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Abstract

Surficial bottom sediments and suspensions from the Polish economic zone o f the Baltic as 
well as suspensions collected in the sedimentation traps placed on the bottom of the Gulf of 
Gdańsk have been analyzed. The metals in the suspended matter were determined by the fla- 
mcless AAS technique (Cd, Hg, Pb, Cu, Zn) and by N A A  technique (Hg, Zn, Co, Cr, Cs, Ag’ 
Se, Sb, Fe), in the sediments by both the flameless and the flame AAS (Cd, Hg, Pb, Cu, Zn, 
Cr, Co, Ni, V, Mn, Fe).
Statistical evaluation o f the data indicates significant spatial differences with respect to the 
concentrations o f the majority o f trace metals in suspensions and bottom sediments. They are 
mainly due to the action o f various biogeochemical and hydrological factors, as well as to the 
strong but irregular emission from antropogenic sources. The approximate amounts o f Pb, 
Zn, Hg, Cr, Cu and Cd deposited on the bottom o f the Gulf o f Gdańsk, the character of their 
redistribution in the sea and chemical transformation o f deposits with respect to trace metals 
have been estimated.

1. IN T R O D U C T IO N
s

Studies on the chemical com position o f  suspended m atter and  bo ttom  sedim ents 
becom e increasingly im portan t in the  sea science bo th  in  respect o f  their cognitive 
and  practical (environm ental) im plications. As com pared w ith w ater, the great a d v an ­
tage o f  the sediments is the fa c t th a t  they reflect the course o f  biogeochemical p ro ­
cesses occuring in the w ater body and  afford their precise, historically fixed, records 
in the structure o f  the sea floor. The com position o f  suspended m atter and  surficial 
bo ttom  sediments has a  significant influence on  the living conditions o f  zoobenthos, 
bo th  filter feeders and  deposit feeders, and  th rough  them , on m any fish species. Such 
studies are particularly useful fo r the knowledge o f  processes occuring in  estuaries 
and off-shore zones o f  the seas where segregation o f  the m aterial takes place a n d  its 
chemical com position undergoes changes in a com plicated, dynam ic sedim entati onal 
system o f authigenic suspensions and those brought from  the continent.

Trace metals, including heavy metals, are n a tu ra l constituents o f  suspensions 
and  bottom  sediments o f  the seas. B oth  th e ir d is trib u tio n  and  balance have always 
depended on th e  in tensity  o f  rock decay and tran sp o rta tio n  o f  the decay products
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to  the sea as well as on the physico-chemical equilibrium  setting up  between the 
solution and  the solid phase. A t present, however, the  m etals are  supplied from  
anthropogenic sources in  quantities frequently exceeding those o f  natural resources. 
The influence o f  this additional influx was noted a t first in the  bo ttom  sediments o f 
lakes and  estuaries and  in the inhabitan t organism s. A t the same time it became also 
evident in the seas, in particu lar the land-locked ones, such as the Baltic Sea [15, 
29, 31].

Technical difficulties due to  correct sam pling provide serious obstacle in studies 
o f  m arine suspensions and  sediments. The problem  o f taking cores o f  the sedim ents 
with unafected structure has no t yet been solved satisfactorily. Also the sam pling 
o f suspended m atter poses m ethodological problem s, m ostly owing to  its high disper- 
sitivity in the sea and  a  variety o f  their physical and  chemical forms. One o f the com ­
m only used solutions are suspension traps, which can be either immersed in  the w ater 
body or placed on  the  bo ttom . They enable to  collect the m aterial in m uch larger 
am ounts titan th a t obtained by filtration of water. The in terpretation  o f results is, 
however, difficult for various reasons. The m ain reason is the variable trapping  
efficiency determ ined by the  trap  design and the dynam ics o f  the aquatic environ­
m ent, the changes in  chemical com position o f the  suspensions after trapping, and 
the small num ber o f  the traps lim ited by technical reasons and their costs.

