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ABSTRACT: The microbial lysis of deep-sea nodules as a possible result of large-scale, deep-sea 
mining is considered. It is assumed that the Mn (IV} and Fe (III) compounds of the manganese 
nodules are reduced by the numerous aerobic bacteria at the sediment/water interface as soon as 
the adjacent nodule area is buried by sedimentation of the disturbed deposits and the organic-rich 
debris from the blooming surface plankton. Intensive mineralization processes in the resettled 
sediments cause oxygen depletion. Subsequently, the aerobic (and anaerobic) microorganisms will 
switch to Mn (IV) and Fe (III) oxides as alternative electron acceptors in order to continue their 
energy-conserving (ATP synthesis) reactions (anaerobic respiration). The higher the amount of 
decomposable organic matter, the more intensive are these processes. Consequently, buried 
manganese nodules may be dissolved, thereby liberating mobile Mn (II), He (II) and several trace 
elements (Ni, Cu, Co and others). This possible hazard and its ecological consequences should be 
evaluated carefully before deep-sea mining is started on a large scale. 

INTRODUCTION 

Approx imate ly  100 years  ago, the first m a n g a n e s e  nodules  were  d iscovered  by the 

British research  vesse l  " C h a l l e n g e r "  on the bot ton of the Atlant ic  Ocean  at depths  

b e t w e e n  4000 and 5000 m. However ,  not unti l  the  mid-sixt ies  was the economic  

impor tance  of these - in fact p o l y m e t a l l i c -  concret ions recogn ized  (Mero, 1962). 

Because  of the re la t iv ly  h igh  content  of nickel ,  copper,  cobalt  and m a n g a n e s e  (Table 1), 

these minera l  accret ions may b e c o m e  increas ingly  important,  since the terrestr ial  

sources of these  essent ia l  e l emen t s  may run short wi th in  a very  l imi ted  per iod of t ime. At 

present,  the reserves  of Cu have  b e e n  es t imated  38 times, those of Ni e v e n  200 t imes 

h igher  than the actual  cont inenta l  suppl ies  (Schneider,  1977). Based on conservat ive  

calculat ions the resources  recoverab le  from the Pacific nodule  bel t  have  b e e n  es t imated  

to account  for 170 mi l l ion  tons of nickel ,  155 mil l ion tons of copper,  30 mi l l ion  tons of 

cobalt  and e v e n  3.7 bi l l ion tons of m a n g a n e s e  (Pellerer, 1975). The  economic  signifi-  

cance  of these  potent ia l  sources of raw mater ia l  has b e e n  r ecogn ized  and in ternat ional  
associat ions have  b e e n  es tab l i shed  (Hubred, 1975; Mero, 1977; Schneider ,  1977). Such 

consortia are r equ i r ed  to deve lop  appropr ia te  min ing  technologies  as we l l  as to share the 
cons iderable  economica l  risks. Meanwhi l e ,  different  pilot  projects  for tes t ing the deep-  

sea min ing  systems wi th  min ing  ships such as "Sedco  445" were  unde r t aken  success- 

fully dur ing  1978 {Summerer, 1978). There  seems to be no doubt  that  we  may  expec t  

deep - sea  min ing  on a large  scale wi th in  the next  10-30 years. 
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DISTRIBUTION AND COMPOSITION 

Manganese  nodules  are widely  dis t r ibuted (25-80 % coverage) on the bottom of the 
deep sea, par t icular ly in  the Pacific Ocean. G e ne r a l l y  speaking,  they may occur at 
almost all  depths and  la t idudes  both in  the oceans and in  certain fresh-water lakes. 
However,  the most a b u n d a n t  deposits are found on the surface of the pelagic  sediments  
in  the deep sea (Hubred, 1975; Cronan,  1978). These areas of genesis  are characterized 
by (a) an  extremely low sed imenta t ion  rate, (b) a relat ively low biological  productivi ty 
and  (c) by  a cont inuous  supply of oxygen by (arctic) bottom waters. These features are 
usual ly  restricted to the central  regions of oceans far from terr igenic (organic) supply. It 
is only at a low minera l iza t ion  rate, a restricted supply of M n  and  Fe, and  a pe r ma ne n t  

aerobic env i ronment  {reflected by  the relat ively h igh Eh of + 400 to + 565 mV) that 
nodules  may develop at a slow, but  steady accretion rate (a few ram/106 years). These 
ecological prerequisi tes  may expla in  why the most a b u n d a n t  (and economical ly  interest-  
ing) deposits have b e e n  recorded north and  south of the equator  in  the Pacific Ocean. So 
far, the m i n i m u m  a b u n d a n c e  of nodules  requi red  to start m i n i n g  has b e e n  est imated as 

