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SU M M A R Y

T he  trace e lem en t  com pos i t ion  of  the sedim ents ,  the water  co lumn 
and suspended  par t icu la te  mat te r  in the area  near the  D ogge rbank  
does  not yield evidence for large scale anthropogenic  inputs. It is as 
yet  not poss ib le  to d is t ingu ish  be tw een  natu ra l  (i.e. background)  
c o n c e n t r a t i o n s  and  m a n - m a d e  in f luence .  In te r s t i t i a l  w a te r  t race  
e lem en t  concen t ra t ions  are high in com par ison  with the  very  low 
concen t ra t ions  for  Mn, Fe  (and  Si, P) found  in the  poo r  sandy 
D ogge rbank  sedim ents  and are o f  the same order  o f  magn i tude  as 
those  fo und  fo r  east  Pacif ic  sed im ents  cons is t ing  main ly  o f  f ine  
c lays  (S H A W , 1987).  The  large  co n cen t ra t ion  g rad ien ts  near  the  
sed im en t  w a ter  in te r face  may  resu l t  in subs tan t ia l  f luxes  to the 
overly ing North Sea waters. Mixing  of  the shallow North Sea waters 
w o u ld  q u ick ly  e ro d e  the  e l e v a te d  c o n c e n t r a t io n s  r e s u l t ed  f rom  
these  fluxes  a few meters  av. ay from the seafloor .  It is how ever  
l ik e ly  tha t  v e r y  n e a r  th e  s e a f l o o r  d i s s o l v e d  t r a c e  e l e m e n t  
c o n c e n t r a t i o n s  in the  w a te r  c o lu m n  are  m u ch  h ig h e r  th a n  in 
ov e r ly in g  waters .
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1. In t roduc t ion

This  project is part of  the B E W O N  (B e le idsge r ich t  W e t e n s c h a p p e l i j k  
O n d e r z o e k  N IO Z )  research p rogram m e which  focuses  on the ecology 
and trace  chem ica l  pollu tants  in the North  Sea.  In the sum m er  of
1988 the W I N D O W  expedit ion  on board RV T Y R O  invest iga ted  the
D o g g e rb an k  (Fig. 1). O ur  object ive  was a first  s tudy o f  the  trace 
meta l  d iag en es i s  in coar se  sandy sed im en ts .  A lm o s t  all p rev ious  
s tudies  in v es t ig a t in g  t race  meta l  d iagenes is  have  deal t  w i th  fine 
g ra ined  sed im ents ,  which  are far  eas ie r  to sample  and  to p rocess
than  sandy  sed im en ts .  D ur ing  the  past  ten  years  the  N or th  Sea
w a te r c o lu m n  has  been  ex ten s iv e ly  s tud ied  fo r  i ts  d i s so lv e d  and  
susp en d ed  pa r t i cu la te  trace  e lem en t  co m p o s i t io n  (D U I N K E R  and 
NOLTING, 1978; 1982; BALLS, 1985a; 1985b; K R EM LIN G  and HYDES, 
1 9 8 8 ) .
The  co m b in a t io n  o f  specia lly  des igned  water t igh t  b o x co re s  with a 
novel pore  water  cen tr ifuge tube allowed us to sample large volume 
in te rs t i t i a l  w a te r  f rom  c o a r se  sandy  sed im en ts .  F u r th e r m o r e  the  
s e d i m e n t  i t s e l f  a n d  the  i m m e d i a t e l y  o v e r l y i n g  w a t e r s  and  
s u sp en d ed  p a r t icu la te  m at te r  were  sampled .
The  water  over ly ing  the D oggerbank  and the area in the  immedia te  
vic inity  is very  shal low and nowhere  stat ions were  d eep e r  than 90 
mete rs .  The  sed im en ts  in this reg ion  consis t  of  coarse  sands  with 
very  low concen t ra t ions  o f  organic  matter  and  have low bio logica l  
activ ity .  B ecause  o f  the  near -by  presence  o f  h igh ly  indus t r ia l ized  
c o u n t r i e s  e l e v a t e d  c o n c e n t r a t i o n s  o f  so m e  t r ace  e l e m e n t s  are  
e x p e c t e d .
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2. Mate ria ls  and methods

2.1 Sediments

N o r th  Sea  s ed im en ts  were  c o l le c te d  with  new  s ta in less  steel  
boxcores  (50 cm i.d.). However ,  the use of  steel  boxcores  must be 
av o id ed  in fu ture  s tudies  s ince  they  p ro b a b ly  are  a s ign i f ican t
sou rce  o f  c o n tam in a t io n .  U p o n  r e c o v e ry  su b sam p le s  w e re  taken  
with ac id -w ashed  acrylic  tubes  (50 m m  i.d. ). T h e  sed im ent  cores 
were  cut into 0.5 or 1 cm slices and  the sediments  were  dr ied  at
105 °C  for  24 hours .  In o rder  to m in im ize  c o n ta m in a t i o n  the
sediments  were  not ground,  except samples  67 and  75 which  were  
p ro v id ed  by Van  Raaphors t  and  Kloos terhuis .  These  samples  had 
been  g round  in an agate  mill.  The  acrylic  l iners had been  beveled  
several  t imes on board  ship in case  they had broken.  The  lubricant 
used  for beveling  is also a l ikely  source  of  con tam ina t ion .  Ample  
supply  o f  acid w ashed  acrylic  l iners  is r e c o m m en d e d  and  broken  
l iners must be replaced by clean new liners.

Se d im e n t  tex ture  ana lyses  were  m ade  by  L A S E R -s p e c t ro m e t ry  at 
the  U n iv e rs i ty  o f  U trech t .  S ed im en t  po ros i ty  was  de te rm in ed  by 
weight loss o f  the sample  after dry ing at 105 °C for severa l  hours.  
T h e  o rg a n ic  c a r b o n  c o n te n t  an d  to ta l  n i t r o g e n  c o n te n t  w ere  
d e te r m in e d  by C H N - a n a ly z e r  at the  L i m n o lo g ic a l  Ins t i tu te .  T he
a lum inum  concen tra t ion  was de te rm ined  after tota l  d iges t ion  of  the 
sed im ent  and  measured  by f lame  AAS (Perk in  E lem er  403 a tomic  
a b s o r p t i o n  s p e c t r o p h o t o m e t e r ) ,  see  b e lo w  fo r  to ta l  d i g e s t i o n  
p rocedure .  Data  on sedim ent poros ity ,  organic  carbon  content ,  total 
n i t rogen  co n cen t ra t io n  and  a lu m in u m  c o n ce n t ra t io n  w e re  p rov ided  
by Van  Raaphors t  and Kloosterhuis.

For  the  de termina t ion  o f  the total  metal  content about  0.5 g ram  of 
h o m o g e n i z e d  s e d i m e n t  w a s  d i g e s t e d  u s i n g  a m i x t u r e  o f  
H F / H N O 3 /HCI (5 ml HF, 1 ml Aqua  Regia ,  ultrapure  qual i ty) in a 
te f lo n  b o m b  at 120 ° C  fo r  6 hours .  A f te r  d ig e s t i o n  30 ml
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s u p e r sa tu ra te d  u l t ra  pure  bor ic  acid  were  added  and  the vo lum e  
was  ad justed  to 100 ml with double  dis t i l led  water.  Six procedura l  
b lanks consis t ing  of  reagents  only were treated  accord ingly .
M an y  e labora te  schem es  exist  to de termine  the react ive  frac tion o f  
the  trace  meta l  con ten t  in the sedim ent.  The  reac t ive  t race  meta l  
fraction is the amount of  trace metal that can go into solution under 
chan g in g  phys ico -chem ica l  condi t ions  in the  sed im en t  pore  waters,  
e.g. chang ing  redox potential  or pH. In this study a one step acid- 
leach  w i th  1 N HC1 was used  to assess  the  to ta l  a m o u n t  of
e x c h a n g e a b le  m eta l ,  w i th o u t  a t t e m p t in g  or  c l a im in g  any  subt le  
d i s t i n c t io n  b e tw e e n  the  v a r io u s  c h e m i c a l  so l id  p h a se s  in  the  
sed im ent .  It is thought  that  most of  the reactive  meta l  f rac t ion  is 
present in fe r rom anganese  oxides and organic  coatings ,  which will 
la rge ly  d is so lve  by this m e thod  (DE B A A R  et al., 1988).  It is 
h o w e v e r  im p o r t a n t  to r e m e m b e r  tha t  the  m e ta l  c o n t e n t  thus  
de te rm ined  is opera t iona l ly  def ined  and not necessa r i ly  r e la ted  to
c e r ta in  in s i tu  c h e m ic a l  p h a se s  in the  s ed im en t .  T h e  re s idua l  
f rac tion is thought  to be incorpora ted with in  the crystal  s tructure  of  
s i l icate la t t ices  and  is be l ieved  to be inert  unde r  low tem pera tu re  
geochem ica l  condi t ions .
F o r  the d e te rm in a t io n  of the  ac id - leachab le  f r ac t ion  0.5 g ram  of
homogenized  sediment was leached in 50 ml ultra pure  1 N HC1 for 
24 hours .  Three  procedura l  blanks consis t ing  o f  reagents  only  were  
t r ea ted  a cco rd ing ly .

Mn,  Fe  and Ti were  m easured  by F lam e  AAS (Perk in  E lm er  403 
atomic  absorp t ion  spec trophotom ete r )  us ing  the m e thod  o f  s tandard  
addit ion.  Cd, Co, Cu, Ni, Pb and Zn were  m easu red  by Graphi te
F u r n a c e  A A S  ( P e r k i n  E l m e r  5 0 0 0  a t o m i c  a b s o r p t i o n  
s p e c t ro p h o to m e te r ,  H G A - 5 0 0  hea ted  g rap h i te  fu rn ac e  and  A S -40  
au tosam ple r )  also us ing  s tandard  addit ion.  P rec is ion  o f  the  m ethod  
is 10 percent.  Blank  concentra tions  were a lways be low  the de tec tion 
l imi t .

T h e  a c id - leached  sed im ent  was  not t rea ted  by the  to ta l  d iges t ion  
p ro c e d u re  a f te rwards .  To  ju s t i fy  this dec is ion  a sed im en t  (sample  
98,  20-30  cm) was  spli t into two par ts  in a separa te  exper im en t .  
O ne  part  was  comple te ly  digested  as described above,  the other part
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was first  leached in 1 N HC1 and then digested  like the other  half. 
The result  is shown in table 1.

2.2 In te rs t i t ia l  w a ter

F o r  the  co l le c t ion  o f  in te rs t i t ia l  w a ters  s ed im en t  boxco re s  were  
s u b s a m p le d  u s in g  a c id - w a s h e d  ac ry l ic  l ine rs  (5 c m  i .d .) .  T h e  
sed im en t  cores  were  im m ed ia te ly  t ranspor ted  to a n i t rogen  glove- 
box situated in a cold van and subsampled in 0.5 or 1 cm slices at in 
si tu t em pe ra tu re  under  an inert  a tm osphere .  The  sed im ents  were  
c en t r i fuged  unde r  n i t rogen  at 1500 g fo r  f ive minu tes  (M SE -200  
centr i fuge) .  T he  centr i fuge  tubes  had been  specia lly  de s igned  for 
the  ex trac t ion  o f  coarse  sandy sed im ent  (S A A G E R  et al., 1989). 
P recau t ions  were  taken  to avoid  t race  meta l  c o n tam in a t io n  dur ing  
sam pl ing  and process ing .  The  fi l t ra te  was  im m ed ia te ly  d isca rded  
into ho t-ac id  c leaned  po lye thy lene  bott le s  and  ac id i f ied  to pH  2 
w i th  t r ip le  q ua r tz  d is t i l led  H N O 3 to p reven t  ox ida t ion  o f  redox 
sens it ive  e lements ,  algal  g rowth  and adsorp t ion  of  t race  meta ls  to 
the wall of  the vials.
F o r  th e  a n a l y s i s  o f  t r a c e  e l e m e n t s  t h e  s a m p l e s  w e re  
p reconcen tra ted  with A P D C -D D D C  solvent extraction (D A N IELSSO N, 
1979) m od i f ied  after G E R R IN G A  (Pers.  C om m .)  as fo llows. Ten  
mill i l i te r  o f  the sample  was buffered to pH  4-4.5 with  0.1 ml o f  a 
mix tu re  conta ining am m onium  acetate/acetic  acid and  A PD C /D D D C.  
A f te r  v ig o ro u s  sh ak in g  the  m e t a l - A P D C / D D D C - c o m p l e x e s  were  
ex tracted  into 10 ml of F R E O N  and then backex trac ted  into 0.1 ml 
t r i p l e  q u a r t z  d i s t i l l e d  c o n c e n t r a t e d  H N O 3 . Las t ly  1 ml quar tz  
dis t i l led H 2 O was added to obtain a preconcentra tion of  a factor 1 0 . 
Fe  and M n were directly  m easured  e ither by F lam e  AAS or direct  
in jec t ion  Graphi te  Furnace  AAS us ing  s tandard  addi t ion .  The  p re ­
concen t ra ted  samples  analyzed  for Cd, Co, Cu, Ni,  Pb and  Zn  by 
G raph i te  Fu rnace  AAS us ing  s tandard  addit ion.  Overa l l  p rocedura l  
b lanks  were  m ade  by ex trac t ing  reagen ts  on ly  and  concen t ra t ions  
w e r e  c o r r e c t e d  f o r  b l a n k  c o n c e n t r a t i o n s .  P r e c i s i o n  o f  the  
measurements  is 3% for Fe  and M n and 5% for the other elements.

Fo r  m easu r ing  inters t i t ia l  w ater  nu tr ien t  prof iles  separa te  sed im ent  
sl ices  were  squeezed  with  R eeb u rg h  type  squeezers  (R E E B U R G H ,
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1967).  N u t r ie n t  c o n c e n t r a t i o n s  w ere  d e t e r m in e d  by a u to a n a ly z e r  
according to the method of  STRICK LA ND  and PARSONS,  1968.

2.3 S uspended  Par t icu la te  M at te r

S u s p e n d e d  p a r t i c u la t e  m a t t e r  was  c o l l e c te d  on  a c id - r i n s e d  p r e ­
w e ighed  0.4 p m  N uc lep o re  fi l ters m o un ted  in an ac id -c leaned  all 
T e f lo n  f i l t ra t io n  unit .  In the  shore  l a b o ra to ry  the  f i l te r s  were  
weighed  and then leached in about 30 ml tr iple quar tz -d is t i l led  IN  
HC1 for 24 hours .  U nused ,  p rec leaned  fi l ters were  also leached  to 
assess  b lank  concen t ra t ions .  The  metal  co n cen t ra t ion  was  m easu red  
by G rap h i te  F u rn ac e  AAS with  s tanda rd  ad d i t io n .  B la n k s  were  
a lways  be low detec t ion  limit .

