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ABSTRACT: Deep ocean mining for manganese nodules is under development by several multi- 
national mining consortia. Initial estimates of probable environmental effects of this mining were 
made before any actual operations were conducted. Recent pilot mining tests near Hawaii have 
provided an opportunity to verify and modify the initial estimates. The two principal initial impacts 
of mining are in the near surface water associated with increased turbidity caused by mining 
discharge, and in a relatively limited zone at the sea floor associated with collector traverse. 
Examples are presented of estimates of reduction in primary production in the turbid plume as well 
as the contrasting effect of increased nutrients. Effects of the mining collector on benthic popula- 
tions are considered. The limitations of extrapolation of results obtained during pilot mining tests 
are discussed. 

INTRODUCTION 

The basic goal of the Deep Ocean  Min ing  Effects Study (DOMES) is to assess the 
probable  env i ronmenta l  consequences  of commercial-scale  m i n i n g  of ma nga ne se  
nodules.  Beg inn ing  in  1975, prior to commencemen t  of any m i n i n g  activity, the DOMES 
p re -min ing  field efforts were concentra ted at three sites (Fig. 1), which  had b e e n  
selected as typical  m i n i n g  sites representa t ive  of the env i ronmenta l  regimes  that are 
present  in  the region. 

The area of interest  is approximately  5 km deep, and  the env i ronmenta l  character of 
both water  co lumn and  sed iment /nodu les  has b e e n  summar ized  by  Bischoff & Piper 
(1979). The basic p re -min ing  work of the DOMES Project has b e e n  summar ized  by 
Ozturgut  et al. (1978). The results reported here represent  part of an  increas ing  world- 
wide  effort to examine  probable  env i ronmen ta l  effects by us ing  p re -mtn ing  estimates, in  
combina t ion  with moni tor ing  of those p i lo t -min ing  tests which  take place prior to onset 
of commercial -scale  min ing .  The only unde r t ak ing  in  deep water  similar  to the DOMES 
work is associated with deve lopment  of the m i n i n g  of metal l iferous muds  from the Red 
Sea (Mustaffa & Amann,  1978}. 

MINING TECHNIQUE 

Al though there are several  m i n i n g  consortia, most of them are p l a n n i n g  to use 
hydraul ic  lift systems to recover the m a n g a n e s e  nodules  {Fig. 2). Generical ly,  these 
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Fig. 1. General circulation scheme in the Deep Ocean Mining Effects Study (DOMES) region 
(A, B, C) 
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Fig. 2. Schematic diagram of the mining system used during November 1978 tests by Deepsea 
Ventures, Inc, 

hydraul ic  lift systems use a collector which  moves  a long the sea floor and scrapes 

nodules  and s e d i m e n t  from t h e  upper  few centimeters .  Within  the collector, nodules  and 
most of the sed iment  are separated,  l eav ing  the sed iment  beh ind  as the nodules  are 

raised by the lift system. At the surface, further separat ion of the nodules  occurs, and the 

unwan ted  water  and sed iment  are d i scharged  over  the side of the min ing  vesse l  into the 

surface water.  
This type of min ing  system results in three basic impacts  on the mar ine  environ-  

ment:  (1) at the sea floor, the collector removes  both nodules  and sed iment  in an area 
a long  its t rack - this is the collector contact  zone;  (2} the ini t ial  separat ion of nodules  and 

sed iment  at the collector results  in re ject ion of most of the sed iment  in a cloud of 
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re suspended  mater ia l  - this r e suspended  mater ia l  forms the ben th ic  p lume;  and  (3) at 
the sea surface, the u n w a n t e d  mater ia l  which  forms the m i n i n g  ship 's  overside discharge 

is the source of the surface plume.  

PRE-MINING ASSESSMENT OF PROBABLE IMPACT 

Analysis  of the eng inee r i ng  characteristics of the m i n i n g  system resul ted in  ini t ia l  
est imates of throughputs  for m i n i n g  operations (Table 1). These est imates were 
reviewed with representa t ives  of the m i n i n g  consortia,  and  a "s tandard"  system was 
def ined based  on a dai ly product ion of 5000 metric tons of nodules.  