Owing to  the m uch higher level ol trace constituents, suspended m atter and  bottom  
sedim ents provide m ore convenient objects than  sea water, the analyses of w hich are 
still accomplished w ithin the detection limits o f the contem porary instrum ental 
techniques. M ethods enabling to  determ ine total m etal concentrations in bo ttom  
sedim ents usually require com plete dissolution o f  samples, thus cause frequent 
interferences [6 ], Hence, non-destructive technique are convenient. Their sensitivity, 
however, is no t satisfactory. In  ecologocial investigations, where the estim ation o f 
th e  m obile fraction, which is often  identified w ith anthropogenic fraction, is essen­
tial, acid extraction is usually em ployed com bined w ith oxidation, by analogy w ith 
m ethods utilized in the soil science. In  this procedure, th a t portion  o f a  metal passes 
in to  solution w hich is no t built in the crystal lattice o f  allum inosilicate minerals. 
This portion  may be hazardous to  the aquatic environm ent owing to  the ease o f 
leaching and  assimilability in m etabolic processes. Evaluations o f the extent o f  such 
extraction  arc- different, being m ore favourable for sediments rich in  organic m atter. 
As reported  by C arm ody et al. [11], ho t nitric acid extracted 83 - 100 p e rcen t o f the 
total Cr, Cu, Pb and  Zn. The results o f  the world-wide intercalibration of the m ethods 
used for trace m etal determ ination in bottom  sediments, carried ou t in 32 labo ra to ­
ries, confirmed good (80 -100  p e rcen t) efficiency o f  various extraction m ethods o f 
those metals, as well as o f  Hg, Cd, Fe, M n, Ni and  Co, w hen the silica con ten t did 
no t excees 60 per cent [21], These results are encouraging for em ploying th e  m ethods 
fo r the m onitoring [30] under standarized extraction conditions o f the sedim ents.

The results presented in  this paper provide one o f the  stages o f  the study o f  the 
system water-suspended m atter — bottom  sedim ents-organism s in the Southern  
Baltic, in the Polish economical zone o f  the sea. The results o f investigations into 
trace m etal levels in organism s are published separately [1 0 ].
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2. SAMPLING AND PREPARATION 
OF T ill MATERIALS

Suspended m atter and  bo ttom  sediments fo r assaying trace m etals were sam pled 
from  board  ol r.v. “ H ydrom et” a t stations located w ithin the Polish econom ical 
zone o f the Baltic (Fig. 1) from  July 1977 to  Septem ber 1980. Suspension traps were 
sho t three times, from  June to  Septem ber 1978, in the G u lf o f G dańsk  only (southern 
region o f  the G dańsk Deep), at a station  located 10 N m  from  the m outh  o f  the Vistula 
River. The exposition tim e a t a  depth  o f  71 m , i.e. beneath  the  base o f  waves, was 
3 to  10 weeks.

Fig. 1. Locations o f sampling stations o f suspended matter and bottom sediments in the Southern 
Baltic.

Two kinds o f  suspended m atter were analyzed:
a) FPM  — suspended m atter filtered from  various w ater layers (seston). F rom  0.5 
to  10 1 o f  w ater were taken  w ith a  “ G o-F low ” bathom eter m ade exclusively from  
plastic (G eneral Oceanics, USA), filtered im m ediately through  0.40 nm pore size 
N uclepore m em brane filters (Shandon, F R G ). The filters were placed in  glass m icro­
biological funnels w ith a  teflon net (M ilipore, USA). Samples were filtered under 
reduced pressure using an  oil-free pum p (Sartorius, FR G ).
b) STPM  — suspended m atter freely falling in to  the sedim entation traps placed on 
the  bottom . D uring shooting and  hauling o f  the trap  [28], its grid area (1 m 2) con­
sisting o f  100 polystyrene cells, was m echanically closed w ith a  polyvinyl foil. The 
fram e o f the trap  was m ade o f  alum inium  alloy. D uring the exposition the cells 
w ere fixed 1 m  above the bottom . Divers supervised the placing o f  the traps on the 
b o tto m , so as to  reduce disturbance o f  the  bo ttom  sedim ents to  m inim um . A fter
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hauling the traps abord , the cells were tightly closed and delivered to  the laboratory 
on shore, where the collected m aterial was centrifuged or filtered as above. M etals 
were determ ined in the m aterial collected in  5 - 8  cells, random ly chosen from  each 
trap . The rem aining cells served for o ther analyses.

Surficial bo ttom  sediments were taken w ith a Van Veen sam pler under super­
vision o f  divers, to  reduce losses o f subtle particles rising in the form  o f cloud when 
the sam pler struck the bo ttom  to o  violently. A semiliquid, abou t 1 cm thick surficial 
layer o f  the sedim ent was taken for analysis using a  plastic spatula.

The suspended m atter, the filtrate and bottom  sediments wers kept a t — 20’C 
in glass o r plastic containers.