2.4 Disso lved  trace  e lements

Seaw ate r  samples  were  collected using a C TD -R ose t te  sam ple r  with 
pre-c leaned,  modif ied  (B R U LA N D  et al., 1979) 12-li tre GoFlo  bott les 
(General  Oceanics) .  The  rosette sampler was  first sent dow n in order 
to obta in real t ime hydrographic  data  and to flush the GoFlo  bottles.  
U pon  recovery ,  the  bot t les  which  were  sam pled  dur ing  the  upcas t ,  
were hooked onto the outside of  a clean air lab container.  The  water 
was  pressure  fi l tered through ac id-washed  0.4 p m  N u c lep o re  fil ters, 
us ing  in-l ine p re -c leaned  all T e f lon  fi l tra t ion units  and  stored in 1 
l i tre  ho t  ac id  c l e a n e d  p o ly e th y le n e  b o t t le s .  T h e  s a m p le s  w e re  
acidified to pH 2 with triple quartz  disti lled H N O 3 .
Surface  water  samples  were collected  with a rubber  boat about 200 
meters  upw ind  from the main vessel .  Samples  were  co llec ted  in hot 
acid  c leaned  1 l itre po lye thy lene  bott les and  im m ed ia te ly  acid i fied  
on board  ship. The samples  were  not fi l tered.
In the  shore  lab o ra to ry  the  sam ples  w e re  p re c o n c e n t r a t e d  us ing  
C helex-100  ion exchange  ch rom atog raphy  m odif ied  after DE B A A R  
(1983) .  On ly  ac id -w ashed  T e f lo n  labware  was used for the  Chelex 
co lum ns .  Quar tz  dis t i l led  reagents  and u l t rapure  M il l i -Q  w ater  were 
used  after b lank  concen t ra t ions  were  assessed  and  found  neglig ib le  
or  be low detection limit . All handling was performed ins ide  a class- 
100 lam ina r  f low bench s i tuated in a c lean  air  labora to ry .  Overal l
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p ro c e d u ra l  b lanks  were  assessed  by ex t rac t ing  reagen ts  accord ing  
to the procedure  used for sea water.
T h e  extrac ts  were  m easu red  by G raph i te  Fu rnace  AAS agains t  a 
s tandard  cal ibration  curve made in 0.1 N H N 0 3  (Perkin E lm er  5000 
a tom ic  absorp t ion  spec tromete r ,  H G A -5 0 0  hea ted  g raph i te  furnace ,  
A S -4 0  a u to sa m p le r ) .  P ro c e d u ra l  b lan k s  w ere  m o s t ly  low  and 
concentra tions  were corrected  for blanks.  Prec is ion o f  the  m ethod  is 
5% for most elements and 10% for Pb.

3. Results

3.1 Sed im en t  charac te r is t ics

The  sedim ents  of  the Doggerbank  area and  vic inity  have a coarse 
sandy  tex tu re  and  c o n c o m i ta n t  low  p o ro s i ty  ( tab le  2).  O n  the 
Doggerbank  proper the grain size averages  200 p m  (stas. 21, 56, 67, 
75 ), the  texture becoming slightly more  fine gra ined away from the 
D oggerbank  (sta. 15 = 160 pm ,  stas. 8  and 98 average grain size is 
abou t  100-130 p m ) .  At stations 21,  56,  67 and  75 the am ount  of 
particles  smaller than 2 0  p m  (siltsize) is less than 1 %, whereas  the 
amount of  particles smaller than 2  p m  (clay fraction) was  below the 
detec tion  limit . At station 15 about 3% of  the particles  was  smal ler 
than 2 0  p m ,  while no particles smal ler than 2  p m  w ere  m easu red .  
At stations 8  and 98 about 5-10 % of  the partic les was smal ler than 
2 0  p m ,  the amount of  particles smal ler than 2  p m  being less than 1 

%. The porosity of  the sediments ranges from 35% to 45% at stations 
21,  56, 67 and 75. Porosi ty  was not m easu red  for s ta tion  15, At 
station 16a, located near station 15 it averages  45% while at stat ions 
8  and 98 the porosity is about 45-55% (table 3).



9

The organic carbon content  (table 3) is less than 0.5 % at stat ions 21, 
56,  67 and 75. At stat ions 8  and 98 the organic  carbon  content is 
about 0 .5-0 .7%. No data  are avai lable  for station 15. At station 16a 
the organic  carbon content is less than 0.5%.  At stations 21, 56, 67 
and 75 the Al-content (table 3) is about 1% while at stat ions 8  and 
98 the Al-content is about 2%.
A c co rd in g  to above  charac te r i s t ic s  the  sed im en ts  can  be d iv ided  
into two dis t inct  groups  with only station 15 taking an in te rmedia te  
posit ion .  S ta t ions  2 1 , 56, 67 and 75 have coarse  sed im ent  tex tu re  
and low poros ity ,  with also low organic  carbon  and  Al-content.  At 
stat ions 8  and 98 sed im ent  tex tu re  is less coarse  with a modes t ly  
h igher  po ros i ty  than at the  o ther stations.  Also the organic  carbon  
and the Al-content are h igher  at these stations.

3.1.1 Ti, Fe, Mn

T h e  T i - c o n t e n t  ( tab le  4, Fig .  2a) does  not ex h ib i t  s ig n i f ic an t
d i f fe rences  be tw een  s ta tions.  The  concen t ra t ion  varies b e tw een  0.1 
and 0.4 % wt. while no clear trends can be discerned. In terpreta tion 
is d iff icul t  without in format ion  on the minera logica l  com pos i t ion  of 
the  sed im en t .

T h e  Fe  con ten t  ( table  4, Fig.  2b) exh ib i ts  in te res t ing  d i f fe rences
be tween the two groups  o f  sediments.  At stations 21, 56, 67 and 75
the total  Fe -con ten t  is low er  than at stat ions  8 , 15 and  98 by a 
fac tor  of  about 1.5. The  re la tive percentage  o f  ac id- leachab le  Fe  is 
however  lower by a factor  2. This  implies that at stat ions 8 , 15 and 
98 a g rea te r  pa r t  o f  the  Fe  is p resen t  as F e (M n )o x y h y d ro x id e s  
h a v in g  im p l ic a t io n s  fo r  the  in te rs t i t ia l  w a te r  Fe  c o n c e n t r a t io n s ,  
s ince  under  r educ ing  condi t ions  Fe-oxyhydrox ides  go into solution.  
N o n e  o f  the  s ed im en ts  show Fe  e n r i c h m en t  at the  top  o f  the  
s ed im en t  co lum n .  U p w ar d  m igra t ion  o f  d is so lved  Fe  fo l lo w ed  by 
oxidative  prec ip i ta t ion  in the oxic  zone was  not observed. T h e  Fe- 
concen t ra t ions  found  in these  sed im ents  fall  in the  range  o f  Fe- 
levels  genera l ly  e n co u n te red  in sandy sed im en ts  (D R E V E R ,  1982)
and are about  a fac to r  of 5-7 lower  than es tuarine  c lays  and  open 
ocean  sedim ents  ( G R A Y B E A L  and H EA T H ,  1984; S A L O M O N S  and 
FOERSTNER, 1984).
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M n  concen tra t ions  range from 80 to 300 mg/kg  (table 4, Fig.  2c) 
and  a lso  fall  in the  range  no rm a l ly  fo u n d  fo r  s andy  sed im en ts  
(D R EV ER,  1982). As for Fe the clearest  trends are d isp layed  by  the 
re la t iv e  am o u n t  o f  a c id - leach ab le  Mn.  In the  s ed im en ts  on  the  
D oggerbank  less than 10% of  the M n is acid- leachable.  This  implies 
that  the am ount  o f  reactive  M n which  can  go into so lu t ion  under  
red u c in g  condi t ions  is also very low. At s ta t ion 21 about  25% is 
leachable  and at the stations away f rom the  D og g e rb an k  about 35% 
(stas. 8  and 98) to 60% (sta. 15) o f  the M n  is acid- leachable.  At 
s ta t ions  15, 75 and 98 there  is c lea r  ev idence  o f  d iagene t ic  M n 
e n r ic h m en t  in the top layer  o f  the  sed im en t ,  re su l t ing  f rom  the 
u pw ard  migrat ion o f  reduced M n  and precip ita tion in the oxic upper 
cen t im ete rs  o f  the sediment.  This  en r ichm en t  is best  d i sp layed  by 
the  a c id - leachab le  f rac t ion  s ince  the p re c ip i ta ted  M n  cons is t s  of  
M n ( F e ) - o x y h y d r o x i d e s .

3.1 .2 Trace  e lements

For  a few e lements  the  leachable  meta l  con ten t  is la rger than the 
total  meta l  content,  a l though the d if ference is mostly  small .  For  Ni 
this is always the case, for Co and Cu at a few stations and for Zn at 
one station.  It suggests that  a major  amount o f  the metal  content is 
presen t  in the leachable  fraction.
P o o r  ho m o g en iza t io n  o f  the  sam ples  e spec ia l ly  o f  samples  which  
were  not ground (i.e. all except  stations 67 and 75) probably  partly 
exp la in s  this observat ion .  P rec ip i ta tes ,  fo rm ed  in the mat r ix  used  
for  to ta l  d e s t ru c t io n  o f  the  s ed im en t ,  w h ich  co p re c ip i t a te  t race  
meta ls  is possible,  though not very l ikely.  The  low concentra tions  in 
these  sed im ents ,  often near  the de tec t ion  l imit  poss ib ly  p reven t  a 
good  reproducib il i ty  as well.

Cd: To ta l  C d-concen t ra t ions  (table  4, Fig .  2d) show co ns ide rab le  
sca t te r  and do not exh ib i t  s ignif icant d i f ferences  be tw een  s tat ions.  
T h e  re la tive  amount  of  ac id - leachable  Cd is sl ightly  h ighe r  at the 
stations off  the Doggerbank (stas. 8 , 15, 98, about 20% leachable  Cd) 
than at the stations on the Doggerbank (stas. 21,  56, 67 and 75, with
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about 10% leachable  Cd).  At stations 21, 67, 75 and 98 there  is some 
e n r i c h m e n t  in the  u p p e r  c e n t i m e t e r s  o f  the  s e d im e n t .  B o th  
d ia g en e t ic  p ro c e s s e s  and  a n th ro p o g e n ic  inpu t  sou rces  m ay  yie ld  
such en r ichm ents ,  but fur ther  there  is no ev idence  for  la rge  scale 
a n t h r o p o g e n ic  i n f l u e n c e  in th e se  s ed im en ts .  C o n c e n t r a t i o n s  are
characteris t ic  for sandy sediments  (DREVER, 1982).

Co: At most stations the amount o f  acid- leachable  Co (table 4, Fig.  
2e) is larger than the  total Co-content.  For  this reason  only leachable  
Co-prof iles  are d isp layed  in Fig.  2e for stations 8 , 21,  56,  67, 75.
T h e  d a ta  m us t  be c o n s id e re d  m e re ly  as an  i n d i c a t io n  o f  the
co n cen t ra t io n  levels.  On ly  for  s ta t ions  15 and  98 bo th  to ta l  and 
acid- leachable  Co are d isplayed.  Most Co is present in the  leachable  
frac tion (80%). S ince  Co has its own ox ida t ion- reduc t ion  chem is t ry  
part  o f  this leachab le  Co cou ld  go  into so lu t ion  u n d e r  red u c in g  
conditions at about the same redox-potent ia l  as for M n  (H E G G IE  and 
LE W IS ,  1984).  The  am ount  of  leachable  Co is m uch  h ighe r  at the 
stations off  the D ogge rbank  than at the stations on the Doggerbank .  
No e v id e n c e  o f  e i t h e r  d ia g e n e t i c  e n r i c h m e n t  or  a n t h r o p o g e n ic  
inpu ts  can  be in fe r red  f rom  the data .  C o n cen t ra t io n s  fa ll  in the
range reported for sandy sediments  (DREVER, 1982)

Cu: Concentra tions  (table 4, Fig. 2f) fall in the range typical o f  sandy 
sed im en ts  (D R E V E R ,  1982). C o n cen t ra t io n s  o f  l e ac h a b le  C u  are 
lowest  on the D oggerbank  (stas. 67, 75, about 50 % Cu is leachable),  
the  d i f fe rence  be ing  less obv ious  for to ta l  C u -c o n ce n t ra t io n s .  At 
s ta t ion  98 about  70% o f  the  to ta l  Cu co n ten t  is p re sen t  in the 
l e a c h a b l e  f r a c t i o n .  T h e r e  is no e v i d e n c e  f o r  d i a g e n e t i c  or  
an th ropogen ic  en r ich m en t  in the  sedim ent.

Ni: At all stat ions the leachable  Ni fraction was  higher  than the total 
Ni content ( table 4, Fig.  2g). The data  must  thus  be regarded  as an 
ind ica t io n  o f  the  c o n ce n t ra t io n  levels  at best .  C o n ce n t ra t io n s  are 
ty p ica l  fo r  sandy  s ed im en ts  (D R E V E R ,  1982) .  As fo r  the  o ther  
meta ls ,  also leachab le  Ni concen tra t ions  are h ighes t  at the  stat ions 
off  the Doggerbank .
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Pb: Only  total  Pb data  are avai lab le  (table 4, Fig.  2h). S ince  Pb- 
chloride is very insoluble  the acid- leach method cannot be used for 
Pb. Based  on reults  for sandy sed im ents  in the  W es te rn  Sche ld t  
(SAAGER, 1986) it is reasonable  to assume about 30-50% o f  the Pb- 
con ten t  will  be present in the  leachable  fraction.  As for the other  
m e ta ls  h ighes t  con cen t ra t io n s  are  fo und  at the  s ta t ions  o f f  the 
D o g g e rb an k  w i thout  any ev idence  for d iagene t ic  or an th ropogen ic  
inpu t  sources .  Pb levels  are c h a rac te r i s t i c  fo r  s andy  s ed im en ts  
(DREVER, 1982).

Zn: Concentra tions (Table 4, Fig. 2i) are highest  of f  the Doggerbank  
(stas.  8  , 15 and 98) and a large part  (about 70%) is found in the 
leachable  fraction,  whereas  at stat ions 56, 67 and 75 only 40-50% is 
present  as leachable  Zn, the total Zn  content showing  considerable  
sca tter .  Z n  c o n cen t ra t io n s  fall  in the  ran g e  r e p o r te d  for  sandy  
s ed im e n t s  (D R E V E R ,  1982).  T h e re  is no e v id e n c e  fo r  e i th e r  
d iagenetic  or an th ropogenic  input sources.

General:  A major part  of  the trace e lement content is found in the 
acid- leachable  fraction.  This  fraction represents  the  react ive  part  of  
the metals  in the sediment.  At the stations o ff  the D oggerbank  the 
am o u n t  o f  react ive  meta l  in the sed im ent  is h ighe r  than  on the 
Doggerbank  itself. Part o f  this can be expla ined by the d if ference in 
textura l  composi t ion.  The amount  o f  f ine gra ined par ticles is higher 
in the  sed im en ts  o f f  the  D o g g e rb an k .  S m a l le r  p a r t ic le s  h ave  a 
g re a te r  a f f in i ty  to adso rb  t race  m e ta ls  b ecau se  o f  th e i r  h ighe r  
specific surface area  (the total surface area o f  one cubic  centimete r 
o f  particles).  Genera lly  the major part  o f  react ive meta ls  is thought 
to be present in the fraction smaller than 63 p m  (S A L O M O N S  and 
FOERSTNER, 1984).

