how does not  only lie in pa t en ted  
fo rmulae  but,  m u c h  more ,  in h u m a n  beings, it has been  one  o f  its major  
concerns  to br ing  abou t  the t ra in ing  o f  Saudi a n d  Sudanese  s tudents  within 

the professional  sectors o f  the project.  Since the beg inn ing  o f  the projec t  
work, in 1976, m o r e  than  80 o f  the i r  geoscientists, engineers ,  a n d  technicians 
u n d e r w e n t  theoretical  and  practical instruction.  Most o f  t h e m  have also 

t ra ined  on board  the  research  vessels Yaldivia a n d  Sonne a n d  the min ing  ship 
Sedco 445. 

T h e  issue o f  technology t ransfer ,  which has been  so controversial  in the  
Uni ted  Nations,  is easily deal t  with in the  project  work between the RSC a n d  

its genera l  contractor .  T h e  contract  provides not  only for  an  adequa te  shar ing  
o f  the new technologies bu t  also foresees the i r  jo in t  application wherever  
feasible. T h e  u n i q u e  role played by the RSC as a n  active factor in the matur -  
ing o f  ocean min ing  has led to recognit ion,  such as the award  o f  an  observer  

status at  UNCLOS.  T h e  RSC is aware  o f  its responsibilities for f u r t h e r i n g  the  
t ra in ing  o f  o t h e r  deve loping  countr ies '  representat ives,  u n d e r  the sponsor-  
ship o f  the In te rna t iona l  Ocean  Inst i tute  (101), Malta, a n d  is acting accord- 
ingly. Preussag has also con t r ibu ted  to the  practical t ra in ing  p r o g r a m s  o f  the 
IOI. '3 

12. For  a m o r e  deta i led discussion, see Elisabeth M a n n  Borgese ,  " T h e  Dra f t  
Convent ion ,"  a n d  re la ted  d o c u m e n t s  f r o m  U N C L O S  in this volume.  

13. Edi tors '  n o t e . - S e e  "101 Repor t "  in A p p e n d i x  A o f  this volume.  



G L O B A L  M I N E R A L  P O T E N T I A L  

It h a d  long been  recognized tha t  the  fo rma t ion  o f  the Red Sea metal l i ferous 
sed iments  is a p h e n o m e n o n  associated with h y d r o t h e r m a l  activities, increased 
hea t  flow, the addi t ional  supply o f  metals f rom magmat ic  sources, and  all such 
fea tures  as they are  observed a n d  associated with the rift areas o f  d iverging  
crustal  plates. Since the Red  Sea rift is pa r t  o f  a large tectonic system, the 
global system o f  ocean ridges, it was logical to con t inue  the search for  metallic 
en r i chmen t s  into ne ighbor ing  areas o f  re la ted tectonic activity. T h e  explora-  
tion focused on  p romis ing  sites, with anomal ies  o f  increased hea t  flow, hot  
a n d  minera l ized  springs,  etc. A p a r t  f rom the unsuccessful  search for  hy- 
d r o t h e r m a l ,  metal l i ferous m u d  in the G u l f  o f  A d e n  in 1971 with the haldivia, 

the exploration also included several East African lakes. 14 Positive indications 
for  noncommerc ia l  metallic en r i chmen t s  (with increased heat-flow values) 
were  f o u n d  in Lakes Kivu (zinc) a n d  Malawi (iron); no concent ra t ions  were  

f o u n d  in Lakes Shala (in Ethiopia) a n d  Tanganyika ,  which had  little or  n o  
increased heatflow. T h e  Car lsberg  Ridge in the I n d i a n  Ocean  showed in- 
teres t ing meta l - fo rming  t rends ,  which were also r eco rded  d u r i n g  the  
F rench-Amer ican  F A M O U S  Project, p e r f o r m e d  with the  aid o f  deep-d iv ing  
m a n n e d  v e s s e l s  i n  t h e  A t l a n t i c .  1 5  

By far the most  e n c o u r a g i n g  signs, however ,  came f r o m  the  East Pacific 
rise, in par t icu lar  the Galapagos rift, the a rea  closer to the Mexican coast, a n d  
that  ex t end ing  into the  Gu l f  o f  California.16 Some o f  these investigations 
resul ted  in the discovery o f  new s t range  worlds at water  dep ths  o f  several 
t h o u s a n d  meters ,  whe re  plants a n d  animals,  so far  u n k n o w n ,  live a r o u n d  
geo the rmal  spr ings  in an  e n v i r o n m e n t  devoid o f  oxygen.  Some o f  the vents o f  
those sources were  f o u n d  to consist o f  h igh-grade  precipi tates  o f  zinc (up to 
20%) a n d  c o p p e r  (up  to 6%). 