Table 1. Survey of the average dry-weight percentages of 26 different elements*) in 54 manganese 
nodules collected from the Pacific Ocean 

Element Maximum Minimum Average 
(dry weight ~ 

B 0.06 0.007 0.029 
Na 4.7 1.5 2.6 
Mg 2.4 1.0 1.7 
AI 6.9 0.8 2.9 
Si 20.1 1.3 9.4 
K 3.1 0.3 0.8 
Ca 4.4 0.8 1.9 
Sc 0.003 0.001 0.001 
Ti 1.7 0.11 0.67 
V 0.11 0.021 0.054 
Cr 0.007 0.001 0.001 
Mn 50.1 8.2 24.2 
Pe 26.6 2.4 14.0 
Co 2.3 0.014 0.35 
Ni 2.0 0.16 0.99 
Cu 1.6 0.028 0.53 
Zn 0.08 0.04 0.047 
Ga 0.003 0.0002 0.001 
Sr 0.16 0.024 0.081 
Y 0.045 0.0033 0.016 
Zr 0.12 0.009 0.063 
Mo 0.15 0.01 0.052 
Ba 0.64 0.08 0.18 
La 0.024 0.009 0.016 
Yb 0.0066 0.0013 0.0031 
Pb 0.36 0.02 0.09 

* Data taken from Mero (1962); see also Hubred (1975) and Cronan (1977, 1978) 
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8000 tons/km 2 with metal contents (weight % of dry material) of 1.25-1.40 % Ni, 
0.05-1.35 % Cu, 0.18-0.25 % Co and 25-28 % Mn (Pellerer, 1975~ Cronan, 1978). These 
trace elements  are intimately intermixed with the concentric layered amorphous and 
(crypto)-crystalline Mn (IV) and Pe (III) oxides as well as with other Mn and Be phases 
(Crerar & Barnes, 1974; Hubred, 1975; Priedrich et al., 1977). The interior of the 
manganese nodules is characterized by high porosity (Halbach et al., 1975) and a great 
variety of small-scale columnar cups orientated with their long axes in the radial plane 
of the nodules (Hubred, 1975~ Cronan, 1978). This high porosity and internal surface area 
makes post-depositional redissolution and migration of metals possible. Because of the 
lower activation energy required to reduce Mn (IV) compounds (mainly birnes- 
site = delta-MnO 2 and todorokite) compared with the amorphous and crystalline Fe (III) 
oxides (McKenzie, 1972~ Crerar & Barnes, 1974), we may expect the Mn (IV) components 
to be dissolved much more rapidly and earlier than the corresponding Fe (III) structures. 
Such a selective dissolution of different constituents would disintegrate the nodule 
considerably. Indeed, such internal "erosional features" have been observed repeatedly 
(Hubred, 1975; Cronan, 1978). 