3 .2  In te rs t i t ia l  w ater  charac te r is t ics

General:  Nutrient results  are shown in Table  5. No final oxygen data 
and  only pre liminary  profiles were avai lable  at the t ime this report  
w as  m ade .  T h e  o x y g e n  c h a r ac te r i s t i c s  a re  s u m m a r i z e d  b r ie f ly
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below. The  result s  for Mn and Fe as well as o f  the o ther trace 
e lements  are shown in table 6  and figures 3-8.
At all stat ions the sed im ents  are anoxic  below 4-6 m m  depth .  At 
station 75 anoxic  condit ions  set in at 1 cm depth.  In the upper  one 
c en t im e te r  n i t ra te  c o n cen t ra t io n s  reach  a m a x im u m  ra n g in g  from 
10 | iM  (sta. 56) to 45 p M  (sta.8 ). At station 75 the nitrate m ax im um  
is reached  at 3 cm  depth.  Below this m ax im um  concentra t ions  drop 
e x p o n e n t i a l ly  as a re su l t  o f  n i t ra te  re d u c t io n  and  re a ch  levels  
b e tw ee n  0 .5 -5  p M ,  the  low levels  poss ib ly  re su l t ing  f ro m  fi l ter  
blanks.  Just  at or be low the onset of  nitrate reduc tion  M n  reduction 
s tar ts ,  re su l t ing  in e leva ted  M n  c o n ce n t ra t io n s  in the  in te rs t i t ia l  
w a ters .  At the  sam e  dep th  or at some s ta t ions  ju s t  be low ,  Fe  
r e d u c t io n  sets in as wel l ,  also  lead ing  to e lev a ted  d i s so lv ed  Fe  
c o n c e n t r a t i o n s  in the  in te r s t i t i a l  w a te r s .  B e lo w  the  o x id a t io n  
sequence  for the  b reak  dow n of organic  matter  is given, a ssum ing  
reactive Mn and Fe are present in the sediment as M n 0 2  and  F eO O H  
respec tive ly .  A verage  organic  mat te r  is rep resen ted  by  the  fo rm ula  
(C H 20 ) i o 6 ( N H 3 ) i 6 (H 3P O 4 ) (f rom FROELICH et al., 1979):

oxidant is oxygen:

(CH2O)i06 (NH3) i 6 (H3PO4 ) + 138 O2 = 106 CO2 + 16 HNO3 + H3PO4 + 122 H2O 

oxidant  is nitrate:

(CH2O)i06 (NH3) i 6 (H3PO4 ) + 94.4 HNO3 = 106 CO2 + 55.2 N2 + H3PO4 + 177.2 H2O 

oxidan t  is manganese:

(C H 2 O )i0 6  (N H 3)i6  (H3PO4 ) + 236 M11O2 + 472 H+ = 236 Mn2+ + 106 CO2 + 8N2 + 
H3PO4 + 366 H2O

oxidant  is iron:

(C H 2O )i06 (N H 3)i6 (H3PO4 ) + 424 FeOOH + 484 H+ = 424 Fe2+ + 106 CO2  + 16 NH3 + 
H3PO4  + 742 H2 O
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S u l f id e  w as  not m e a s u r e d  but g r e y - b l a c k  F e - s u l f i d e s  w e re  
o b se rv ed  from 3-4 cm dow n w ard s .  A m m o n ia  con cen t ra t io n s  also
in c re a s e  d o w n w a r d s  r e a c h in g  lev e l s  r a n g in g  f rom  15-70 p M  .
Am m onia  is a product of iron- and sulphate reduction (FROELICH et 
al., 1979).  A mmonia  concentra tions  are at the (very) low end  o f  the 
range  repor ted  for open  ocean  pore  w a te r  studies.  The  cyc l i  o f  
s i l i c a t e  and  p h o s p h a t e  a lso  a p p e a r  to be  i n f l u e n c e d  to a 
considerable  degree by the redox cycle  o f  Fe but discussion of  these 
e lem ents  is beyond the scope of  this repor t .  Also for  s i l icate and 
p h o s p h a te  the  co n ce n t ra t io n s  are at the  low  en d  o f  the  range
norm al ly  encounte red  in open ocean sediments .

M n  and Fe: Because  of  anoxic  condit ions  preva i l ing  at all stat ions 
in ters t i t ia l  w ater  Mn and Fe concen t ra t ions  increase  dow nw ards  in 
the  sed im ent  (Fig.  3,4). The  m a x im u m  concen t ra t ions  reached  are 
h o w e v e r  largely de te rm ined  by the am ount  o f  M n F e -oxyhydrox ides  
in the solid state, this is the amount o f  potentia lly  reducib le  M n  and 
Fe.  As w i th  solid  state s ed im en t  c h a rac te r i s t i c s  the  sam e  two 
dis t inct  groups can be identified on basis o f  the intersti tial M n  and 
Fe concentra tions ,  stat ion 15 being in te rmedia te .  At the stations on 
the D oggerbank  M n  values start increas ing at a depth  o f  1 cm  and 
r e a c h  m a x i m u m  c o n c e n t r a t i o n s  o f  o n l y  1-2 p M !  T h e s e  
c o n c e n t r a t i o n s  a re  a m o n g s t  the  l o w e s t  r e p o r t e d  f o r  a n o x ic  
sed im ents  thus far. At station 15 jus t  o ff  the Doggerbank  m ax im um  
M n concentrations  are reached in the upper  few mil l imeters  (4 p M  ) 
and  decrease  sharply to constant  values  a round 1.5 p M  at 3-7 cm 
depth .  At the stat ions o ff  the D ogge rbank  M n  concen t ra t ions  are 
be low detect ion l imit near  the surface and increase  from 0.2 to 0.7 
cm  depth reaching maximum concentra tions  o f  about 28 and 41 p M  
at 1-3 cm depth at stat ions 8  and 98 respectively .  These  values  are 
still at the low end of interst it ial  water M n  concentra t ions  normally  
found  for reduc ing  (fine gra ined) sedim ents .  Be low  these  m ax im a  
M n  levels  d rop  sharp ly  to abou t  10-15 p M  at 4 -6  c m  depth .  
C o n cen t ra t io n s  dec rea s ing  be low the  M n  m a x im u m  co u ld  be  the 
r e s u l t  o f  the  f o r m a t i o n  o f  M n - c a r b o n a t e s  o r  p o s s i b l y  M n  
incorpora ted  in Fe-sulf ides .
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Fe c o n ce n t ra t io n s  also inc rease  dow n  in the  sed im en t .  T he re  is 
h o w e v e r  c o n s id e ra b le  sca t te r  obscu r in g  de ta i led  s tuc tu res .  At the 
stations on the D oggerbank  m ax im um  Fe concentra t ions  are only 2- 
10 (iM. As for M n  highest  Fe concentrations  are found at stat ion 98 
of f the Doggerbank. At a depth of 2 cm dissolved Fe levels reach 85 
(i M w h ich  is in the range  of  in te rs t i t ia l  w a te r  Fe  concen t ra t ions  
rep o r ted  for anoxic  sed im ents .  Fe concen t ra t ions  d rop  be low  this 
depth  as a result  o f  Fe-sulfide  format ion.

3.2.1 Trace  e lem ents

Co: Co is the only  trace e lement  in this study which  has its own 
redox chemistry:  Co3+ + e" = Co^+,
where  like for M n  and Fe the reduced  fo rm is the  better  soluble.  
C o u p l in g  b e tw e e n  M n  and Co in in te r s t i t i a l  w a te r s  h a s  been  
repor ted  for reduc ing  open ocean sediments  (H E G G IE  and LEW IS,  
1984). At stations 8  and 98 Co goes into solution at the same depth 
as M n  (Fig. 5), clearly exhibit ing the same features as Mn. M ax im um  
c o n c e n t r a t i o n s  are  ab o u t  17-23 nM  w h ic h  is tw o  o rd e r s  o f  
m agn i tude  h igher  than  in over ly ing  North  Sea  waters  (K R E M L IN G  
and H Y D E S,  1988).  The  decrease  deeper  dow n the sed iment  co lum n 
can  re su l t  f rom  inco rp o ra t io n  in M n -c a rb o n a te s  as w e l l  as from 
c o p re c ip i t a t io n  in Fe -su l f ides .  At s ta t ions  67 and m ore  c lea r ly  
s ta t ion 75, Co concen t ra t ions  increase  toge ther  with M n  (and Fe) 
but the  m a x i m u m  c o n c e n t r a t io n s  are  m u ch  lo w e r  th a n  at  the  
s ta t io n s  o f f  the  D o g g e r b a n k  (4-7 nM  at s ta t io n s  75 and  67 
r e s p e c t i v e l y .

Cd: Rel iab le  inters t i t ia l  water  Cd profi les  have  only been  measured  
f rom  stat ions  75 and 98, fo r tunate ly  rep resen t ing  one  D o g g e rb an k  
s e d im e n t  and  one  s ed im en t  loca ted  o f f  the  d o g g e r b a n k .  Cd 
re g e n e ra t io n  s ta r ts  in the  u p p e r  layer  o f  the  s ed im en t  (Fig.  6 ) 
result ing in Cd m axim a  of  35 nM at a depth o f  2.8 cm at stat ion 75, 
which  is more  than  two orders  of  magni tude  h igher  than  over ly ing  
North  Sea water concentra tions  (K RE M LIN G  and H Y D E S,  1988; also 
this s tudy) .  Im m ed ia te ly  be low  this m a x im u m  Cd levels  decrease  
sharply to values  of 2-5 nM, probably  as a result  o f  the formation of 
in so lu b le  C d -su l f id e s  or  in c o rp o ra t io n  in F e - su l f id e s .  T h e  same
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f e a t u r e  is o b s e r v e d  at s t a t i o n  98 ,  w h e r e  m a x i m u m  Cd 
co n cen t ra t io n s  (22 nM) are reached  at 7.5 m m  depth ,  also two 
orders  o f  m agn i tude  h ighe r  than ove r ly ing  N or th  Sea  waters .  At 
s ta t ion 98 concen t ra t ions  increase  again  as f rom  4 cm depth .  In 
c o n t r a s t  to th e  r e d o x  t y p e  e l e m e n t s  h i g h e s t  m a x i m u m  
concentra tions  are reached at the Doggerbank  station.  It is not c lear 
w hy  Cd behaves  d if ferently  from the redox type  e lem en ts  in  this 
respect.  It is c lear that the Cd cycle  in the interst i t ial  water co lumn 
is not governed  by the redox cycle of  M n and Fe.  M ore  l ikely  the 
regenera tion o f  Cd is related to that o f  organic  matter.
Nitra te  p roduc t ion  as a result  o f  the b reak  dow n  o f  organic  matte r 
cont inues  to about the same depth as for Cd at both  stations.  The 
s trong co n cen t ra t ion  grad ien ts  d r ive  the  t ranspor t  o f  d is so lved  Cd 
both in an upward  and in a dow nw ard  direc tion,  possibly leading to 
large fluxes across  the sed im en t -wate r  interface.
T h e  C d -p ro f i l e s  bear  a s t r ik ing  r e s e m b la n c e  w i th  the  p ro f i le s  
measured  for the Laurentian  Trough  by G O B E IL  et al. (1987).  They 
repo r t  d i s so lv e d  C d  m a x im a  in the  very  top  o f  the  sed im en t  
fo l lowed  by a sharp decrease  in concen t ra t ion  fur ther  dow n  in the 
sediment.  At two stations they too find increas ing concentra t ions  at 
the bottom of  their  sedim ent cores. M ax im u m  Cd concen tra t ions  in 
the  L a u r e n t i a n  T r o u g h  s ed im e n ts  (2-5  nM )  are  an o rd e r  of
magni tude  lower than at our stations.  They  att r ibute  the Cd maxima 
to break  down of  organic  matter,  thereby re leas ing adsorbed  Cd to 
the in ters t i t ial  waters .  Prec ip ita tion  as sulf ides p robably  caused  the 
sharp concen tra t ion  decrease ,  whi le  the  inc reas ing  concen tra t ions  at 
the  base  o f  the  sed im en t  w ou ld  be c au sed  by the  fo rm a t io n  o f  
stable polysulfide complexes  (also JACO BS et al., 1985).

Cu: The  only  re liable interst i t ial  water  Cu prof ile  was  m easured  at 
s ta t ion  8  (F ig.  7).  T h e  p ro f i le  show s  e v id en c e  o f  r ap id  Cu
regenera t ion  in the upper  few m il l im eters  o f  the  sed im en t  leading 
to concen tra t ions  of  75 nM, about  30 t imes  h igher  than  over ly ing  
N o r th  Sea  w a te r s  (B A L L S ,  1985a; a lso  th is  s tudy) .  D o w n  the  
s e d im e n t  c o lu m n  in te r s t i t i a l  w a te r  c o n c e n t r a t i o n s  d ro p  sharp ly .  
C oprec ip i ta t ion  with M n carbonates  or, deepe r  in the  sed im ent  Fe-
sulfides could result in this decrease.  As for Cd the Cu cycle  appears
to governed  by the degradation o f  organic  matter.
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Ni: T w o  re liable  pore  w ater  prof iles  have  been m easu red  for Ni
(stas. 8 and 75, Fig.  7) represent ing  the D oggerbank  area and the 
area  o ff  the  D o g ge rbank .  The  prof iles  bear a s tr ik ing  re sem blance
w ith  the  Cd p ro f i l e s .  At the  s ta t ion  o f f  the  D o g g e r b a n k  Ni
regenera t ion  proceeds  in the upper  cm o f  the sediment  co lum n with
m a x im u m  Ni co ncen t ra t ions  of  200 nM, two  orders  o f  m agn i tude
higher than the overlying North Sea waters (K R EM L IN G  and HYDES,  
1988; also  th is  s tudy) .  D eepe r  d o w n  the  sed im en t  con cen t ra t io n s  
dec rea se  again ,  p ro b a b ly  as a resu l t  o f  in c o rp o ra t io n  in severa l  
minera l  phases  l ike M n-carbona tes  and Fe-su lf ides .  As fo r  Cd and 
Cu the interst it ial  water Ni cycle seems to be largely de termined  by 
the  r e g e n e r a t i o n  o f  o rg a n ic  m a t te r .  T h e  s t ro n g  c o n c e n t r a t i o n
grad ien ts  e spec ia l ly  at s ta t ion 8 , w here  the  la rges t  c o n ce n t ra t io n
gradient is located  at the surface,  large Ni fluxes into the over ly ing  
waters  may be expec ted .  The  concen t ra t ion  levels  are o f  the same 
o rde r  o f  m a g n i tu d e  as those  repor ted  fo r  open  ocean  in te rs t i t ia l
w a t e r s .