Table 1. Standard mining system throughputs per day for 5000-ton/day production unit 

Components* Input* * Benthic discharge + Surface discharge ++ 

Nodules 5200 mt (dry) 150 mt (dry) 50 mt (dry) 
3715 m 3 1 0 5  m 3 35 m 3 

Sediment 3.6 • 104 mt 3.5 • 104 mt 1000 mt 
1.8x 104 m 3 1,75X 104 m 3 500 mt 3 

Biota (.87 g-2) 783 kg 760 kg 23 kg 
Bottom water 5.8 X 104 m 3 - - 
Interstitial water 4.2 X 104 m 3 - - 
Total water 1 X l0 s m 3 8.104 m 3 2 X 104 m 3 

* Basic components of the total mining system throughputs 
* * Components entering the collector at sea floor 
+ Components discharged within 20 m of sea floor 

+ + Components discharged at sea surface 

The throughputs  of this s tandard  system, the expected dispersion of the discharge, 
and  the properties and  behavior  of the water  co lumn in  the region  permit ted ini t ia l  
est imates of the probable  effect of mining .  These inc luded  both "direct  effects" (changes 
in  physica l /chemical  composit ion a t t r ibutable  to mining)  and "indirect  effects" (effects 
on the mar ine  biota of the changed  physica l /chemical  composition). 

T ime / l eng th  scales for direct effects were estimated, which  consider  both short- 
te rm/near- f ie ld  effects (times of the order of hours to days and  distances of the order of 
ki lometers to tens of ki lometers  from the m i n i n g  ship) and  long-term/far-f ie ld effects 
(time of the order of years to decades and  distances of the order of ocean bas in  
dimensions).  These two scales appear  to be appropriate in  consider ing both the effects of 
the part icular  min ing  ship's discharge p lumes  and  the possible long- term cumula t ive  
effects of a full-scale m i n i n g  operation. 

Using the s tandard  system throughputs  as input  terms, the ini t ia l  mix ing  and  
subsequen t  dispersion of the surface discharged mater ia l  were examined,  and  the 
analysis  predicted neg l ig ib le  changes  above ambient .  Furthermore,  it was es t imated 
that there would  be minor  localized reduct ion in  pr imary product ion resul t ing  from the 
l ight  reduct ion by the suspended  particulates,  but  there would  be neg l ig ib le  enhance-  
men t  of pr imary product ion due to addi t ion  of nutrients .  
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At the sea floor, we expected relatively heavy damage to the benthic biota in the 
collector contact zone, additional impact in an area of heavy resedimentation associated 
with the collector contact zone, and the existence of a detectable benthic plume for 
distances of tens of kilometers away from the collector. 

The pre-mining estimates of probable environmental effects presented by Ozturgut 
et al. (1978) provided a basis for designing a monitoring program which was applied 
during the initial pilot-mining tests. 

MONITORING OF THE PILOT-MINING TESTS 

An opportunity to verify the pre-mining estimates of probable environmental effects 
was provided by the pilot-mining tests of three of the mining consortia. These took place 
between early 1978 and early 1979 and involved considerable time at sea. Unfortunately, 
because of the developmental nature of the mining tests, only five full days of real 
mining took place, but all of these were monitored. 

One part of the monitoring program involved collection of mining ship discharge in 
order to evaluate the accuracy of our pre-mining estimates of composition and rate of the 
discharge. Although the pilot-mining tests were approximately 1/5 the planned commer- 
cial scale in volume of discharge, the earlier estimates of the composition of the 
discharge proved to be accurate, with the exception that the content of abraded nodules 
was somewhat higher than the original estimate. 

The waste material is discharged through a pipe over the side of the mining ship. 
Initial mixing, due to both convective settling and turbulence associated with ship 
movement, resulted in a rapid initial reduction in the particulate concentration over 
distances of only a few tens of meters away from the discharge point. After this relatively 
rapid initial activity, there was still a detectable surface plume which spread down- 
stream from the mining ship. 