Because o f  these favorable indications, Preussag,  with the  par t ic ipat ion o f  
the Saudi -Sudanese  Red Sea Commiss ion a n d  several nat ional  a n d  in terna-  

tional scientific institutions, p e r f o r m e d  a reconnaissance  cruise in 1980, 
Geo the rma l  Metallogenesis East Pacific ( G E O M E T E P  1), focusing on  selected 

14. E. Blissenbach, "Cont inen ta l  Drift  a n d  Metal l i ferous Sediments , "  Conference 
Papers Oceanology International '72, Br igh ton ,  Eng land ,  March  1972 (London :  BPS Ex- 
hibit ions,  1972), pp .  4 1 2 - 1 6 ;  E. Blissenbach a n d  R. Fel lerer ,  "Cont inen ta l  Dr i f t  
a n d  the  Or ig in  o f  Cer t a in  Minera l  Deposits ,"  Geologische Rundschau 62 ( N o v e m b e r  
1973): 8 1 2 - 4 0 .  

15. C. Riffaud a n d  X. Le Pichon, Expedition "Famous": 3000 Meter unter dem Atlantik 
(F rankfu r t :  Fisher  T a s c h e n b u c h ,  1980). (Original  title: Expedition "Famous"; A trows mills 
rrcetres sous l'Atlantique [Paris: Edi t ions  Albin Michel, 1976], highly recommended .  for  
bo th  technical  a n d  nontechnica l  readers . )  

16. J .  F ranche t eau ,  H.  D. N e e d h a m ,  P. C h o u k r o u n e ,  T . , Ju teau ,  M. Segure t ,  R. D. 
Bal lard,  P. J. Fox, W. N o r m a r k ,  A. Car ranzy ,  D. Cordoba ,  J.  G u e r r e r o ,  C. Rangin ,  H. 
Bougaul t ,  P. C a m b o n ,  a n d  R. Hek in ian ,  "Massive Deep-Sea Su lph ide  O r e  Deposits  
Discovered on  the  East Pacific Rise," Nature 277 (Feb rua ry  1979): 5 2 3 - 2 8 .  



areas  a long the rise, f rom the Easter  Island to the Galapagos Archipe lago (fig. 
11) ."  T h e  results were e n c o u r a g i n g  e n o u g h  to justify the p l ann ing  o f  a sec- 
o n d  cruise for  1982. 

It was conc luded  that  the  rifts a n d  connec ted  fault  zones o f  the major  
ocean ridges a re  the preferent ia l  site o f  origin o f  metal l i ferous sediments  
where  a n d  when  cer ta in  prerequis i tes  combine  in an o p t i m u m  way. It may be 
that  the early crustal o p e n i n g  in the f o r m i n g  o f  an ocean basin, as in the Red 
Sea, r epresen t s  the most  favorable condit ions.  Even if  mineral deposits should  
be less likely a n d  concen t ra t ed  d u r i n g  later  sp read ing  stages, the re  still re- 
mains the possibility o f  locating the r icher  deposits o f  ear l ier  s p r e a d i n g -  
probably covered by near -shore  shelf  sedimenta t ion.  Mining o f  a  large  min- 
eral accumula t ion  t h r o u g h  o v e r b u r d e n  is not  an a l toge ther  unrealistic en- 
deavor.  Recovery me thods  d o  exist. Drilling is at an advanced  stage; frac 
opera t ions  by hydraul ic  o r  nuclear  power  are  s t anda rd  me thods  o r  at least 
exper imenta l ly  tested; a n d  solution min ing  is pract iced successfully on land. It 
follows that  the ocean floor, in par t icular  in the vicinity o f  the  central  rift o f  
the ridges,  holds grea t  p romise  for  supplying metals in the fu ture .  In  o r d e r  to 
bet ter  c o m p r e h e n d  the processes at work on the Red Sea floor, it is necessary 
to review the geological history o f  the area.  