Zn: At all stat ions the profiles show Zn regenera tion and concomitant 
increased concentra tions  near  or at the top  o f  the sed im ent  fo llowed 
by a decrease  in Zn levels deeper  dow n the  sed im ent  (Fig.  8 ). At
s ta t ions  21 and  56 c o n cen t ra t io n s  star t  to inc rease  im m e d ia te ly
be low a Zn m in im um  located at 1-2 cm depth.  Form at ion  o f  stable 
Zn-su lf ide  com plexes  which  are better so luble  has  been  invoked  to 
exp la in  a c o m p arab le  co n cen t ra t ion  inc rease  in anoxic  bas ins  like
Framvaren  Fjord  (JACOBS et al., 1985). It is not clear,  however,  why 
this concentra t ion  increase  is not observed at the  other  two stations.  
It is poss ib le  that  at these  stat ions Zn concen tra t ions  still  increase  
d e ep e r  dow n  the  sed im en t ,  s ince  at all s ta t ions  the  p re s e n c e  o f  
su lf ides  was  observed .  In ters t i t ia l  w ater  Z n  co ncen t ra t ions  are two  
orders  o f  m ag n i tu d e  h ighe r  than over ly ing  N or th  Sea  w aters  and  
are c o m p a r a b le  w i th  va lues  fo und  for the  eas t  P ac i f ic  (S H A W ,
1987).  T h e re  is no s ign i f ican t  d i f f e rence  in c o n c e n t r a t io n  levels  
be tw een  stat ions  on  and stat ions o ff  the  D oggerbank .  Concen t ra t ion  
g ra d ie n t s  are  s teep  near  the  s ed im en t  w a te r  in te r fa c e  p ro b a b ly  
giving rise to large Zn fluxes to the overly ing waters.  It is however  
poss ib le  that  a s ignif icant am ount  of  d isso lved  Zn  is coprecip i ta ted
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in f r e sh ly  p r e c ip i t a t e d  M n F e - o x y h y d r o x i d e s  in the  u p p e r  few 
m il l imeters  o f  the sediment.

4. Suspended  Par t icu la te  M at te r

S uspended  Part icula te  Mat ter  (SPM) has only been analysed  for the 
t r a c e  e l e m e n t  c o m p o s i t i o n  and  fo r  M n  an d  F e  ( T a b le  7).  
Concentra t ions  fall in the range repor ted  for SP M  in the same area 
by N O L T IN G  and E ISM A  (1989).  The  t ime section at stat ion 75 will 
not be d iscussed in detail here.  Also, Co data  are too scanty to allow 
fo r  an ex tens ive  d iscuss ion .  It im m ed ia te ly  appears  f rom  T ab le  7 
that  the  SPM concentra t ion  levels of  all e lem ents  are much  higher  
than  solid  state sed im ent  concen t ra t ions .  SP M  consis ts  to a large 
degree  of  auth igenic  particles  like organic  matter,  organically  coated 
par t ic les  and M n F e-o x y h y d ro x id es  w hich  have  a h igh aff in i ty  for 
t race  m eta ls .  In the  s ed im en t  a la rge  pa r t  o f  the  p a r t ic le s  is 
regenera ted  through break down of  organic  m at te r  or  d isso lu t ion  of 
M n F e - o x y h y d r o x id e s  thus  r e l e a s in g  the  a d so r b e d  t race  e lem en ts  
back  into solution.  This  is ev idenced  by  the o rde r  o f  m agn i tude  
h igher  trace  e lem ent  concentra t ions  in the  in ters t i t ia l  waters  o f  the 
sed im en ts  com pared  to ove r ly ing  seaw ate r  concen t ra t ions .
Both M n and Fe concentra tions  in SPM  and the actual  part iculate M n 
and  Fe  c o n ce n t r a t io n s  in the  w a te r  c o lu m n  (e x p re s s e d  as the  
c o n c e n t r a t i o n  o f  p a r t i cu la te  M n  or  Fe  in n a n o m o le s  p e r  l i ter)  
in c r e a s e  to w a rd s  the  s e a f lo o r  fo r  al l s t a t io n s .  T h i s  s u g g es t s  
r e g e n e r a t i v e  f lu x e s  f r o m  th e  s e d i m e n t  a re  i m p o r t a n t  w h e r e  
d i s so lv e d  M n  and Fe  r e p re c ip i t a t e  as a u th ig e n ic  o x y h y d ro x id e s  
u p o n  e n t e r in g  the  o x y g e n a t e d  o v e r ly in g  w a te r  c o lu m n .  T h e s e  
f resh ly  p rec ip i ta ted  M n F e -o x y h y d ro x id e s  m ay  then  scav en g e  trace 
e lements  from the  water co lum n (B A LIS T R IE R I  et  al., 1981).  After 
d e p o s i t io n  on the sea f loor  the  pa r t ic le s  can  be  p a r t ly  d i s so lv ed  
aga in  in the  in te rs t i t ia l  w a ters  o f  the  s ed im en t  c o lu m n  the reby  
re leas ing  the adsorbed  trace  e lements .
T h e  SP M  trace meta l  concentra t ion  does  not systemat ica l ly  increase  
tow ards  the seaf loor  sugges t ing  adsorp t ion  on M n F e -o x y h y d ro x id e s  
is n o t  the  o n ly  f a c to r  d e t e r m i n i n g  t h e i r  S P M  d i s t r i b u t i o n .
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A dsorpt ion  on organic  partic les or organical ly  coated  minera l  phases 
is l ikely to play an important  role as well.
SP M  trace e lem en t  concen tra t ions  in the area  near  the D ogge rbank  
are am ong  the lowest  reported  for the entire North  Sea  (N O L T IN G  
and EISMA, 1989).

5. Disso lved trace e lements

The  results  for d is so lved  trace e lement  concen tra t ions  are shown in 
Table  8 . Because  of  its low dissolved concentra tion  M n  also belongs 
to the category of  trace elements in seawater.  For Mn, Cu, Cd and Zn 
co ncen t ra t ions  are com parab le  with p rev ious ly  repor ted  result s  for 
the North Sea (KREM LING and HYDES, 1988; BALLS, 1985a; 1985b; 
NO LTIN G , 1986; D U IN K ER  and NO LTIN G , 1982). The  results  for Ni 
m u s t  be r e g a r d e d  w i th  c a u t i o n  s in ce  a l a rg e  r e a g e n t  b l a n k  
c o n c e n t r a t i o n  had  to be su b s t r ac ted  and  the  c o n c e n t r a t io n s  are  
probably  somewhat  too low. Results  for Fe and Co were  not reliable  
due  to c o n ta m in a t i o n  and  are  not in c lu d ed  in the  T a b le .  A 
com par i son  with the SPM  t r a c ;  e lem en t  concen t ra t ions  shows that  
on an average 50-90% of  the trace e lement concen tra t ion  is presen t  
in the  d is so lved  state.  Surface  w a ter  concen tra t ions  o f  M n,  Pb and  
Zn are about a factor o f  2 (Pb) to 20 (Zn) h igher than in the open 
ocean, while surface water Cu and Ni concentra tions  are o f  the same 
order as open ocean surface w a ter  concentra tions .  Surface  w ater  Cd 
c o n c e n t r a t i o n s  in th e  o p e n  o c e a n  d e p e n d  l a r g e l y  on  th e  
nu t r i en tco n cen t r a t io n  in the w a te rco lu m n  and vary  g rea t ly .  In the  
North  Sea cadm ium  concentra tions  vary only very little. The re  is no 
apparent re la tionship  with ei ther nitrate or phosphate  (Table  9). 
A tm o sp h e r ic  d e p o s i t io n  o f  trace e lem en ts  is an im p o r tan t  source  
especial ly  for Pb, Cd and Zn in the ocean. A land enc losed basin like 
th e  N o r th  S e a  th u s  r e c e iv e s  l a rge  i n p u t s  f r o m  a t m o s p h e r i c  
d e p o s i t io n  bo th  f ro m  n a tu ra l  and  m a n -m a d e  sou rces .  I t is not 
poss ib le  to d is t ingu ish  b e tw een  the  re la t ive  im p o r tan ce  o f  e i the r  
na tu ra l  or m a n -m a d e  inputs .  R ive r  inputs  fu r th e r  supp ly  ano ther  
impor tant source of  trace e lements  to the oceans.
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Table

Table

Table

Table

Tables.

1. Acid- leach test.

2. Sediment  texture analyses.  Mean  grain size in micrometers  
is shown for each depth interval .

3. Sediment  character i s t ics .  Concent ra t i on  of  a luminium,  total  
carbon,  total ni t rogen and C:N ratio as wel l  as sediment  
porosi ty are given.

4. Sediment  trace e lement  concent ra t ions  (stat ions 8, 15, 21, 
56, 67, 75, 98).

5. Interst i t ial  water  nut r ient  concent ra t ions  (s tat ions 8, 16a, 
21, 56, 67, 75, 98).

6. Interst i t ial  water  t race e l ement  concent ra t ions  (stat ions 
8,15, 21, 56, 67, 75, 98).

7. Suspended part iculate  t race e l ement  concent ra t ions  (6 
i t e ms ) .

8. Dissolved trace e l ement  concent ra t ions .

9. Di sso lved  nutr ient  concent rat ions ,  sal ini ty,  t emperature .  
Nut r ient  concent ra t ions  were  measured  on board ship by 
autoanalyzer  according to ST RI CKL AND and PARSONS,
1972. Sal ini ty and temperature  data  are provided  by CTD 
on board ship.
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Table  1. Acid- leach exper iment .  Explanat ion is g iven in the text.  The  
d i f f erence  be tween  the  total  metal  content  (total  des t ruct ion 
only) of  the sediment ,  shown in the last column,  and the 
sum of  the acid- leachable  fract ion plus refractory metal  
fraction is only 5% for Mn,  Fe, Ni, Zn, Cd. For  Cu the 
di f ference is very large.  Concent ra t ions  are in mg/kg,  for Fe 
in % wt.

HCl-leach (L) Refractory (R) Sum (L+R) Total

Cd 0 . 3 4 0 . 61 0 . 9 5 1 .02
Cu 1.1 2.3 3 . 4 2.3
Fe 0 . 0 8 0 . 6 5 0 . 7 3 0 . 6 9
M n 3 5 9 9 1 3 4 13 1
Ni 1.6 9 . 9 11.5 1 1.3
Zn 6 . 7 14.8 2 1 . 5 2 1 . 9
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Table 2. Sediment  Texture ,  mean  grain size per  depth interval  is 
given in p m .

Station 08 Station 15 Station 21

depth grain depth grain depth grain
(mm) size (mm) size (mm) size

2 .5 1 2 8 2.5 161 2.5 2 0 3
7 . 5 1 3 4 7.5 1 5 9 7.5 1 9 9

12.5 1 25 15 .0 161 15 . 0 2 0 4
17 .5 1 2 8 2 5 . 0 1 6 3 2 5 . 0 2 0 2
2 2 . 5 1 1 3 3 5 . 0 1 5 6 3 5 . 0 1 9 5
2 7 . 5 1 1 3 4 5 . 0 1 5 9 3 5 . 0 1 9 2
3 2 . 5 1 0 9 5 5 . 0 1 5 7 5 5 . 0 1 9 4
3 7 . 5 1 0 6 6 5 . 0 1 5 6 6 5 . 0 1 9 4

Station 56 Station 67

depth grain depth grain
(mm) size (mm) size

5 .0 19 1 2.5 2 1 3
15 . 0 1 9 3 7.5 2 0 1
2 5 . 0 1 8 9 15 .0 2 0 1
3 5 . 0 1 9 6 3 0 . 0 2 0 8
4 5 . 0 1 8 7 5 0 . 0 2 0 3
5 5 . 0 1 8 7 8 0 . 0 1 9 0

Station 75 Station 98

depth grain depth grain
(mm) size (mm) size

2.5 1 8 9 2 . 5 9 6
7 . 5 1 9 7 7 . 5 1 0 0

15 .0 1 9 3 1 5 . 0 9 9
3 0 . 0 1 9 4 2 5 . 0 1 0 0
5 0 . 0 1 9 7 3 5 . 0 1 0 2
8 0 . 0 1 8 2 4 5 . 0 9 0

5 5 . 0 9 8
6 5 . 0 9 8
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Table  3. 
S e d i me nt  Char ac t e r i s t i c s  
(elements  in % weigh»).

Station 08

Depth
(mm)

Porosity
(1/1)

AÍ C-tot N-tot C:N

2.5 0 . 7 2 2.3 0 . 5 5 0 . 0 5 12 . 8
7.5 0 . 5 0 1.7 0 . 4 6 0 . 0 5 10 .7

15 .0 0 . 4 5 2 . 0 0 . 4 5 0 . 0 4 13.1
3 0 . 0 0 . 3 9 2.1 0 . 6 3 0 . 0 6 12 .3
5 0 . 0 0 . 4 6 2 . 2 0 . 6 2 0 . 0 3 2 4 . 1
8 0 . 0 0 . 4 8 2 . 2 0 . 8 2 0 . 0 6 1 5 . 9

Stat ion 16a

Depth
(mm)

Porosity
(1/1)

AÍ C-tot N-tot C:N

2.5 0 . 4 5 1.3 0 . 2 6 0 . 0 5 6.1
7 . 5 0 . 4 5 1.4 0 . 2 8 0 . 0 4 8 . 2

15 . 0 0 . 4 3 1.4 0 . 3 4 0 . 0 5 7 . 9
3 0 . 0 0 . 4 4 1.3 0 . 4 4 0 . 0 6 8 . 6
5 0 . 0 0 . 41 1.3 0 . 3 7 0 . 0 4 10 . 8
8 0 . 0 0 . 41 1.5 0 . 4 8 0 . 0 6 9 . 3

Stat ion 21

Depth
( m m )

Porosity
(1/1)

AÍ C-tot N-tot C:N

2.5 0 . 41 1.0 0 . 4 6 0 . 0 5 10 .7
7 . 5 0 . 41 1.0 0 . 51 0 . 0 2 2 9 . 8

1 5 . 0 0 . 3 8 0 . 9 0 . 1 6 0 . 0 2 9 . 3
3 0 . 0 0 . 3 8 1.1 0 . 1 2 0 . 0 5 2 . 8
5 0 . 0 0 . 3 8 1.0 0 . 1 6 0 . 0 6 3.1
8 0 . 0 0 . 3 7 1.2 0 . 41 0 . 0 7 6 . 8
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Table  3, cont inued.  
S e d i me nt  Char ac t e r i s t i c s  
(elements  in % weight) .