In order to evaluate our initial estimates of the dispersion of material in the surface 
plume, we implanted drogues which were set to move with the upper 30 m of the surface 
mixed layer. Once these drogues were set, they became a reference point which enabled 
sampling of the plume at increasing age and distance from the mining ship. 

RESULTS FROM MONITORING THE SURFACE PLUME 

The primary experimental design for examining the surface plume involved collec- 
tion of samples which permitted comparison of concentrations inside the plume with 
ambient concentrations outside the plume. The samples were collected by continuous 
sampling at 3-, 5-, 8-, and 13-m depths during traverses across the plume at increasing 
plume age and by vertical casts through the plume to a depth below the pycnocline. 

As suggested by the pre-mining estimates, in-plume differences in dissolved ele- 
ments were indistinguishable from ambient values in samples obtained more than a few 
meters from the discharge point. On the other hand, the resuspended particulates in the 
surface plume were markedly above ambient concentrations and provided the most 
useful set of data obtained during the monitoring. 
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OMI mining plume. Contour levels are in volts 

A ser ies  of t raverses  (Fig. 3) across the  p lume  was  m a d e  us ing  a n e p h e l o m e t e r  at 
i nc reas ing  p l u m e  age  {increasing age  from A-H) .  The  dec rease  in p e a k  amp l i t ude  
ind ica tes  a dec rease  in the  pa r t i cu la te  concent ra t ion  wi th  inc reas ing  age.  The " sp read"  
of the  ba se  of the  curve ind ica tes  a sp r ead  of the  pa r t i cu la te  p l u m e  wi th  inc reas ing  age.  

Based  on the  da ta  from the  n e p h e l o m e t e r  t raverses ,  a recons t ruc t ion  of the  surface 
p l u m e  has  b e e n  made .  This ind ica tes  that  a pa r t i cu la te  p l u m e  was  de t ec t ab le  b y  this 
t e chn ique  for a pe r iod  of severa l  hours  after  d i scharge  and  at  d i s tances  of the  o rder  of t en  
k i lomete r s  from the m i n i n g  ship  (Fig. 4). 

Other  techniques ,  p r imar i ly  chemica l  ana lyses  of the  par t icu la tes ,  pe rmi t  ident i f ica-  
t ion of the  surface p l u m e  for about  a day  to a day-and-a -ha l f .  The  chemica l  ana lyses  of 
pa r t i cu la tes  from the " p l u m e "  have  h ighe r  Fe, A1, and  Mn content  and  lower  Ca than  
a m b i e n t  water .  

From the da ta  co l lec ted  dur ing  the  p l u m e  sampl ing ,  some add i t iona l  informat ion 
has  b e e n  der ived .  F igure  5 shows the  m e a s u r e d  re la t ive  changes  in  the  d i s cha rged  
s u s p e n d e d  pa r t i cu la te  concent ra t ions  in  the  u p p e r  6 m of the  p l u m e  at i nc reas ing  p l u m e  
age.  This ind ica tes  as much  as 60-70 % dec rease  in pa r t i cu la te  concent ra t ion  at 6-m 
dep th  in the  first five hours  after  d ischarge .  These  data,  p lus  add i t i ona l  ana lyses  of the  
se t t l ing  ve loc i ty  of the  d i s cha rged  mater ia l ,  ind ica te  that  the  se t t l ing  veloci t ies ,  b a s e d  on 
s t anda rd  size ana lyses  of d i s cha rged  mater ia l ,  are  much  less  than  those  ac tua l ly  mea -  
sured  and  obse rved  dur ing  the p i lo t -min ing  tests. This has  a d i rec t  impl ica t ion  on the 
r e s idence  t imes  of the  d i s cha rged  ma te r i a l  and  on es t imates  of the i r  poss ib le  long- te rm 
effects in the  surface m i x e d  layer .  