ROLE OF MICROORGANISMS IN GENESIS 

In general, areas with high nodule densities have lower metal contents and vice 
versa. However, nodules of a single restricted region may also differ considerably in 
their chemical composition, although some remarkable relationships between certain 
elements have been observed (Friedrich et al., 1973~ Marchig and Gundlach, 1976~ 
Friedrich et al., 1977~ Halbach et al., 1979). Thus, Fe, Mg (and Co) on the one hand, and 
Mn, Ni, Cu and Co on the other, are usually well correlated. The highly significant 
correlation between Mn and Ni (with a Mn/Ni ratio of 23) indirectly supports the view 
that positively charged ions (such as Ni +) are adsorbed physico-chemically onto the 
primarily negatively loaded Mn colloids by extracting these cations from the sea water. 
Although this scavenging theory of Goldberg {1954) has been generally accepted (Crerar 
& Barnes, 1974), the mechanism of Mn (IV) oxide formation has not yet been completely 
elucidated. This is caused by the fact that Mn (II) is both undersaturated (with an average 
concentration of 2 ppb) and chemically stable (at pH 7.7-8.1 and Eh values between 
+400 to 565 mV) (Crerar & Barnes, 1974~ Hartmann et al., 1975; Miiller, 1977) at the 
pelagic sediment/water interface. Even if Mn (II) is extracted from the undersaturated 
sea water by (weakly) positively charged Fe {III} colloids and mineral-sorbed particles, 
the oxidation and precipitation of Mn (II) may be explained only by assuming an 
autocatalytic surface effect (caused by an increased Eh) (Crerar & Barnes, 1974) and/or 
by the biocatalytic activity of certain bacteria (Ehrlich et al., 1972~ Kuznetsov, 1975~ 
Schfitt & Ottow, 1977; Nealson, 1978). The possible role of microorganisms in the 
formation of iron-manganese concretions (nodules) has been a point of considerable 
discussion ever since the suggestions of Butkewitsch (1928). These arguments can be 
ascribed to the poor knowledge of the microflora in the sediment/water interface of the 
pelagic sediments. Differentiated quantitative and qualitative microbiological popula- 
tion studies with freshly taken, non-contaminated manganese nodules and sediment 
samples showed that this area is inhabited abundantly by a specific, mainly aerobic 
bacterial flora, lacking actinomycetes and fungi (Table 2) {Schiitt & Ottow, 1977, 1978~ 
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Schiitt, 1979). These studies further clearly demonstra ted the presence  of a great n u m b e r  
of bacteria,  potent ia l ly  capable  of precipi ta t ing Mn (II) to Mn (IV}, both in  and  on the 
nodules  as well  as in  the sur rounding  water  and  sediments.  However,  none  of the 
isolated organisms developed with Mn (II) only, but  all  precipi ta ted Mn (IV) readi ly  in  
the presence  of a low amount  of glycerol as the carbon source (Schiitt, 1979}. A port ion of 
the manganese -prec ip i t a t ing  bacter ia  (such as Vibrio spp.) even  dissolved nodule  
mater ial  by us ing  M n  (IV) as an  al ternat ive electron acceptor if the amount  of organic 
carbon was increased significantly. Obviously,  it is the amount  of degradable  organic 
matter  rather than  the actual  presence  of these bacter ia  that de te rmine  whether  Mn (II} 
precipi ta t ion or Mn  (IV) reduct ion wil l  occur. 

ROLE OF ORGANIC SUPPLY 

In Figure 1 the condit ions and  processes in  the neri t ic  and  pelagic  sediments  are 
summarized  and  compared. There is no doubt  that the differences are caused pr imari ly  
by the signif icant  var iat ion in the supply of degradable  organic matter. In the neri t ic  
zone, a cont inuous supply of organic matter  (due to cont inenta l  erosion and  high pr imary 
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Fig. 1. Fate of the Mn and Fe compounds in the neritic zone compared with the pelagic sediments. 
In the neritic zone Mn (IV) and Fe (III) oxides (and hydroxides) are reduced microbiologically by 
acting as alternative electron acceptors. In the pelagic sediments far from the continental slope Mn 
(If) and Fe (II, III) compounds are immobilized (nodule genesis) by chemical and/or microbial 
activity�9 These opposite processes are essentially caused by the significant differences in organic 

supply (energy source for mineralization) 
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product ion)  wi l l  l e ad  to in tens ive  minera l i za t ion  processes .  As soon as oxygen  has  b e e n  
resp i red ,  ae rob ic  and  anae rob ic  bac t e r i a  swi tch  to ni trate ,  M n  (IV) and  Fe (III) as  
a l te rna t ive  e lec t ron  acceptors  in order  to cont inue thei r  ene rgy  conserv ing  reac t ions  
(ATP synthesis)  (Trimble & Ehrlich,  1968; Ot tow & Glathe ,  1973; Munch  & Ottow, 1977; 
Munch  et  al., 1978). These  processes  m a y  be  summar i zed  as follows. 
Biologica l  ox ida t ion  (--  dehydrogena t ion) :  