Station 56

Depth Porosity AÍ C-tot N-tot C:N
(mm) (1/1)

2.5 0 . 3 9 1.1 0 . 2 8 0 . 0 8 4.1
7 .5 0 . 3 8 1.3 0 . 5 0 0 . 0 3 1 9 . 4

15 .0 0 . 3 7 1.1 0 . 4 0 0 . 0 3 15 .6
3 0 . 0 0 . 3 8 1.1 0 . 2 6 0 . 0 4 7 . 6
5 0 . 0 0 . 3 6 1.1 0 . 4 3 0 . 0 5 10 .0
8 0 . 0 0 . 3 6 1.2 0 . 1 9 0 . 0 3 7 . 4

tation 67

Depth Porosity AÍ C-tot N-tot C:N
(mm) (1/1)

2 .5 0 .41 0.8 0 . 1 7 0 . 0 8 2.5
7 .5 0 . 4 6 0 . 8 0 . 2 9 0 . 0 3 11.3

15 .0 0 . 3 7 0 . 7 0 . 31 0 . 0 0
3 0 . 0 0 .41 0 . 9 0 . 7 8 0 . 0 6 15 . 2
5 0 . 0 0 . 3 8 1.0 0 . 2 8 0 . 0 5 6.5
8 0 . 0 0 . 3 3 1.1 0 . 7 6 0 . 0 5 17 .7

Stat ion 75

Depth
(mm)

Porosity
(1/1)

AÍ C-tot N-tot C:N

2 . 5 0 . 3 8 0 . 9 0 . 2 2 0 . 0 7 3.7
7 . 5 0 . 41 1.0 0 . 2 4 0 . 0 4 7 . 0

15 .0 0 . 41 1.1 0 . 2 0 0 . 0 9 2 . 6
3 0 . 0 0 . 3 9 1.0 0 . 1 9 0 . 0 7 3 . 2
5 0 . 0 0 . 3 7 1.0 0 . 1 9 0 . 0 3 7 . 4
8 0 . 0 0 . 3 9 1.0 0 . 2 9 0 . 0 6 5 . 6
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Table  3, cont inued.  
S e d i me nt  Char ac t e r i s t i c s  
(elements  in % weight) .

Stat ion 98

Depth Porosity AÍ C-tot N-tot C:N
(mm) (1/1)

2 . 5 0 . 5 6 2 . 0 0 . 6 4 0 . 1 0 7.5
7 . 5 0 . 5 6 2 . 0 0 . 7 7 0 . 1 0 9 . 0

15 . 0 0 . 5 5 2.1 0 . 7 6 0 . 0 9 9 . 9
3 0 . 0 0 . 5 2 2 . 2 0 . 7 7 0 . 0 9 1 0 . 0
5 0 . 0 0 . 4 9 2.1 0 . 71 0 . 0 8 1 0 . 4
8 0 . 0 0 . 4 5 2.1 0 . 7 5 0 . 0 7 12 .5



Table  4.
Sed i men t  Meta l  Concen t r a t i ons  

(Ti, Fe in %, other  e lements  in mg/kg) .  
T= total, L = leachable

Station 8

Depth Ti-T Mn-T Mn-L Fe-T
(mm)

2.5 0 .3 1 3 0 4 7 0 . 6 6
7.5 0 . 31 1 10 3 7 0 . 6 2

12.5 0 . 3 0 1 14 3 7 0 . 6 5
17.5 0 . 2 8 1 1 9 3 9 0 . 6 4
22.5 0 . 2 9 1 1 8 5 0 0 . 7 9
27.5 0 . 2 8 1 0 7 5 2 0 . 71
32.5 0 .31 1 0 5 4 7 0 . 7 6
37.5 0 . 3 4 121 5 4 0 . 8 6

Depth Zn-T Zn-L Pb-T Pb-L
(mm)

2.5 1 3 . 2 9 .9 1 2 . 6 0 . 5
7.5 12.1 9.2 1 0 . 9 0 . 7

12.5 1 3 . 2 9 .2 9 . 8 0 . 5
17 .5 12.1 9.3 1 1.5 0 . 6
2 2 . 5 1 5 . 4 10.6 9 . 3 0 . 6
2 7 . 5 14 .3 11.1 7 . 7 0 . 5
3 2 . 5 16 .5 10.6 13 .7 0 . 8
3 7 . 5 18 . 7 11.3 8 . 0 0 . 6

Fe-L Co-T Co-L Cd-T Cd-L

0 . 3 6 1.8 1.6 0 . 1 3 0 . 0 3
0 . 3 3 1.5 1.4 0 . 0 8 0 . 0 5
0 . 3 5 1.4 1.5 0 . 5 2 0 . 0 2
0 . 3 8 1.7 1.5 0 . 0 6 0 . 0 2
0 . 4 2 1.2 1.8 0 . 0 5 0 . 0 2
0 . 4 5 1.0 2 . 0 0 . 2 3 0 . 01
0 . 4 2 2 . 2 1.8 0 . 0 5 0 . 0 3
0 . 4 7 1.2 2 . 0 0 . 1 3 0 . 0 5

Ni-T Ni-L Cu-T Cu-L

4 . 0 4 . 0 1.8 1.2
3.1 3 .7 2 .0 1.3
3 . 0 3 . 8 1.5 1.2
3 . 2 4 . 5 1.6 1.2
3 . 0 5 . 2 1.6 2.1
2 .3 5 . 5 1.2 1.7
4 . 7 5.3 2 . 5 1.6
3.1 5 . 7 1.6 1.8



Table  4, cont inued.
Sed i men t  Metal  Concen t r a t i ons  

(Ti, Fe in %, other e lements  in mg/kg).  
T= total, L = leachable

Stat ion 15

Depth Ti-T Mn-T Mn-L Fe-T Fe-L Co-T Co-L Cd-T Cd-L
(mm)

2 . 5 0 . 0 9 1 0 0 9 0 0 . 5 9 0 . 3 4 1.6 1.5 0 . 2 4 0 . 0 2
7 . 5 0 . 1 3 9 6 6 8 0 . 6 0 0 . 3 6 1.9 1.4 0 . 4 8 0 . 0 2

15 . 0 0 . 1 5 8 1 5 6 0 . 5 8 0 . 3 2 1.7 1.4 0 . 0 7 0 . 0 4
2 5 . 0 0 . 1 6 8 9 5 5 0 . 5 7 0 . 3 0 1.8 1.3 0 . 1 8 0 . 0 6
3 5 . 0 0 . 1 4 8 1 5 2 0 . 61 0 . 3 3 1.8 1.4 0 . 1 6 0 . 0 4
4 5 . 0 5 6 0 . 3 3 1.5 0 . 0 3
5 5 . 0 0 . 1 5 8 9 5 9 0 . 6 5 0 . 3 6 1.8 1.4 0 . 7 4 0 . 0 4
6 5 . 0 0 . 1 9 1 0 6 6 6 0 . 7 8 0 . 4 3 2.1 1.8 0 . 0 9 0 . 0 3

Depth Zn-T Zn-L Pb-T Pb-L Ni-T Ni-L Cu-T Cu-L
(mm)

2 . 5 9 . 9 6 .8 10 .6 0 . 6 2 .8 4 . 2 1.7 1.3
7 . 5 10.7 7 . 2 1 1.4 0 . 4 3 . 4 4.1 1.8 1.3

15 . 0 10.5 6.7 10 .9 0 . 9 3 . 2 4.1 2.1 1.6
2 5 . 0 10.5 6 . 6 12.3 0 . 6 3 . 9 3 .7 1.8 1.1
3 5 . 0 11 . 2 7.1 1 1.0 0 . 3 3 . 6 3 .8 2 .0 1.2
4 5 . 0 8 .0 8 . 0 0 . 4 4.1 1.5
5 5 . 0 13.7 7 .6 10 . 9 1.0 3 . 2 4 . 6 1.8 3.5
6 5 . 0 15 .2 8 . 4 12 .2 0 . 3 4 . 7 5 . 3 2 . 2 2.5



T ab le  4, continued .
S e d im e n t  Meta l  C o n cen t ra t io n s

(Ti, Fe in %, other e lements  in mg/kg).
T= total

Stat ion 21

Depth
(mm)

Ti-T Mn-T Mn-L Fe-T

2.5 0 . 1 4 1 10 3 3 0 . 4 4
7.5 0 . 1 2 9 6 3 3 0 . 4 2

15.0 0 . 1 4 1 1 1 3 4 0 . 4 6
2 5 . 0 0 . 1 2 9 9 3 5 0 . 4 6
3 5 . 0 0 . 1 7 1 3 4 3 5 0 . 5 7
4 5 . 0 0 . 1 6 1 2 0 2 9 0 . 5 0
5 5 . 0 0 .31 1 7 3 2 7 0 . 6 3
6 5 . 0 0 . 1 5 1 1 9 2 5

Depth Zn-T Zn-L Pb-T Pb-L
(mm)

2.5 5.5 4.1 5 . 6 0 . 4
7.5 3 . 4 4.1 4 . 8 0 . 4

15.0 4 . 7 3.3 4 . 5 0 . 2
2 5 . 0 4 . 8 4.8 5 . 0 0 . 2
3 5 . 0 6.3 4.3 6 . 0 0 . 4
4 5 . 0 6 . 2 3.6 5 . 6 0 . 3
5 5 . 0 5 . 0 3.2 6 . 2 0 . 2
6 5 . 0 3.7 0 . 3

L = leachable

Fe-L Co-T Co-L Cd-T Cd-L

0 . 1 6 1.0 0 .7 0 . 1 0 0 . 0 5
0 . 1 7 0 . 7 0 .7 0 . 4 4 0 . 0 2
0 . 1 5 0 . 5 0 . 6 0 . 2 0 0 .01
0 . 1 8 0 . 7 0 . 7 0 . 5 7 0 . 0 2
0 . 1 9 1.1 0 . 8 0 . 1 9 0 . 01
0 . 1 7 0 . 9 0 . 6 0 . 1 4 0 .01
0 . 1 5 1.4 0 . 6 0 . 1 0 0 .01
0 . 1 6 0 .7 0 .01

Ni-T Ni-L Cu-T Cu-L

1.4 2.1 0 . 7 0 . 6
1.2 1.9 0 . 9 0 . 7
1.0 2.1 0 . 8 0 .5
1.3 2 . 6 0 . 9 1.0
2 . 5 2 . 0 2.1 0 . 6
1.6 1.9 1.0 0 . 6
1.4 1.6 0 . 9 0 . 5

1.8 0 .6



Table  4, cont inued.
Sed imen t  Meta l  Concen t r a t i ons  

(Ti, Fe in %, other  e lements  in mg/kg) .  
T=  total, L = leachable

Stat ion 56

Depth Ti-T Mn-T Mn-L Fe-T Fe-L Co-T Co-L Cd-T Cd-L
(mm)

5 . 0 0 . 3 4 2 7 5 2 0 0 . 6 2 0.1 1 0 . 4 0 . 4 0 . 1 2 0 . 0 2
15.0 0 . 2 9 2 0 8 2 0 0 . 5 6 0 . 1 3 0 . 4 0 .5 0 . 4 0 0 .01
2 5 . 0 0 .21 1 5 5 1 3 0 . 4 4 0 . 1 0 0 . 5 0 . 4 0 . 1 0 0 . 0 5
3 5 . 0 0 . 3 2 2 3 9 1 7 0 . 5 7 0.1 1 1.1 0 . 4 0 . 2 0 0 . 0 2
4 5 . 0 0 . 4 4 3 2 9 1 4 0 . 7 6 0 . 1 0 1.0 0 . 5 0 . 2 7 0 . 01
5 5 . 0 0 . 3 0 2 3 8 1 1 0 . 5 8 0 . 0 7 1.1 0 . 3 0 . 3 4 0.1 2

Depth Zn-T Zn-L Pb-T Pb-L Ni-T Ni-L Cu-T Cu-L
(mm)

5 .0 4 . 8 1.0 4 . 4 0 . 2 0 . 4 0 . 9 0 . 4 0 . 9
15.0 4 . 2 1.5 4.7 0 . 2 0 . 5 1.3 0 . 4 1.0
2 5 . 0 2 .8 0 . 9 6 . 9 0 . 7 0 . 7 1.4 0 . 6 (5 .2 )
3 5 . 0 3 . 9 1.8 10.0 0 . 2 1.3 1.3 0 . 9 1.5
4 5 . 0 4 . 8 2.1 6.8 0 . 5 0 . 8 2 . 2 0 . 6 1.5
5 5 . 0 4 . 3 1.0 8 .4 0 . 4 1.1 0 . 9 0 . 9 0 . 6



Table  4, continued.
Sed im en t  Meta l  C o ncen t ra t ions

(Ti, Fe in %, other  elements  in mg/kg).
T= total

Stat ion 67

Depth
(mm)

Ti-T Mn-T Mn-L Fe-T

2.5 0 . 3 2 1 8 2 1 1 0 . 4
7 .5 0 . 2 4 131 6 0 . 4

15.0 0 . 1 5 8 0 8 0.3
3 0 . 0 0 . 2 3 1 3 4 1 1 0 . 3
5 0 . 0 0 . 2 7 1 4 6 1 1 0 . 4
7 0 . 0 0 . 41 2 0 7 1 0 0 . 5

Depth Zn-T Zn-L Pb-T Pb-L
(mm)

2.5 0 . 7 1.5 0 . 8 0 . 4
7 .5 ( 1 4 . 8 ) 1.0 3 . 2 0 .3

15 . 0 1.5 1.3 4 . 2 0 .5
3 0 . 0 (8 .2) 0 . 6 1.2 0 . 3
5 0 . 0 2 . 9 0 . 9 3 .5 0 . 3
7 0 . 0 (5 .5) 1.0 3.1 0 . 3

L = leachable

Fe-L Co-T Co-L Cd-T Cd-L

0 . 0 8 0 . 2 0 . 2 0.1 1 0 . 0 5
0 . 0 9 0.5 0 . 3 0 . 1 0 0 . 0 6
0 . 0 8 0.5 0 . 2 ( 0 . 9 3 ) 0 . 01
0 . 0 8 0 . 2 0 . 2 0 . 0 8 0.01
0 . 0 8 0.5 0 . 2 0 . 0 9 0 . 01
0 . 0 7 0 . 6 0 . 2 0 . 0 2

Ni-T Ni-L Cu-T Cu-L

0 . 8 1.0 1.3 0 .7
0 . 6 1.2 2 .2 0 . 8

1.5 2 . 5 0 . 6
0 . 3 0 . 9 2 . 0 1.1
0 . 2 0 . 9 1.8 0 .8
0 . 6 0 . 9 2 . 4 1.2



Table  4, cont inued.
Sed i men t  Meta l  Concen t r a t i ons  

(Ti, Fe in %, other  e lements  in mg/kg).  
T= total,  L = leachable

Stat ion 75

Depth Ti-T Mn-T Mn-L Fe-T Fe-L Co-T Co-L Cd-T Cd-L
(mm)

2.5 0 . 2 2 1 4 9 5 2 0 . 3 2 0 . 1 2 0.1 0 . 4 (1 .0 ) 0 . 0 2
7 .5 0 . 2 7 1 6 2 2 9 0 . 3 8 0 . 1 3 0 . 2 0 . 4 (5 .0) 0 . 01

15 .0 0 .31 1 7 4 1 8 0 . 4 4 0 . 1 2 0 . 2 0 . 4 0 . 4 0 . 01
3 0 . 0 0 . 4 2 21 1 1 3 0 . 51 0 . 1 0 0 . 7 0 . 4 0 . 0 1
5 0 . 0 0 . 3 4 2 0 1 1 6 0 . 4 8 0.1 1 0 . 5 0 . 4 (4 .3 ) 0 . 0 2
7 0 . 0 0 . 2 3 1 1 7 2 0 0 . 4 0 0 . 1 3 0.1 0 . 7 (1 .4) 0 . 0 3

Depth Zn-T Zn-L Pb-T Pb-L Ni-T Ni-L Cu-T Cu-L
(mm)

2.5 3.3 3.3 1.9 1.7 0 . 0 1.2 1.7 0 . 8
7.5 4 . 9 2.8 3 . 9 1.2 0 . 5 1.1 1.9 0 .9