Filters were dried a t 60°C for 1 h before and  after sam pling the suspensions (FPM ) 
and kept over silica gel in a dessicator. The precision o f  the determ ination o f  the 
suspension concentration estim ated on the basic o f  1 0  samples was 8 . 3  per cent, a t the 
m ean concentration being 2.4 m g -d m - 3 , the standard  deviation 0.2 mg d m - 3 

and  the volume o f filtered w ater 0.5 1.
Suspended m atter from  the traps (STPM ) and bottom  sediments were dried at 

105°C. The ignition losses (at 500°C and  800°C) in them  were determ ined as a general 
m easure o f  organic m atter and carbonate  content (Polish S tandard  PN-54/B-02480). 
The organic carbon and nitrogen contents were assayed independently by means 
o f  a Perkin-Elm er 240 C H N  analyzer. The samples were dissintegrated in an agate 
m o rta r and  the carbonates were removed by treating with 0.3 M trichloroacetic 
acid (5 - 8  cm 3 o f  the acid per 1 g o f the material). The specific gravity o f  the suspen­
ded m atter and sediments was determ ined pycnom etrically. The type o f the sediment 
was estim ated m acroscopically after the  Lisitsyn-Bezrubov classification. In m ost o f 
the bo ttom  sediments, sieve fractions were also determ ined. W ith coarse-grained 
samples the sieve m ethod was used and  w ith fine-grained ones — the aerom etric 
m ethod according to  Polish S tandard PN-58/B-04483. All additional determ inations, 
including geological, biological and chemical, were carried out using the m aterial 
taken from  4 - 6  cells, random ly chosen from  each trap.

3. GENERAL CHARACTERISTICS OF THE MATERIALS

The evaluation o f  the concentration o f  suspended m atter (FPM ) was based on 
the m easurem ents carried ou t in M arch, June and  July. I t  canno t thus be regarded 
as a representative for all seasons. The concentration o f  suspended m atter (Table 1) 
varied over a  wide range o f  0.2 to  14.4 m g -d m - 3 . The values greater th an  3.5 mg· 
■dm“ 3 appeared very rarely, however, only in  estuaries in periods o f  large conti­
nental runn-off. The concentration 0.8 m g -d m - 3  prevailed (Fig. 2). The statistically 
significant difference existed between the concentrations o f  suspended m atter in  the  
G u lf o f  G dansk  and  open sea area. The contents of suspensions in the upper layer 
o f  the G u lf was abou t twice higher th an  in  the w aters below the  halocline. Filtered 
suspensions in the G u lf o f  G dansk  contained m uch m ore nitrogen (1.05 - 3.85 per 
cent) and  phosphorus (0.06 - 0.23 per cent) than  those taken  in o ther regions (0.67 -
- 1.04 an d  0.09 - 0.14 p er cent o f  nitrogen and  phosphorus respectively). The m ean
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Table 1. Concentration o f suspended matter (mg dm ~3) in the Southern 
Baltic

Area
N o of  

samples Mean
Standard
deviation Range Mode

Whole area (Fig. 1) SS 1.47 0.48 0.10 - 14.4» 0.79
Open sea area 33 1.27 0.60 0.50 - 7.5“ 0.81
Gulf o f Gdansk 55 1.60 0.60 0.10 - 14.4» 0.80
— above the

halocline 37 1.88 0.67 0.10 - 14.4» 2.33
— below the

halocline 18 1.00 .0.56 0 .3 0 -  2.75 0.72

a — Excluded from statistic calculations.

weight/weight ra tio  o f these elem ents was 19.3 and 7.3 respectively. The la tter value 
is typical o f  the Baltic p lank ton  and  detritus [17].

R em arkable am ounts o f  suspended m atte r collected in the bo ttom  traps (STPM ) 
enabled  m ore com prehensive determ ination o f their properties (Table 2). The m icro­
scopic analysis revealed large am ounts o f p lan tkon  detritus (m ostly phytoplankton), 
co a ted  or filled w ith  saprophytic bacteria. F rom  tim e to  tim e, completely undecom po­
sed specimens o f  Chlorophyceae, Cyanophyceae and  Diatomae were found; however, 
com plete and  broken d ia tom  skeletons, recent pollen from  herbaceous p lants and’ 
trees (1.2-105 -cm~2) and grains o f  sand were m ost frequent. The suspended m atter 
was still richer in  organic m atter than  silt collected from  the bo ttom  under the trap-