Examina t ion  of the  ver t ica l  d i s t r ibu t ion  of pa r t i cu la tes  was  m a d e  wi th  ver t ica l  casts 
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in the  p l u m e  as the  p l u m e  aged .  F igure  6 ind ica tes  total  pa r t i cu la te  concentra t ions  at  
p l u m e  ages  of 1, 2, and  3 h. Note  the  dec reas ing  m a x i m u m  concent ra t ion  wi th  inc reas ing  
age.  The  m a x i m u m  va lues  are  not  at the surface and  act as ev idence  of se t t l ing  of the  
p lume.  However ,  both  the  1- and  2-h da ta  ind ica te  that  the  se t t l ing  has  not  b e e n  more  
than  30 to 40 m, s ince  the  d e e p e r  va lues  a re  comparab l e  wi th  a mb ie n t  va lues  m e a s u r e d  
pr ior  to min ing .  

Moni tor ing  the  surface p lumes  g e n e r a t e d  by  the p i lo t -min ing  tests  was  difficult  
because  of the  l imi ted  t ime pe r iod  that  each  p l u m e  was  ac tua l ly  genera ted .  In addi t ion ,  
even  cons ide r ing  the less - than- fu l l - sca le  na ture  of the  tests, the  p l u m e s  were  much  
smal le r  than  an t ic ipa ted .  The  se t t l ing  ve loc i ty  spec t rum of the d i s cha rged  par t i cu la tes  
was  h ighe r  than  p r e - m i n i n g  es t imates  and,  consequent ly ,  the  dura t ion  of the  p l u m e  
(both t empora l  and  spat ia l)  h a d  b e e n  in i t ia l ly  overes t imated .  On  the  o ther  hand,  ea r l i e r  
conclusions  abou t  the  d i s so lved  mate r ia l s  in the  d i scharge  a p p e a r  correct,  s ince a ser ies  
of expe r imen t s  cont ras t ing  i n -p lume  and  a m b i e n t  condi t ions  al l  i nd i ca t ed  no de t ec t ab l e  
differences.  

EFFECTS OF THE SURFACE PLUME ON BIOTA 

In add i t i on  to e x a m i n i n g  di rec t  p h y s i c a l / c h e m i c a l  effects of surface d ischarge ,  
severa l  expe r imen t s  were  conduc ted  to eva lua te  the  indi rec t  effect - that  is, the  effect of 
these  phys i ca l / chemica l  changes  on the biota.  

F igure  7 ind ica tes  the  m e a s u r e d  l ight  in tens i ty  wi th in  and b e l o w  a l - h - o l d  p lume.  
The open  circles a re  va lues  from wi th in  and  b e l o w  the p lume,  and  the b l a c k  circles are 
va lues  from amb ien t  wa te r  outs ide  the  p lume.  As expec ted ,  the inc reased  par t i cu la te  
concent ra t ion  in  the  p l u m e  causes  a m a r k e d  reduc t ion  in the  amount  of l ight  p e n e t r a t i n g  
into the surface m i x e d  layer.  Note  also that  the  p l u m e  effect on inc reas ing  l ight  
a t t enua t ion  is p resen t  to dep ths  of only  about  25 m, and  b e l o w  this depth,  the  l ight  
a t t enua t ion  wi th  dep th  is compa rab l e  to the  obse rved  a mb ie n t  condit ions.  

A n  es t imate  (Fig. 8) has  b e e n  m a d e  of the  reduc t ion  in p r imary  produc t ion  caused  by  
the obse rved  reduc t ion  in l ight  ava i l ab le  in  the  surface m i x e d  layer .  A m b i e n t  p r imary  
p roduc t ion  was  m e a s u r e d  by  a ser ies  of in  si tu exper iments ,  and  the  r e d u c e d  va lues  are  
b a s e d  on a m b i e n t  p roduc t ion  at l ight  leve ls  comparab l e  to the  l ight  leve ls  obse rved  
unde r  the  p lume.  This ind ica tes  an  i n -p lume  reduc t ion  of about  45 % from a m b i e n t  
values .  
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This is a recognizably  crude estimate, bu t  in  situ product ion exper iments  could not 
be  conducted wi th in  the p lume because  of its small  size and  short temporal  duration. On 
the other hand,  the est imate appears  to be a reasonable  approximat ion of an  uppe r  l imit  
since it is based  on 1-h-old plume.  With addi t ional  p lume  aging,  both the par t iculate  
concentra t ion  and  the resul tant  a t tenua t ion  of l ight  wil l  d iminish  rapidly. 