G E O L O G I C A L  H I S T O R Y  (FROM 25,000 B.P.) A N D  O U T L O O K  

Our summary starts with the state of the Red Sea at around 25,000 B.P., the 
approximate age of the oldest of the fill of the A-II deep (fig. 12 and table 2). 
( T h e  basic fo rm o f  the Red Sea a rea  had  been achieved in the course  o f  the  

previous  movemen t s  o f  crustal plates, having taken place mostly in pre-  
Miocene and  Pliocene t i m e s  We may assume that  the  morphologic  shape  
was very similar to what  it is now, a l though  the  central  t r ench  could have been  
somewhat  less e x p a n d e d .  T h e  water  level was probably lower, as tha t  t ime 

co r re sponds  to the last climax o f  glaciation. This  also affected the  h ighe r  
elevations o f  ne ighbor ing  Ethiopia a n d  East Africa, and ,  probably,  the South  
Arabian  h ighlands  which were partially glaciated. T h e  climate a n d  its conse- 
quences  for  sed imenta t ion  in the Red Sea a rea  a re  relevant  because the  pe r iod  

o f  circa 20 ,000 -12 ,500  B.P. is cons idered  an inter tropical  cold, d ry  phase.19 
T h e  deposi t ion a r o u n d  the Red Sea was character ized by high sed iment  
y i e l d - c o r r e s p o n d i n g  to a per iod  o f  m a x i m u m  aridity, m i n i m u m  water  yield, 

17. E. Blissenbach,  "Minera l  Prospec t ion  on  East  Pacific Rise,"Meerestechnik �nt 11 I 
( J u n e  1980): 103-6 .  

18.  Ross.  

19. D. A. A d a m s o n ,  F. Gasse, F. A. Street ,  a n d  M. A. J.  Williams, "Late  Q u a t e r -  
na ry  His tory  o f  the  Nile," Nature 288 ( N o v e m b e r  1979): 5 0 - 5 5  (also useful  for  o t h e r  
r e fe rences  to paleoclimatic data  o f  the  area).  



Fig. 1 1 . - ' T o p ,  global cent ra l  rifts o f  ocean  ridges. Bot tom,  a rea  o f  G E O M E T E P  
cruises 1980/82. ( T a k e n  with permiss ion  f r o m  Meerestechnik mt 11 [ June  1980]: 104.) 
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a n d  highly seasonal runoff .  We may assume that  large volumes o f  clastic 
material  also accumula ted  a long the  slopes descend ing  to the Red Sea as 
r e c o r d e d  in the adjacent  Nile basin. 

This  scenario fits well the f indings in the A-II  deep ,  where  the lowermost  
sed imenta ry  uni t  (DOP zone) consists p redominan t ly  of clastic deposits,  which 
could be m o r e  easily swept into the depress ion  with a large supply of  det r i tus  
a long  the shores,  s t rong  seasonal runof f ,  a n d  sho r t e r  t r anspor t  distance d u e  
to a lower sea level. Also, eolian t r anspor t  o f  f ine-grained clastic material  
could have played a certain role. Volcanic activity, probably in connect ion with 
con t inued  seafloor spread ing ,  is indicated by the  presence  o f  basalt f r agment s  
in this zone .20 In  addi t ion  to some biogenic deposits,  layers o f  i ron oxides a n d  
pyri te  were fo rmed .  This  could point  to the existence of  brines.  

A p r o f o u n d  change  took place d u r i n g  the per iod  o f  abou t  12 ,500-10 ,000  
B.P. within the sedimentary section of the A-II deep, when clastic sedimenta- 
tion g r a d e d  into chemical  precipi ta t ion u n d e r  anaerobic  condit ions with the 

fo rmat ion  of sulfide layers ( the lowermost  o f  the economically in teres t ing met- 
all iferous sediments  [SU, zone]). T h e  reason for  the change  is part ly based 
on  the beg inn ing  o f  a w a r m e r  a n d  moister  terminal  Pleistocene to Holocene  
phase  with less sed imen t  yield a n d  a rising sea level. In  o t h e r  words,  there  was 
less clastic material  available a long the Red Sea shores,  and  it ceased to be 
t r anspo r t ed  over  the longer  distance to the  central  area.  A p a r t  f rom the 
increased  t empera tu re s ,  t he re  mus t  have been  still a n o t h e r  cause: the  u n i f o r m  
a n d  widespread  presence  o f  chemical (sulfide and  sulfate) precipitates within 
the SU,  zone indicates the increased influence o f  brines. They ,  in tu rn ,  may 
imply s t ronge r  hea t  flow and  leaching o f  the  deep 's  flanks, probably  in con- 
nect ion with ongo ing  or  intensified seafloor sp read ing  a n d  local faulting. 