15.0 5 . 4 3.1 3 . 8 1.0 0 . 8 1.1 2 .3 0 .6
3 0 . 0 6 .8 3.7 5 . 9 0 . 9 1.1 1.4 2 .6 0 . 8
5 0 . 0 5 .8 2 .8 5 . 5 0 . 9 1.6 1.4 2 .3 1.7
7 0 . 0 (2 .1) 4 .3 1.4 1.3 2 .5 2 . 6 1.7



Table  4, cont inued.
S e d i me n t  Meta l  Concen t r a t i ons  

(Ti, Fe in %, other e lements  in mg/kg).  
T= total, L = leachable

Stat ion 98

Depth Ti-T Mn-T Mn-L Fe-T Fe-L Co-T Co-L Cd-T Cd-L
(mm)

2.5 0 . 2 4 1 7 9 1 2 3 0 . 7 2 0 . 3 9 2.1 1.7 0 . 2 2 0 . 0 5
7.5 0 . 2 2 1 5 0 8 1 0 . 6 9 0 . 3 7 1.8 1.6 0 . 1 7 0 . 0 7

15.0 0 . 2 8 141 5 9 0 . 7 2 0 . 3 7 1.9 1.6 0 . 0 2
2 5 . 0 0 . 3 0 1 3 6 5 4 0 . 7 3 0 . 3 7 1.9 1.7 0 . 1 0 0 . 0 3
3 5 . 0 0 . 2 4 1 3 0 5 7 0 . 6 9 0 . 3 6 1.9 1.7 0 . 2 0 0 . 0 3
4 5 . 0 0 . 2 8 1 3 6 5 2 0 . 7 1 0 . 3 7 2.1 1.7 0 . 6 0 0 . 0 4
5 5 . 0 0 . 2 9 1 3 7 5 3 0 . 7 5 0 . 3 7 2.1 1.7 0 . 1 0 0 . 0 2
6 5 . 0 0 . 2 6 1 2 6 5 4 0 . 7 5 0 . 3 8 2.1 1.8 0 . 2 0 0 . 0 2

Depth Zn-T Zn-L Pb-T Pb-L Ni-T Ni-L Cu-T Cu-L
(mm)

2.5 1 6 . 9 10 .7 1 7 . 2 1.0 7 . 4 6.1 3.1 2 . 0
7 . 5 1 6 . 0 11 . 4 1 5 . 6 0 . 7 7 . 9 5 . 9 2 .7 1.8

15 . 0 17.1 1 1.5 19 .6 1.1 7.1 5 . 8 5.1 2 . 0
2 5 . 0 15.1 11 .9 1 4 . 2 0 . 9 6 . 8 5 . 9 2 .7 2.1
3 5 . 0 1 7 . 4 12 .0 13 . 6 0 . 9 7 . 9 5 . 9 2 .7 1.9
4 5 . 0 1 5 . 0 13.1 1 1.2 0 . 7 6 . 8 6 .3 2 .5 1.9
5 5 . 0 18 . 0 1 1.9 14 . 9 0 . 7 4 . 8 6 . 2 3.1 1.9
6 5 . 0 2 1 . 6 19 . 0 7 . 7 6 . 5 2 . 9 2 . 2
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Table 5.
Pore Water  Nutrient  Concentrat ions 

(all concentrations are in p M ) .

Station 08

Depth PO4 Si NH4 NO2 NO 3

0 0 .62 1 0 . 0 1.5 0 .06 0.38
2.5 0 . 99 6 6 . 1 6 . 1 2.59 4 5 . 4
7.5 1 . 2 0 96.8 16.4 2 .50 39.5

15.0 0 .65 1 11.5 26.8 1.82 34 . 73
30.0 1.70 1 17.4 61 .9 1.42 19.4
50 .0 3 .44 81 .4 71.8 1.05 2 0 . 0
70 . 0 4.71 109.0 4 8 . 4 1.24 4.9
90 .0 2 .58 77 .6 5.3 1 . 1 0 4.6

1 1 0 . 0 3.55" 62 .9 34.7 2.60 7.8

Stat ion 16a

Depth PO 4 Si

0 1.07 0 . 0

2.5 8.63 178.6
7.5 16.21 2 5 9 . 9

15.0 4 .58 81 .4
30.0 12.70 7 4 . 6
50.0 5 .60 66 .9
70 .0 2 . 64 64.1

NH4 NO2 NO 3

1 . 2 2 0 .03 0 . 2

13.1 1.39 2 1 . 4
27 .4 1.45 2 0 . 9
2 2 . 2 1.31 31.3
40 .6 0 . 8 6 18.2
46 . 0 0 . 6 8 4.8
46 .8 0 . 40 1.5

Stat ion 21

Depth PO4 Si

0 0 .08 0.9
2.5 2.75 13.7
7.5 5 .18 18.9

15.0 2 .33 28.5
30.0 2 . 24 25 . 2
50 .0 2 . 20 30.3
70 .0 2 .07 26.5

NH4 NO2 NO 3

1.2 0 .00 0.0
16.6 0 .57 15.6
14.0 0 . 46 10.5
16.2 0 .32 7.5
14.8 0 .43 7.6
16.0 0 .35 6.5
17.2 0 .32 4.2
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Table  5, cont inued.
Pore  W ate r  Nutr ien t  Concentra t ions

(all concentrat ions are in p M ) .

Stat ion 56

Depth PO4 Si

0 1.95 0 . 8

2.5 0 . 9 7 8.5
7 . 5 0 . 7 2 1 1 . 8

15 .0 0 . 2 8 2 4 . 5
3 0 . 0 2 . 4 5 2 7 . 9
5 0 . 0 2 . 1 7 32 .1
7 0 . 0 3 . 3 0 3 9 . 5
9 0 . 0 2 . 4 6 3 3 . 4

NH 4 N O 2 N O 3

0 . 6 0 . 0 4 0 . 1

9 .8 0 . 8 7 9 .5
9 . 5 0 . 51 9 . 7
6 . 2 0 . 3 8 1 . 2

11.3 0 . 3 8 2 . 9
8.3 0 . 3 3 0 .5

3 0 . 5 0 . 3 4 0 . 0

4 7 . 6 0 . 4 5 2 . 0

Stat ion 67

Depth PO 4 Si

0 0 . 2 1 0 . 4
2 .5 1 .15 1 5 . 9
7 . 5 2 . 1 8 2 2 . 1

15 . 0 3 .81 2 7 . 3
3 0 . 0 3 . 8 4 3 1 . 6
5 0 . 0 1.61 3 1 . 0
7 0 . 0 1 4 . 3 6 2 9 . 5
9 0 . 0 2 . 0 1 4 8 . 2

N H 4 N O 2 N O 3

1 . 0 0 . 1 1 0 . 4
6 . 7 0 . 7 3 16.1
4 . 2 0 . 9 3 2 0 . 8

11 .7 0 . 3 6 1 3 . 6
17.1 0 . 4 8 11 .5
2 4 . 4 0 . 2 9 9 . 2
8 0 . 8 1.03 6 . 4
3 9 . 7 0 . 5 2 4 . 4
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Table  5, cont inued.
Pore  W ate r  Nutr ien t  Concen t ra t ions

(all concentra tions  are in f iM ) .

Stat ion 75

Depth PO 4 Si NH 4 N O 2 N O 3

0 1.01 2 . 6 3 .6 0 . 1 7 1.5
2 .5 3 . 5 8 7 9 . 2 11.1 0 . 6 2 1 6 . 9
7.5 3 . 5 8 8 2 . 5 17 .7 0 . 4 4 2 1 . 8

15 .0 5 . 5 3 9 3 . 6 19.3 0 . 3 4 2 1 . 0
3 0 . 0 2 . 7 2 7 5 . 7 7 .5 0 . 3 3 3 1 . 9
5 0 . 0 3 . 7 6 8 1 . 6 7 .8 0 . 41 2 5 . 0
7 0 . 0 5 . 6 6 9 0 . 5 1 9 . 6 0 . 3 3 2 1 . 0
9 0 . 0 3 . 0 7 7 7 . 8 2 1 . 9 0 . 5 4 19 . 5

1 1 0 . 0 3 . 0 3 6 9 . 5 3 3 . 9 0 . 6 7 1 1.5

Stat ion 98

Depth P O 4 Si N H 4 N O 2 N O 3

0
2.5 1 .58 1 0 2 . 7 0 . 9 0 . 8 4 1 9 . 0
7 . 5 2 . 8 0 1 4 8 . 4 1.1 0 . 9 6 6 . 9

1 5 . 0 1 0 . 8 5 1 9 2 . 9 2 3 . 0 0 . 4 5 1.1
3 0 . 0 1 6 . 7 9 1 9 9 . 6 5 4 . 5 0 . 6 9 2.1
5 0 . 0 1 2 . 8 7 2 0 5 . 3 5 1 . 6 0 . 4 2 0 . 7
7 0 . 0 9 . 0 9 2 3 9 . 6 5 2 . 8 0 . 3 6 0 . 5



Table  6.
Pore  W ate r  Meta l  Concen t ra t ions

(Mn, Fe in pM ,  other e lements  in nM).

-PkO

Stat ion 08

Depth Mn Fe Co Cd Zn Pb Ni Cu

2 . 5 2 3 . 6 3.1 16 . 6 2 . 9 3 5 7 3 4 . 9 1 8 5 7 5
7 . 5 2 7 . 4 7 . 3 2 3 . 4 4 . 2 5 0 5 3 8 . 2 2 0 8 6 3

12 .5 1 1.3 1.4 9 .7 1.5 5 0 19.8 1 4 6 4 5
17.5 8 . 0 3 . 4 7 .8 4 . 3 2 9 5 8 . 9 8 3 2 6
2 2 . 5 7 . 7 0 . 6 6 .6 1.8 5 4 0 15 .5 1 2 9 4 7
2 7 . 5 9 . 7 0 . 6 1 2 . 4 1.3 2 1 5 2 1 . 7 1 2 7 5 1
3 2 . 5 1 1.2 ( 1 3 . 6 ) 14 . 2 3 . 8 3 4 . 3
3 7 . 5 11.1 1.9 1 5 . 9 1.4 1 7 2 10 .6 1 2 5 3 5



Cu

1 2 9
2 5
1 3
3 3
6 0
2 5
I 3
3 3
7 1

8
8 9
3 4
1 6
3 0

Table  6, continued .
Pore  W ate r  Metal  C oncen t ra t ions

(Mn, Pe in | iM,  other  e lements  in nM).

Mn Fe Co Cd Zn Pb Ni

4 . 0 4 . 9 5 . 8 19.1 2 8 0 0 15 .0 5 9
3 . 2 10 .8 3 . 9 1.9 2 0 18.3 4 1
3 . 4 14 . 2 7 . 8 6.1 2 9 0 3 . 9 4 0
2.3 5 . 6 3 .5 2 8 . 0 2 8 2 0 13 .0 4 8
1.9 2 1 . 6 1 1.2 3 . 2 8 6 3 15 . 0 1 1 6
1.7 1 1.4 2 . 6 10.3 1 8 4 0 10 . 9 4 2
1.6 9.5 3 . 4 6.1 5 9 7 1 1.7 4 4
1.8 1 6 . 4 6 . 8 5 . 0 1 5 0 0 2 0 . 5 6 0
2 . 0 2 1 . 9 2 . 4 8 . 9 2 0 5 2.3 3 3
1.7 1 2 . 2 1.4 4 . 2 6 4  1 5 . 2 2 8
2.3 9 .8 3 .8 6 . 4 1 0 6 0 1 8 . 4 5 0
2 . 2 1 4 . 6 4 . 9 13.7 1 3 2 2 2 0 . 3 5 8
2 . 0 1 4 . 2 1.4 3 . 2 1 2 0 8.0 2 4
1.4 8 .4 0 . 5 6 . 0 6 4 0 14.3 2 9



Stat ion 21

Depth Mn Fe

2.5 0 . 2 0 1.8
7 .5 4 . 4 0 13 .8

12.5 1 .15 3.5
17.5 0 .61 5.1
2 2 . 5 0 . 7 4 3.3
2 7 . 5 1.11 4.5
3 2 . 5 0 . 6 5 2 . 4
3 7 . 5 0 .81 7 . 8
4 2 . 5 1 .38 8.7
4 7 . 5 0 . 9 7 8.1
5 2 . 5 1 . 0 4 10.5
5 7 . 5 0 . 5 6 5.1
6 2 . 5 1 . 42
6 7 . 5 0 . 4 8 3.9

-p*
r o

Table  6, cont inued.
Pore Wat e r  Metal  Concent r a t i ons

(Mn, Fe in p M, other elements  in nM).

Co Cd Zn Pb Ni Cu

17 .7 4 7 . 2 4 2 2 1 8 9 4 5 7
6 . 4 2 2 . 2 5 0 2 7 1 1 2 7 1 3 6

1 3 . 6 2 1 . 4 6 4 6 2 3 1 0 7 5 2
6 . 0 3 5 . 6 7 5 5 6 3 1 5 1 1 93
2 . 4 17 . 2 1 3 2 1 4 5 9 3 2
3.9 1 7 . 2 5 1 9 9 8 5 9
3.6 3 0 . 7 1 8 6 2 6 8 4 1 4 9
3.1 19 . 9 3 6 0 2 5 8 7 7 3
5.8 42 . 1 2 6 5 3 3 1 3 6 5 5
5.7 2 2 . 4 1 6 4 1 8 1 2 5 3 3
7.3 2 0 . 7 5 2 9 6 0 1 2 1 1 0 7
4 . 2 17 . 7 3 5  1 2 4 1 0 6 4 8

10 .0 7 . 4 2 1 0 3 8 2 0 0
6 . 9 2 7 . 9 4 4 3 3 4 1 9 3 1 1 3



Table  6, continued.
Pore W ate r  Metal  C oncen t ra t ions

(Mn, Fe in p. M, other e lements  in nM).

Stat ion 56

Depth Mn Fe Co

2.5 0 . 2 5 0 . 6 0 1.4
7.5 0 . 2 6 0 . 4 8 5.5

12.5 0 . 2 3 0 . 5 6 4 . 6
17.5 0 . 3 5 1 .42 7.1
2 2 . 5 0 . 51 0 . 9 0 4.5
3 0 . 0 0 . 7 8 ( 8 . 6 0 ) ( 1 0 . 1 )
4 0 . 0 1 .03 1 .70 4 . 6
5 0 . 0 2 . 4 8 5 . 0 0 5.8
6 0 . 0 1 .28 1 .68 3.8

Cd Zn Pb Ni Cu

2 6 . 3 1 3 8 6 6 5 4
9 . 2 1 1 5 1 3 3 7 4

12.5 4 8 5 7 3 2
2 9 . 9 8 5 8 8 3 2
1 8 . 4 1 0 8 5 5 3 7
1 5 . 4 8 9 9 1 ( 1 5 0 )
1 4 . 9 1 1 5 7 0 4 9
2 6 . 7 1 3 8 1 0 2 4 4
2 2 . 0 1 3 1 5 5 1 33

CO



Stat ion 67

Depth Mn Fe

2 . 5 0 . 1 0 0 . 0
7 . 5 0.1 1 0.1

12.5 0 . 31 0 . 4
17.5 0 . 4 6 3.1
2 2 . 5 0 . 7 2 2 . 4
2 7 . 5 1 . 0 4 5.5
3 2 . 5 1 .43 7.3
3 7 . 5 1.31 5 . 6
4 2 . 5 0 . 7 5 1.9
4 7 . 5 1 .15 1 1 . 2
5 5 . 0 2 . 0 6 1 1.9
6 5 . 0 1 .47 6.3
7 5 . 0 1 .29 6.3
8 5 . 0 1 .33 10.1

Table  6, continued.
Pore W ate r  Metal  Concen t ra t ions

(Mn, Fe in p M ,  other e lements  in nM).