In addi t ion  to the inh ib i t ing  effect of decreased avai lable  light, the s t imula t ing  effect 
of added  nu t r i en t  was examined  in  a series of ondeck  incuba t ion  experiments .  The effect 
of vary ing  concentrat ions of discharge was examined  unde r  comparable  l ight  condit ions 
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(Fig. 9), and the effects of varying l ight conditions were e x a m i n e d  for different concen-  
trations of discharge (Fig. 10). Neither of these sets of experiments  indicated signif icant 
differences in primary production that could be attributed to addit ional  nutrient avail-  
able  from the discharge.  

This series of experiments  indicates  that surface discharge wi l l  have  some inhibi t ing  
effect on primary production, but this effect wi l l  be extremely local ized  and nonpersist-  
ent  as the p lume  ages  and is dispersed. There appears to be no ev idence  that the m i n i n g  
discharge can be  considered a min i -upwe l l ing ,  and no enhancement  of primary produc- 
tion should be expected.  

Another set of experiments  was  conducted to examine  the effect of the surface p lume  
on zooplankton.  These  experiments  were prompted by two concerns: (1) the concern 
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about  mor t ah ty  resu l t ing  from p l u m e  ma te r i a l s  and  (2) the  g e n e r a l  concern  about  
poss ib le  in t roduc t ion  of meta l s  into the  food web.  

Ini t ia l  conclus ions  from f ie ld  col lec t ion  of zoop lank ton  ind ica te  no s igni f icant  
d i f ferences  in mor ta l i ty  in the  p l u m e  c o m p a r e d  to ambient .  O ngo ing  labora tory  f eed ing  
exper iments ,  in wh ich  zoop lank te r s  a re  fed va ry ing  concentra t ions  of d i scharge ,  in i t ia l ly  
ind ica te  no bas ic  d i f ferences  in  compar i son  wi th  control  samples .  

SEA FLOOR IMPACT 

The sea  floor effects of m in ing  are  al l  r e l a t ed  to the  ac t ion of the  collector.  The  
u n d i s t u r b e d  sea  floor is severe ly  i m p a c t e d  by  the collector.  Bottom pho tog raphs  and  
u n d e r w a t e r  v ideo  observa t ion  of the  col lector  t rack  ind ica te  that  the  t rack  is a zone of 
a lmos t  total  des t ruc t ion  of ben th ic  biota.  

Assoc ia ted  wi th  the  col lector  contact  zone is a r eg ion  of r e la t ive ly  h e a v y  r e s e d i m e n t a -  
t ion of much  of the non -nodu le  ma te r i a l  which  is r e j ec t ed  b y  the col lector  nea r  the  sea  
floor. Ana lys i s  of a ser ies  of pho tog raph ic  t raverses  across the  col lector  t racks  ind ica tes  
that  this  zone of h e a v y  r e sed imen ta t i on  is of the  order  of a h u n d r e d  meters  on each  side 
of the  col lector  track.  Wi th in  this zone, r e s ed ime n ta t i on  a ppe a r s  h e a v y  e n o u g h  to cause  
bur ia l  of some ben th i c  b io ta  and  to cover  the  a mb ie n t  sea  floor to a d e g r e e  wh ich  could  
r educe  food ava i l ab i l i t y  for some organisms.  Ul t imate  impac t  of these  d i s tu rbances  wi l l  
be  a funct ion of the  ex ten t  and  dura t ion  of ac tua l  m i n i n g  and,  at  present ,  can  only be  
cons ide red  in a re la t ive  sense.  