me tabo l i c  act ivi ty  H+ 
organ ic  mat te r  ~ 4- e 4- b iomass  4- ATP 4- products  

d e h y d r o g e n a s e s  

Mn (IV) or Fe (III) oxides  as H-accep tors  (hydrogena t ion  by  reductases) ;  
MnO 2 4- 2e § 4H + ~ Mn (II) § 2I-I20 

Fe(OH)3  § e 4 - 3 H  + ) Fe( I I )  §  
O x y g e n  dep l e t i on  and  the  accumula t ion  of r e d u c e d  products  a re  r e spons ib le  for the  

r ap id  drop in Eh (in the  r ange  of § 190 to 220 mV). It is impor tan t  to rea l ize  that  Mn (IV} 
and  Fe (III) are r e d u c e d  di rec t ly  by  me tabo l i c  act ivi ty  ra ther  than  ind i rec t ly  by  a l ow e re d  
redox  potent ia l .  A drop in Eh is the resul t  of microb ia l  reduc t ion  processes  and not  a 
m e c h a n i s m  of r e l evan t  chemica l  t ransformations.  Its s ignif icant  role  is res t r ic ted  to the  
crea t ion  of a cer ta in  redox  leve l  that  may  suppor t  the  s tabi l i ty  of Mn (II) or Fe (II) 
compounds .  

Beyond a t rans i t iona l  a rea  (with minor  or mode ra t e  organic  supp ly  and thus 
re la t ive ly  low microb io log ica l  activity) we  usua l ly  f ind the  centra l  pe l a g i c  zone (red 
oozes) wi th  ex t r eme ly  low organic  s ed imen ta t ion  rates  (Volkov et al., 1975). These  a reas  
wi th  e x t e n d e d  f ie lds  of m a n g a n e s e  nodules  are re la t ive ly  poor  in organic  mat te r  
(0 .1 -0 .3% organic  carbon) (Mfiller, 1977), str ictly ae rob ic  and  charac te r i zed  by  
ex t r eme ly  low oxygen-consumpt ion  rates.  The  res t r ic ted  mic rob ia l  act iv i ty  is suppor t ed  
by  low t empera tu re s  (near ly  -- 1 ~ and  the enormous  hydros ta t ic  p ressure  (5000-m 
dep th  corresponds  to 500 bar). Due to the  low bac te r i a l  activity,  the  redox  po ten t i a l  
r emains  at  levels  of 4-400 and 4-565 mV (Miiller, 1977). Such condi t ions  should  be  
cons ide red  as the  ma in  p re requ i s i t e  for nodu le  formation.  

The  equa tor  region,  however, is cha rac te r i zed  by  re la t ive ly  h igh  p r imary  p roduc t ion  
and thus h ighe r  s ed imen ta t ion  rates  of o rganic  mat te r  which  resul t  in e n h a n c e d  micro-  
b ia l  act iv i ty  and  reduc t ion  processes .  Consequen t ly  no nodules  m a y  be  g e n e r a t e d  in this  
pa r t i cu la r  a rea  of the centra l  ocean.  

NODULE LYSIS AS AN ENVIRONMENTAL IMPACT 

In F igure  2 the  or ig ina l  d e e p - s e a  s i tuat ion (A) is c o m p a r e d  wi th  the condi t ions  (B) 
that  may  resul t  from d e e p - s e a  mining.  Apar t  from the direct  inf luence  of d i s cha rged  by-  
products ,  p r o l o n g e d  d e e p - s e a  min ing  m a y  induce  at leas t  two side effects. Firstly, the 
d i s tu rbed  sed imen t s  may  pol lu te  the  u p p e r  wa te r  co lumn with  c lays  and  par t i cu la te  
organic  mat te r  (POM), wh ich  set t le  aga in  only very  slowly. The  turb id i ty  wi l l  des t roy 
mar ine  phyto-  and  zoop lank ton  as wel l  as the  sessi le  fauna in  the  a rea  close to the  
hau l ing  p lan t  (Thiel, 1975, 1978; Amos  et al., 1977). However ,  there  may  be  a second  
p rob l em that  should  be  ou t l ined  here.  Once  d is turbed ,  the s u s p e n d e d  organic  mat te r  
wil l  be  mine ra l i z ed  r ap id ly  and  the l i be ra t ed  nutr ients  wi l l  p r o b a b l y  suppor t  a p l ank ton  
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bloom in  the surface regions ( increased pr imary production). U n m i n e d  m a n g a n e s e  