For  several t h o u s a n d  years, the deposi t ion o f  mostly chemical  precipitates 
con t inued  within the A-II  d e e p  a n d  possibly o the r  deeps.  Elsewhere in the 
Red Sea, no rma l  pelagic sediments  accumula ted .  It is no tewor thy  that  d u r i n g  
that  t ime a sapropeli t ic uni t  was depos i ted  on the  Nile cone,  accord ing  to the 
cores f r o m  a Glomar Challenger drill site. ( T h e r e  had  been two previous  sap- 
ropelitic phases  there ,  at abou t  25,000 and  40,000 B.P.) T h e  similarity be tween 
the Nile sapropel i te  and  the lower A-II d e e p  sulfide zone was d u e  to h ighe r  
water  level, restr icted water  exchange ,  a n d  the  absence o f  high energy  trans- 
p o r t  and  clastic sedimenta t ion.  

T h e  sulfide phase  was followed f rom abou t  10,000 B.P. to 5,000 B.P. by 
mixed  sed imenta t ion  in the A-II  d e e p  resul t ing in the  C O  zone, with pre-  

20. Vulcan ism has  b e e n  an  i m p o r t a n t  a n d  character is t ic  f ea tu re  in the  f o r m i n g  o f  
the  Red Sea. Pr ior  to the  separa t ion  o f  the  crustal  plates, the  effusive Hows o f  the  
E th iop ian  a n d  South  Arab ian  t r ap  basalts a n d  the i r  vast areal  coverage,  in T e r t i a r y  
times, a c c o m p a n i e d  the  beg inn ing  o f  the  r i f t ing process. Volcanic activity has always 
been  r e c o r d e d  a long  the  marg ins  o f  the  rift system and ,  also, within the  evolving cen t e r  
o f  the  crustal  open ing ,  whe re  large  volcanoes have risen f rom the  s e a H o o r - i n  several 
cases to f o r m  p r o m i n e n t  islands such as the  Zubei r  Is lands a n d  Gebel  Ta i r .  



d o m i n a n t  oxidic deposits  (mostly l imonite-hemati te) .  At its base a n d  h ighe r  
u p  in the section f u r t h e r  volcanic activities are  shown by the presence  o f  
basalt. Tectonic  events d u r i n g  the t ime o f  sed imenta t ion  o f  this zone a re  also 
indicated by s lump structures.  T h e y  are  especially c o m m o n  in the southwest  
pa r t  o f  the deep ,  f rom where  the meta l -bear ing  liquids a re  t h o u g h t  to have 
spread.  T h e r e u p o n  a n o t h e r  sulfide series (SU 2) was laid down.  

In  the A-II  deep ,  the deposi t ion o f  the  sulfides accompanied  by mont -  
morillonitic minerals  and ,  locally, ca rbona te  layers con t inued  and  may have 
g r a d e d  into a m o r p h o u s  siliceous sediments  (AM zone) at  a t ime m o r e  o r  
less 3,000 years ago. T h e  u p p e r  layers, consist ing mostly o f  br ine and  little 
solid substance,  a re  m o r e  a combined  emuls ion/solut ion than  a sediment ,  in its 

no rma l  sense. T h e  top  layers a n d  the  br ine  interfaces o f  the A-II d e e p  bea r  
witness that  m o d e r n  m e n  navigated 2,000 m above by the presence  o f  m inu t e  
f r agmen t s  o f  p a p e r  a n d  fuel coal. 

T h e r e  is every reason to believe that  the  precipi ta t ion o f  chemical sedi- 
men t s  cont inues  in the deep  a n d  will d o  so until significantly s t rong changes  in 
condit ions occur. Hav ing  ar r ived at the present ,  the quest ion may well be 
asked, W h a t  a re  the major  benefits o f  the activities descr ibed above for  
exploi t ing the A-II metal l i ferous sediments? A p a r t  f rom the obvious benefits 
to the two s u p p o r t i n g  states a n d  the  genera l  contractor ,  the world as a whole 
will benefit  f rom the economic recovery o f  metals f rom the floor o f  the  Red 
Sea t h r o u g h  the technologies developed.  Also, the principles o f  coopera t ion  
pract iced by the RSC a n d  its con t rac tor  and  the  way in which the p rob lem o f  
technology t ransfer ,  highly d i spu ted  elsewhere,  has  been  h a n d l e d  can be 
appl ied  in o the r  conflict areas o f  ocean mining.  A novel a p p r o a c h  to o p e n  u p  
new resources  in the sea has been  l inked to a de te rmina t ion  to exploit  wi thout  
leaving a trail o f  poisonous rubbish  lining mankind ' s  footsteps a long this new 
route .  