Co Cd Zn

2.1 6 .7 1 4 5
3 . 2 7 . 8 2 1 4
5 . 4 6 .8 2 5 7
4 . 6 10.3 4 4 2
2.5 7 . 6 2 4 2
3 . 6 8 . 2 4 0 8
3.3 7 . 9 3 4 5
3 . 4 8.5 3 6 2
5.3 9 . 9 3 5 0
7.1 11 . 4 1 7 5
6.5 3 .3 1 4 2
4 . 7 3 . 9 2 2 6
6.8 3 0 . 8

3 .3 2 2 2

Pb Ni Cu

6 . 4 3 7 3 4 . 0
1 8 . 6 7 4 2 7 . 6
2 4 . 6 5 3 3 5 . 9
3 3 . 3 6 0 7 9 . 3
15 .9 4 4 4 2 . 0
3 4 . 7 8 3 8 3 . 3
2 7 . 9 8 0 5 2 . 9
2 2 . 5 7 9 4 0 . 6
2 7 . 5 6 2 5 4 . 4
4 2 . 3 5 4 4 0 . 2
4 0 . 7 5 8 6 0 . 3
3 2 . 4 8 9 4 0 . 8
3 6 . 7 8 5 7 1 . 4

5 8 8 6 . 2



Table  6, continued.
Pore W ate r  Metal  C oncentra t ions

(Mn, Fe in p M ,  other  elements  in nM).

Sta t ion 75 

Depth Mn Fe Co

2.5 0 .31 0 . 2 1.2
7 . 5 0 . 5 0 1.8 2 . 2

12.5 0 . 7 6 1.8 2 . 0
17.5 1 .18 7 . 9 2 .5
2 2 . 5 1 .63 3 . 0 2.3
2 7 . 5 1.51 6 . 0 2 .8
3 2 . 5 1 .76 8.0 3 . 0
3 7 . 5 1 .08 4.1 2 . 4
4 2 . 5 2 . 0 0 4.5 2 .7
4 7 . 5 1 . 96 4.5 4 . 2
5 2 . 5 2 . 0 0 2.1 3 . 2
5 7 . 5 2 . 0 0 3.5 4 . 6
6 2 . 5 1.91 4 . 2 2 .7
6 7 . 5 1 . 69 4 . 4 2 . 4

Cd Zn Pb Ni Cu

16 .4 1 8 2 3 . 2 3 0 . 5 2 2 . 8
13 . 6 1 2 9 6 .0 2 7 . 5 19 .6
13.3 1 0 0 3.1 3 0 . 4 18 .0
2 3 . 2 1 2 6 12.3 2 8 . 2 19.5
26.1 1 2 9 5 .9 5 8 . 5 1 1.8
3 4 . 9 2 2 3 2 0 . 3 4 0 . 7 2 4 . 7
14 .4 7 9 6 . 6 3 7 . 3 16.8

5 . 6 1 4 7 2 0 . 0 3 5 . 2 2 7 . 0
6.1 1 1 7 1 8 . 2 3 4 . 2 2 3 . 2
7 . 4 5 5 1 8 . 0 2 7 . 2 7 5 . 0
1.6 4 2 5 . 6 3 1.1 15.9
4 . 9 1 3 1 7.1 2 2 . 7 ( 3 2 0 )
5 . 2 1 7 3 9.3 3 1.0 ( 1 6 8 )
4 . 6 8 0 18.1 2 4 . 5
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Tab le  6, continued.
Pore  W ate r  Meta l  C oncen tra t ions

(Mn, Fe in p M ,  other elements  in nM).

Sta t ion 98

Depth Mn Fe Co Cd Zn Pb Ni Cu

2.5 0 . 0 0 . 0 3 . 0 1 4 . 0 1 5 5 18 .3 7 5 2 6 . 7
7 . 5 6 . 7 0 . 0 4 . 7 2 2 . 0 2 9 5 16 . 8 1 3 5 2 5 . 3

12 .5 2 9 . 2 9.1 9 . 7 18 . 4 4 9 0 18.1 1 5 0 4 4 . 5
17 .5 4 1 . 3 3 4 . 4 17 . 5 8 .8 1 5 4 1 7 . 0 9 8 28 .1
2 2 . 5 2 7 . 4 8 6 . 2 11 . 8 3 . 6 6 6 2 0 . 0 1 1 8 2 3 . 2
3 0 . 0 2 7 . 2 7 4 . 6 13 . 3 1 1 . 2 2 2 3 3 4 . 6 1 8 2 3 9 . 7
4 0 . 0 23 .1 80.1 1 2 . 2 6 . 2 1 1 0 6 . 0 1 9 1 5 7 . 4
5 0 . 0 16.1 4 3 . 4 5 . 0 6 . 7 5 6 15.5 9 4 2 2 . 4
6 0 . 0 13.1 6 0 . 0 7 . 4 1 2 . 6 6 7 2 4 . 3 1 8 9 2 5 . 6



Table  7. Suspended Particulate

Sample Ni Ni Zn Zn

(Fg/g) (nM) (ng/g) (nM)

0 8 - 3 0 1 5 0 .33 5 4 1.07
0 8 - 4 5 7 0 . 12 135 2 .06

1 5 - 1 5 9 0 .07 8 4 0 . 58
1 5 - 3 6 9 0 .08 73 0 . 5 6

1 7 - 1 0 6 0 . 10 85 1.30

2 1 - 1 5 3 2 0 . 2 2 10 0 0.61
2 1 - 2 4 121 0 . 82 2 4 0 .15

5 6 - 1 5 1 2 0 . 16 8 4 1.03
5 6 - 2 4 103 1.32

6 7 - 1 5 1 4 0 . 10 2 7 0 1.65
6 7 - 3 0 1 1 0.21 7 7 1.30

6 8 - 3 0 4 0 . 1 4 6 6 2 . 12

Metal Concentrations.

Cd Cd Cu Cu

(M-g/g) (pM) (Pg/g) (nM)

0.8 9 4 3 0 .8 8
2.1 1 9 4 9 0 .7 7

2.8 1 1 159 1.13
4 8 0 . 38

1.7 1 5 4 8 0 . 76

1.5 5 7 6 0 .4 8
5.4 1 9 5 6 0 . 35

2.5 1 8 6 6 0 .83
2.0 1 5 3 6 0 .4 8

7 8 2 8 0 1 67 1.05
0.4 4 2 5 0 .4 3

1.7 3 2 1 4 0 . 4 6
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Table 7, continued. Suspended Particulate Metal  Concentrations.

Sample Ni Ni Zn Zn Cd Cd Cu Cu

(Pg/g) (nM) (Pg/g) (nM) (jj.g/g) (pM) (Pg/g) (nM)

7 5 - 0 0 - 0 5 18 6 0 .95 6 0 5 2 .90

7 5 - 0 6 - 0 5 2 7 0.11 1 19 0 .45 18.4 4 1 5 6 0 .2 2
7 5 - 1 2 - 0 5 7 5 0 .2 9 2 5 .4 5 6 101 0 .4 0

7 5 - 1 7 - 0 5 8 7 0 .27 17.0 3 0 108 0 .3 4

7 5 - 2 2 - 0 5 2 1 0 .1 4 80 0 .57

7 5 - 0 0 - 3 1 1 7 0 .35 7 2 1.32 2 .4 2 6 5 9 1.10

7 5 - 0 6 - 3 3 2 6 0 .1 9 1 0 6 0 .7 0 12.5 4 8 1 14 0 .7 7
7 5 - 1 2 - 3 3 1 3 0 .1 6 1 7 8 1.99 1 4 4 9 3 5 2 0 0 .23

7 5 - 1 7 - 3 3 2 6 0 .2 2 9 9 0 .7 6 4.1 1 8 5 0 .0 4

7 5 - 2 2 - 3 2 4 6 0 .3 9 1 0 9 0.83 1.5 7 9 0 0.71



Table 7, continued. Suspended Particulate Metal Concentrations.

Sample Ni Ni Zn Zn Cd Cd Cu Cu

(pg/g) (nM) (M-g/g) (nM) (Pg/g) (pM) ( P g /g ) (nM)

8 8 - 2 5 2 4 0 .2 0 5 7 0 .4 4 2 0 0 .1 6

8 8 - 3 0 5 0 0 .7 6 3.8 33 3 4 0 .5 4

9 1 - 1 5 8 8 1.08 0.3 2 1 6 0 .2 0

9 3 - 1 5 3 0 0 .2 0 163 1.00 1.6 6 1 9 0 .1 2
9 3 - 3 4 5 0 .0 6 6 4 0 .73 1 2 0 .1 4

9 5 - 2 0 2 1 0 .18 4 4 0 .3 4 10.2 4 5 2 7 4 2 .1 6

9 5 - 4 6 1 5 0.11 7 7 0.53 2 3 0 .1 7

9 8 - 1 8 1 1 0 .0 6 3 9 0 .18 1 8 0 .0 9
9 8 - 3 2 1 5 2 0.93 3.4 1 2 8 7 0 .5 5

9 8 - 5 0 9 6 0 .4 4 9 1 0 .43

4*
CD
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Table 7, continued. Suspended Particulate Metal Concentrations.

Sample Mn Mn
(Pg/g) (nM)

0 8 - 3 0 7 2 5 17.1
0 8 - 4 5 1 2 6 8 23 .1

1 5 - 1 5 7 3 7 6.0
1 5 - 3 6 8 4 8 7 .7

1 7 - 1 0 3 6 8 6.7

2 1 - 1 5 6 2 0 .5
2 1 - 2 4 8 2 0 .6

5 6 - 1 5 3 4 7 5 .0
5 6 - 2 4 4 0 8 6 .2

6 7 - 1 5 5 6 0 .4
6 7 - 3 0 3 6 2 7 .2

6 8 - 3 0 4 1 4 15.8

Fe Fe Pb

(Pg/g) (nM) (Pg/g)

1 0 3 0 0 2 3 9 3 8
2 3 4 9 5 4 2 0 1 0 2

8 8 8 7 7 1 2 6 8
1 2 0 3 7 107 1 0 6

1 5 2 5 6 2 7 2 3 0

1 9 8 7 1 4 1 0 2
5 1 9 8 3 7 5 0

1 5 4 7 0 2 2 1 5 0
1 7 6 2 3 2 6 4 15 8

4 6 8 5 3 4 88
1 3 6 6 0 2 6 8 5 9

2 1 0 8 2 7 9 1 5 6

Pb Co Co
(pM) (P g /g ) (nM)

183 8 1 5 4
4 9 2 1 3 2 2 4

5 8 2
2 5 6 1 4 121

145 1 4 2 3 9

197 1 5 101
9 6 4 0 2 6 9

193
641

1 70
3 14

5 6 5 6 2 1 4



Table 7, continued. Suspended Particulate Metal Concentrations.

Sample Mn Mn Fe Fe Pb Pb Co Co

(M-g/g) (nM) (M-g/g) (nM) (M-g/g) (pM) (Pg /g ) (pM)

7 5 - 0 0 - 0 5 4 3 6 2 .4 16 1 8 8.7 5 5 8 0
7 5 - 0 6 - 0 5 1 5 0 .0 7 3 3 2 1.5 193 2 2 3
7 5 - 1 2 - 0 5 2 1 0 .1 0 129 0.6 6 7 1 5 6  5

7 5 - 1 7 - 0 5 2 0 0 .0 7 4 4 7 1.6 2 7 2 6
7 5 - 2 2 - 0 5 33 0 .2 7 5 1 0

7 5 - 0 0 - 3 1 1 1 0 .2 4 2 9 9 6.4 1 1 6 3
7 5 - 0 6 - 3 3 36 3 2.8 1 4 0 8 10.8 2 4 5 0
7 5 - 1 2 - 3 3 5 1 0 .68 9 4 4 12.3 2 4 8 6 1 1 1 34
7 5 - 1 7 - 3 3 3 8 2 3 .47 4 0 6 8 36 .3 3 8 9 1
7 5 - 2 2 - 3 2 197 1.79 5 1 7 7 4 6 .2 1 74 4 2 0



e n
ro

Table 7, continued. Suspended Particulate Metal Concentrations.

Sample Mn Mn Fe Fe Pb Pb Co Co

(M-g/g) (nM) (M-ĝ g) (nM) (Pg/g) (pM) (P g /g ) (pM)

8 8 - 2 5 5 1 6 4 .7 1 5 0 9 4 13 5 4 9 1 1 8

8 8 - 3 0 3 2 9 6.0 1 1 1 3 8 199 3 1 1 50

9 1 - 1 5 2 9 6 4.3 1 1 1 1 3 159 4 3 1 6 7 6 8 4

9 3 - 1 5 3 2 0 .23 4 3 8 4
9 3 - 3 4 2 0 3 2 .77 8 9 0 8 1 1 9 2 9 1 05 1 4 1 85

9 5 - 2 0 2 8 0 .2 5 1 4 4 7 12.9 3 8 5 9 3 0
9 5 - 4 6 2 7 0 2.21 7 5 2 3 6 1 4 8 1 1 0 4 0

9 8 - 1 8 1 9 0.1 3 2 3 1.7 25 35 2 2 1 1 2

9 8 - 3 2 2 7 5 2.0 1 9 8 7 14.2 7 8 1 5 1 1 3 9 1
9 8 - 5 0 4 9 9 2 .7 0 6 3 9 2 3 4 .2 181 2 6 2
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Table 8. Dissolved Trace Element Concentrations.

ample Cu Pb Zn Cd Ni Mn
(nM) (pM) (nM) (nM) (nM) (nM)

08-0 2.18 263 3.1 0.36 19.1
08-30 2.65 480 5.0 0.19 10.5
08-45 2.5 204 6.1 0.24 17.3

15-0 2.24 299 5.4 0.29 16.0
15-0a 1.9 204 2.9 0.26 16.3
15-15 2.11 261 4.1 0.26 8.6
15-36 2.15 87 1.2 0.22 1.31 8.1

17-10 115 1.78 0.15 10.6

21-0 1.75 403 2.75 0.24 2.08 14.2
21-15 1.66 3.1 0.15 9.7
21-24 245 0.29 8.9

56-15 1.59 71 1.32 0.19 0.7 10.2
56-24 7.4

67-0 0.76 114 2.15 0.34
67-15 10 1.21 0.14 6.1
67-30 2.52 127 2.73 0.77 12.0

68-30 1.92 151 3.98 0.22 1.45 7.7

75-00-05 2.77 7.6 0.37 1.69 9.7
75-06-05 3.39 687 1.35 0.4 1.0 2.8
75-12-05 197 2.36 0.24 4.25
75-17-05 115 1.96 0.15 3.78
75-22-05 3.27 0.22 4.7