nodules  wil l  be  bur ied  by  set t l ing of the suspended  material ,  which  is s ignif icant ly 
enr iched by phytoplanktonic  debris. This addi t ional  energy supply will  increase the 
activity of the microorganisms and  the rate of oxygen consumption.  Because of oxygen 
deplet ion,  the bacter ia  will  switch to other electron acceptors such as NO~, Mn (IV) and  
Fe (III) caus ing  denitr i f icat ion as wel l  as the reduct ive dissolut ion of m a n g a n e s e  nodules  
(Fig. 2B). The higher  the amount  of decomposable  organic debris, the more in tens ive  and  
complete is the lysis of bur ied  m a n g a n e s e  nodules  in  the sediment .  These in tens ive  
minera l iza t ion  processes cause the Eh to drop rapidly. At this stage, the processes and  
condit ions in  the upper  layers of the dis turbed sediments  are comparable  with the neri t ic  
s i tuat ion at the cont inenta l  slope. Al though the mobi l ized Mn (II) and  Fe (II) compounds  
may be reprecipi ta ted in  the aerobic area near  the hau l ing  plant,  the fate of the l iberated 

trace e lements  is unknown.  

A 
low primary production 

nutrient 

tow sed imenta t ion rotes 

tow decomposition of organic sources 

Eh +400-500mV, aerobic 

no nodule [ysis 

undisturbed sediments 

B 
h 

increased primary production ~ . . , ~ .  

h i  " " 

Fe 2* e Nn 2. 2e 
Miner olizotion § [CH20]+ H20 ~. 2H +2e+mO~ass+CO2--*dropEh(,~d?OmV) anoerobJresp. 

nodule [ysis 

d is tu rbed  sediments caused by deep -sea  m in i ng  

Fig. 2. The lysis of manganese nodules as a possible result of deep-sea mining. Because of mining 
activity (B), sediments are disturbed, nutrients become mobilized and primary production will 
occur. Nodules next to the hauling plant are buried by resettled sediments enriched with organic 
debris. In the following intensive mineralization processes oxygen may become exhausted, and 
microorganisms will switch to Mn (IV) and Fe (III) oxides as alternative electron acceptors in order 

to continue their energy-conserving reactions (ATP synthesis by anaerobic respiration) 

Al though our hazardous in terpre ta t ion is largely hypothetical,  its ecophysiological  
background  is der ived from well  es tabl ished processes that  occur in  organic-rich, 
hydromorphic  soils (Ottow & Glathe, 1973; Munch  & Ottow, 1977). We therefore wish to 
attract a t tent ion to the possible economical  and  ecological  risks that may arise from 
deep-sea  m i n i n g  performed on a large scale. The risks out l ined here should be experi- 
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m e n t a l l y  e x a m i n e d  b e f o r e  d e e p - s e a  m i n i n g  is s t a r t ed .  T h e  " w a t e r  d e s e r t "  of t h e  c e n t r a l  

Pac i f i c  is - l ike  m o s t  o t h e r  l i v ing  s y s t e m s  - t h e  r e su l t  of a s e n s i t i v e  b i o l o g i c a l  b a l a n c e .  

W e  s h o u l d  l e a r n  in  fu tu re  to c o n s i d e r  e c o l o g i c a l  k n o w l e d g e  as  a n  e s s e n t i a l  p r e r e q u i s i t e  

for r e s p o n s i b l e  e n v i r o n m e n t a l  m a n a g e m e n t .  
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