A l though  heav ie s t  ben th ic  impac t  is a s soc ia ted  wi th  the  col lector  contact  zone and  
the h e a v y  r e sed imen ta t i on  assoc ia ted  wi th  it, some of the  ma te r i a l  r e s u s p e n d e d  by  the 
col lector  is ca r r ied  a w a y  b y  bot tom currents  in the  form of a ben th ic  p lume.  Detec t ion  of 
this ben th ic  p l u m e  has  b e e n  ex t r eme ly  difficult  s ince  its composi t ion  is poor ly  under -  
stood, and  its m o v e m e n t  d e p e n d s  upon  nea r -bo t tom currents  which  are  also not  known.  
However ,  a combina t ion  of bo t t om-moun ted  arrays of ne phe lome te r s  and  current  meters ,  
d e p l o y e d  dur ing  some of the  p i lo t -min ing  tests, and  deep  ver t ica l  casts to the  sea  floor 
r e su l t ed  in severa l  observa t ions  and  sampl ings  of the ben th ic  p lume.  From the s amples  
and  m e a s u r e m e n t s  t a k e n  dur ing  the p i lo t -min ing  tests, the  ben th ic  p l u m e  is charac-  
t e r i zed  by  a th ickness  of the  order  of a few tens  of meters  and  par t i cu la te  concent ra t ions  
of 15 to 150 ~g/1, c o m p a r e d  wi th  amb ien t  va lues .0f  app rox ima te ly  10 tLg/1. 

A major  s a m p l i n g  of the  ben th ic  b io ta  was  in i t i a t ed  i m m e d i a t e l y  pr ior  to the  p i lo t -  
m in ing  test  at  Site A. The s a m p l i n g  was  cen te red  on the p l a n n e d  m i n i n g  si tes and  was  
in i t ia l ly  d e s i g n e d  to be  r e p e a t e d  in order  to assess  p r e - m i n i n g  condit ions,  the  i m m e d i a t e  
impac t  of the  mining ,  and  the condi t ions  a yea r  after the  mining.  The  first two sets of 
s amples  were  col lected,  but  ana lys i s  th rough  June  of 1979 i nd i ca t ed  no i m m e d i a t e l y  
obvious impact ,  and  the p l an  for the  one-yea r -a f t e r  s a m p l i n g  has  b e e n  a ba ndone d .  
Ana lyse s  are  cont inuing,  and  a f inal  before~after compar i son  should  be  comple t ed  b y  the 
end  of 1979. 

In conclusion,  the  assessment  of po ten t i a l  impac t  of m i n i n g  has  evo lved  from an  
in i t ia l  p r e - m i n i n g  es t imate .  This o r ig ina l  a s sessment  has  b e e n  modi f i ed  on the  bas is  of 
resul ts  from moni to r ing  p i lo t -min ing  tests. It is expec t ed  that  there  wi l l  be  add i t i ona l  
tests before  ope ra t iona l  m i n i n g  begins ,  and  these  wi l l  p rov ide  add i t iona l  oppor tun i t ies  
to examine  the in terac t ions  b e t w e e n  the  min ing  systems and  the mar ine  envi ronment .  



442 R . E .  B u r n s  

L ITERATURE C I T E D  

Bischoff, J. L. & Piper, D. Z. (Eds), 1979. Marine  geology and  oceanography of the  Pacific manga-  
nese  nodule  province. P lenum Press, New York, 842 pp. 

Mustaffa, Z. & Amann,  1978. Ocean  min ing  and  protection of the mar ine  envi ronment  in  the  Red 
Sea. Offshore Technology Conference, Houston, Texas, May, 1978. - OTC Paper  3188. 

Ozturgut,  E., Anderson,  G. C., Burns, R. E., Lavelle, J. W. & Swift, S. A., 1978. Deep ocean min ing  of 
manganese  nodules  in the north Pacific: Pre-mining envi ronmenta l  conditions and  ant ic ipated 
mining  effects. - NOAA Tech. Memorandum ERL MESA-33,  1-133. 