75-00-31 1.49 2.17 7.8
75-06-33 1.89 156 4.78 0.34 0.7 4.2
75-12-33 2.15 228 3.43 0.28 0.91 5.7
75-22-32 163 2.9 0.22 4.75

88-25 586 0.25 10.3
88-30 264 2.78 0.16 9.5

91-15 1.54 116 3.0 0.21 10.3

93-15 2.04 9.5 0.16 6.6
93-34 2.05 271 0.32 1.53 12.5

95-46 4.21 342 3.11 0.39 1.47 13.1

98-0 2.05 271 0.32 1.31 3.7
98-18 1.47 244 2.0 0.16 3.5
98-32 1.84 233 3.2 0.21 3.9
98-50 1.65 11.3 0.27 5.8
98-84 2.34 428 4.84 0.27 1.44 4.0
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Table  9. Dissolved Nutrient Concentra tions ,  Salinity
T e m p e r a t u r e .

ample P Si n o 3 n o 2 Sal.
(M-M) (pM) (UM) (pM) (psu)

08-2 7 0.67 2.08 0.41 0.05 34.65
08 -4 3 0.44 6.09 0.59 0.08 34.66

2 1 - 0 0 .01 0.58 0.07 0 . 0 0
21-15 0.13 0.62 0.63 0.04 34.80
2 1 -2 4 0.03 1.41 0.83 0.03 34.80

56-1 0 0 . 2 0 1.97 0.07 0.03 34.82
56 -2 0 0.27 0 . 0 0 0 . 11 0.05 34.81
56 -2 4 0 . 6 8 0.60 0 . 1 0 0 . 0 2 34.82

68 -3 0 0.4 2 . 0 0.13 0.03 34.87

7 5 -0 0 - 0 5 0 .11 0.34 0.07 0 . 0 0 34.87
7 5 -0 6 -0 5 0.17 0.23 0 . 0 0 0 . 0 1 34.88
7 5 -1 2 -0 5 0.51 0.58 0 . 2 2 0.04 34.88
7 5 -1 7 -0 5 0.41 0.05 0 . 01 0 . 0 2 34.87

75 -0 0-31 0.25 0.58 0.03 0 . 0 1 34.95
7 5 -0 6 -3 3 0.39 1.84 0.04 0.05 34.91
7 5 -1 2 - 3 3 0.49 1.47 0.09 0.05 34.94

88-25 0 . 2 2 1.58 0 . 0 0 0.03 34.80
88-30 0.24 2 .01 0.08 0.03 34.80

91-11 0.17 1 .02 0.05 0 . 0 2 34.82

93-1 0 0.08 0.72 0 . 0 0 0 . 0 0 34.83
93 -3 4 0.19 0.39 0.04 0 . 0 2 34.82

95 -4 0 0.48 3.06 0.96 0.13 34.00
95 -5 2 0.52 3.02 1 .02 0.13 34.84

98-18 0.16 0.31 0 . 0 0 0 . 0 2 34.99
98 -3 2 0.35 1.34 1.59 0.15 35.00
98 -5 0 0.76 3.46 6 . 2 0 0.53 35.05
9 8 -8 0 0.45 1.72 3.03 0.26 35.05

and

Temp.

(°C)

12.00
8.88

14.34
14.25

13.85
13.85
13.85

13.1

14.63
14.61
14.62 
17.73

7.33
7.60
7.56

15.16
15.14

14.00

13.96
10.72

7.84
7.84

13.63 
10.50

6.85 
6.84
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and vic inity .



56

T l /S •  d - 8 (%)

-10

I
a*
°  -30-

-40 J
totaJ

T I / S a d - 1 3 (%)
0.0 0.1 0.2

-20

-40-

Q-
□

total

T I /S a d -2 1  (%)

0.0  0.2  0 .4

- 2 0 -

I
E

-40
a
o

-€0

-00

T I / S a d - 5 6  (%)

0 .0 0  0 .25 0 .50

-30

O -40

-50

-60

T I / S a d - 6 7  (%)

0 .00  0 .2 5  0 .50

-2 0 -

E
E

-40JO.
a
Q

-60 -

-80

T I / S a d - 7 5  (%)
0 .00  0 .25  0 .5 0

-20

E
E

-40-o
a
a

total

T l /S ad-O S (%)
0 .0 0  0 .1 0  0 .2 0  0 .3 0

-20
E
E

-40

O
-60

-00

Figure  2a. Sed im en t  Ti-content.



Dv
pt

h 
(m

m
) 

D»
pt

h 
(m

m
) 

D«
pl

h 
(m

m
)

57

F e / S e d - 8  (%)
0 . 0  0 . 5  1.0

-10

•20

-30

-40

total

leachable

F « / 3 » d - 1 5 (%)

0 .0  0 .4  0 .8

-20

-40-

o.

-00

-80

F e / 9 e d - 2 1  (%)
0 .0  0.4  0 .8

-20

-40

-60-

total

teachable-00

F e / S e d - 5 6  (%)
0 . 0  0.4  0 .8

-10

-20

-30

-50

-60 total

teachable

F e / S e d - 8 7  (%)

0 .0  0 .3  0 .6

F « / 9 e d - 7 S  (%)
0 .0  0 .2  0.4  0 .6

- 2 0 -

-40-

-60

-00

-2 0 -

-40

*
°  -60

-80

F e /S e d - 0 8  (%)
0 . 0  0.4  0 .8

- 2 0 -

-40-

-60-

-00

Figure  2b.  Sed im ent  Fe-content .



(lulu ) 
M|d«Q

58

Mn / S « d - 8  ( mg / k g )

0 5 0  1 0 0  150

- 1 0 -

- 2 0 -

-30-

-40

M n /S « d-2 1  ( m g / k g )
0 1 0 0  200

-20
E
E

a
Q

-80 J

M n /S « d - 6 7  (m g /k g )

0 1 5 0  3 0 0

- 2 0 -E£
£  -40 -a.
Q

-80 J
-o-

M n /3 * d - 9 8  ( m g / k g )
0 100 200

- 2 0 -

o.oQ
- 6 0 -

total
-80 J

M n /S « d - 1 5  ( m g / k g )  
0 4 0  8 0  120

-20

-40-

CL

-80

M n /S « d - 5 6  ( m g / k g )

0 2 0 0  4 0 0

-10-

E
E

-30-£
Q.

Û
-50 -

M n /S « d - 7 5  ( m g / k g )

0 1 00  2 0 0  3 0 0

-40-

a
Q -00-

Figure  2c. Sed im en t  M n-content .



59

C d / S a d - 8  ( mg / k g )

0 . 0  0 . 3  0.6

-10  -

E
E

-20

o.
o

-30
•  toia)

-40

C d / S i d - 1 5  ( mg / k g )

0. 0  0.1 0 . 2  0 . 3

-20

a

-60

total

le ach ab  le-00

C d /S a d - 2 1  ( m g / k g )

0 .0  0.1 0 .2  0 .3

-20

-40

IO
-60

total

teachable
80

C d / S a d - 5 6  ( m g / k g )

0 .00  0 .2 5  0 .5 0

-10

-20

-30
a

-40

-50

-60

teachable
total

C d / S a d - 6 7  ( m g / k g )
0 .0 0  0 .0 8  0 .1 2

-20-
E
E

-40 -
a
O

-60 -

-80 J

C d / S a d - 7 5  ( m g / k g )
0 .00 0  0 .0 2 5  0 .0 5 0

E
E

-40-
x:
a.
O

-00 J

C d /S « d -O 0  ( m g /k g )

0 .0  0 .2  0.4  0 .6

Figure  2d. Sed im en t  Cd-content .
o.
O

- 60-

leachable

total



D
ap

th
 

(m
m

) 
D

ap
th

 
(m

m
) 

D
ap

lh
 

(m
m

) 
D

ap
th

 
(m

m
)

60

C o /S a d - 8  ( m g /k g )  C o / S e d - 1 5  ( m g / k g )

-10-

-20-

-30

-40
teachable

-20-

-40
a

-00

C o /S « d -2 1  ( m g /k g )

0 .0  0 .4  0.8

C o / S e d - 5 6  ( m g / k g )

0 .0  0 .2  0 . 4  0 .6

-20-

-40-

-60-

leechable-80

0 H

- 1 0 -

? -20
£

-30c .
Q-•
O -40

-50-

-60-

C o / S e d - 6 7  (m g /k g )

0 .0  0.1 0 .2  0.3
C o / S e d - 7 5  ( m g / k g )

0 .0  0.4  0 .8

a
Q

C o /S « d - 0 8  (m g /k g )

0 .0  1.0 2.0

-40-

totaJ

Figure  2e. Sed im ent  Co-content .



D
ap

th
 

(m
m

) 
D

ap
th

 
(m

m
) 

D
ap

th
 

(m
m

) 
D

ap
th

 
(m

m
)

61

C u / S e d - 8 T  ( mg / k g )

0 1 2  3
C u /S a d - 1 5 T  ( m g / k g )

-10-

-20-

-30-

-40 J
total

-20 -

-40 -

a
-€0 -

total

C u /S a d - 2 1  ( m g / k g )

-20-

-40-

-o-

C u /S a d - 5 6  ( m g / k g )
0 .0  0 .5  1 .0

-10

-20

-30

»
-40

-50

-60 J
tota)

C u / S a d - 6 7  ( m g / k g )

-20-

-40-

-80 J
-o-

C u /S a d - 7 5  ( m g / k g )

0 1 2  3

-20
?
E

a
o

-60 -

-80

C u / S a d - 0 8  ( m g / k g )
0 2 4 6

-20-

-40-

Figure  2f. Sed im ent  Cu-content .

-80
" •  ■ total

■o  leae  hable



62

N I / S t d - 8  ( mg / k g )

-10

-20
a

N l/S«d-21  ( m g / k g )
) 1 2 3

-20

-40
a
S

-60

-80

NI / S«d- 1S  ( mg / k g )

-20

-€0

-80 J

N I /S « d - 5 6  ( m g / k g )

-10

-30

a
-40

-60

N I /S a d - 6 7  (m g /k g )

0 1 2

-20

-40£
a
o

-60

-80

N I /S « d -7 5  ( m g / k g )

-20

E
E

a.
Q

-60-

teachabte

N I/S *d-98  ( m g / k g )  
0 4 8

-80-

Figure  2g. Sed im ent  Ni-content.

-o—  teachable



(uiui) 
M

|d*Q 
(tutu) 

g|d«Q 
(tutu) 

M
)d«Q

63

P b / S « d - 8  ( mg / k g )
3 5 10  15

*10

-20-

-30

-40 total

P b / S « d - 1 5  (m g /k g )

5 10  15

-20
E
E

-40 -

Û

total

P b / S a d - 2 1 T  ( m g / k g )  
0 4 8

-10

-20

-30

-50

-60

P b /S « d * 5 6 T  ( m g / k g )

0 4 8 12

-10

-20

-30

a
-40

-50 -

-60 total

P b /S « d - 6 7  ( m g / k g )

0 1 2 3 4 5

-20

-40 -

-60-

total-80

P b / 3 « d - 7 5  ( m g / k g )  
0 2 4 6

-20-
E
E

-40

-60

-80 total

P b / S « d - 0 8  ( m g / k g )

1 0 20

-10-
-20

-30-

a
a

-50-

-60 J total

Figure  2h. Sed im en t  Pb-content.



D
ap

th
 

(m
m

) 
D

ap
th

 
(m

m
) 

D
ap

th
 

(m
m

)

64

Z n / S« d - 8  ( mg / k g )

O 5 1 0 15  20

-10

-20

-30-

-40

Z n / S e d - 5 6  ( m g /k g )

0 1 2 3 4 5

-10

-20

-30

-40

-50-

total

teachable-o-

Z n / S * d - 7 5  ( m g /k g )

-20-

leachable

Z n / S a d - 1 5  ( m g / k g )

0 5 10  15

-20-

-40
o.

-60-

-80

Z n / S « d - 6 7  ( m g / k g )

0 10 2 0

-20

-40

a
O

-60

-80

Z n / S « d - 0 8  ( m g / k g )
0 10 20

-40-

a

-60-

total

teachable-80

Figure  2i. Sediment  Zn-content .



(m
ui) 

M.d.a 
(w

ui) 
Mid.o 

I**«**) 
M

id.a 
(««*<) 

xid.a

65

M n/P W -8  (uM)

10 20
M n /P W -1 5  (uM)

-10-

-20-

-30-

-20 -

?
E

-40 -

O -60-

-80 J

M n/PW -21 (uM)

2 3 4

-20

0

-10

-20

E
E -30

c. 4 0
ac
Q -50

-60

-70

M n /P W -58  (uM)
1 2 

_J_______ i_______ I___

M n /P W -6 7  (uM)
1 2

-20-

-40-

-60 -

-80 -

-100

-60-

M n /P W -7 5  (uM)

1 2 
— I----------------- .____________ I___

M n/P W -9 8  (uM)

2 5

-10

-20

-30

-40

-50

-60-

-70 J
Figure  3. Interst i t ial  w ater  M n concen tra t ion  profiles.



D
ep

th
 

(m
m

) 
D

ep
th

 
(m

m
)

66

0 - •

-10- •
•

-20-

-30-

-40-

-50 -

-60-

-70-

F e / P W - 5 6 G  ( u M )

3

F e / P W - 6 7 G  ( u M )

-20-

I  -40-

a  -60-o
D

-80

-100

1 2 
__I

-20

-40

-60-

-80 J

F e / P W - 7 5 G  ( u M )

5_______ I______ 1 0
F e / P W - 9 8  ( u M )

50 100

-10

-20

-30

-40

-50

-60

-70

Figure 4. Interstitial water Fe concentration profiles .



D
ep

th
 

(m
m

) 
D

eP
,h 

<m
m

>

67

F e / P W - 5 6 G

3

( u M )

- 1 0 -

-20

-3 0 -

-4 0 -

-50

-60

-70 J

F e / P W - 6 7 G  ( u M )  

6 1 2

- 2 0 -

-40 -

-60-a

-80 -

-100 J

F e / P W - 7 5 G

5

( u M )

1 0

- 2 0 -

-4 0 -

-6 0 -

-80 J

F e / P W - 9 8  ( u M )

50 100

-10

-20

-30

-40
a

-50

-60

-70

Figure  4. In ters t i t ia l  water  Fe concentra t ion  profi les .



68

Mn (uM), Co (nM)-PW-8

0 10  2 0  3 0

E
E

Mn/PW-8

Co/PW-8
o.o
O

- 3 0 -

-40 J

Mn (uM), Co (nM)-PW-98

0 2 5  5 0

- 2 0 -

I  - 3 0 -

- 4 0 -£
Q.V
Q - 5 0 - Mn/PW-98

Co/PW-98- 6 0 -

-70 J

Figure  5. Interstitial water Mn, Fe and Co concentra tion profiles.
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Figure  6. Interst i t ial water  Cd concentra t ion  prof iles.
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Figure  8. Interst i t ial  water Zn concentra t ion  profiles.
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