Fig. 2. Histogram of suspended matter concentrations in the Southern Baltic. (x  — weighted 
mean, Dx — mode).
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Table 2. Properties o f  suspended matter collected in the sediment traps (STPM) and of surficial 
bottom sediments from the Southern Baltic

Loss on ignition Specific Percentage Mass ratio

Material and area [%] gravity
Corg. N C : N N :  P500°C 800°C [g-cm ~3] P

STPM (1) } Gulf o f 18.7 25.4 2.67 5.98 0.91 0.17 6.6 5.3
STPM (2) > Gdansk 19.9 22.8 2.67 5.87 1.09 0.23 5.4 4.7
STPM (3) J 
Clay silt, Gulf of 
Gdansk, area o f trap

20.7 23.3 2.67 6.37 1.07 0.12 6.0 0° bo

exposure
Silt:

11.1 14.6 2.59 3.60 0.32 0.04 11.3 9.1

— gulfs 11.0 15.0 2.59 3.96 0.57 0.06 6.9 9.5
— open sea 
Sand:

10.1 14.1 2.59 3.33 0.59 0.04 5.6 14.8

— gulfs 1.6 2.4 2.63 0.58 0.17 0.02 3.4 8.5
— open sea 0.3 0.4 2.65 0.03 0 . 0 0 0.01 - -

(Table 2). The N  : P  ratio  in them  was, however, lower th an  in suspensions collected 
on filters from  upper w ater layers. Sim ilar low C : N  ratios may be due either to  
advanced  degradation  o f authogenic suspensions [17] rem aining in traps fo r 3 - 1 0  
weeks o r to  con tribu tion  o f  organic m atter brought in  by the V istula River [26]. 
Analysis o f the m ineralogical com position o f  suspended m atter from  the trap s, 
carried ou t by X-ray diffractom etry, showed strong reflections due to  quartz, halite 
dolom ite, and  w eak ones due to  chlorite, illite and  plag ioclases.

As the trapping  efficiency was no t determ ined, the results reported  here can n o t 
be utilized for estim ation o f the sedim entation rate. The ex trapolation  o f  the results 
ob tained during 5 - 1 0  weeks over the w hole year gives, however, the  accum ulation 
ra te  o f  suspended m atter in  the trap  o f  abou t 1.2 k g - m 2y r_ 1  (Table 3). In  these 
calculations, trap  N o  3, in  w hich very m uch m aterial accum ulated during 3 weeks 
in September, was disregarded. A s the chem ical com position o f  this m aterial d id  
no t differ significantly from  th a t o f  the rem aining traps, it was assum ed th a t acci-

Table 3. Estimate of accumulation rate o f suspended matter in the sedimentation traps exposed 
in  the Gulf o f Gdańsk during June-September 1978

Trap No.
Time of 

exposure 
[days]

Mean dry weight in  
one cell Accumulation rate 

[g-m ~2 y r - 1]
[mg]

[mg·
day"1]

1 35 907 25.9 1260
2 68 1566 23.0 1119
3“ 23 2375 103.3 5027

Mean (1 and 2) 24.5 1190

a — N ot included in calculations o f the mean.
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d en ta  1 uprising from  the bo ttom  to o k  place and  trapp ing  o f  the finest fraction  o f  
surficial sedim ents. T ak ing  in to  account the specific gravity o f  STPM  (Table 2), 
such q u an tity  o f  suspended m atter (1.2 k g -m -2 ) will form  a  0.45 m m  thick layer 
d uring  the  year. I f  one assum es th a t the presence o f  w ater will double this layer, the 
value o f ab o u t 1 m m  y r ~ 1 will be obtained, the figure being in accord w ith a  num ber 
o f  estim ations o f  sed im entation  rates in such Baltic basins as the G otland D eep 
o r  the B ornholm  D eep [3, 31].

Sam ples o f  the  b o tto m  sedim ents contained sands o f different grain size, clay 
and  aleurite-silty loam s (Table 2). The m ajority o f the sediments was well classified 
and  had  properties characteristic for a  particu lar k ind  of m arine bo ttom  sedim ents. 
O nly sandy sam ples taken  in the Puck Bay and  the G u lf o f  G dańsk  in the foreground 
o f  the  m ou th  o f the Vistula contained considerable con tribu tion  o f  organic m atter. 
The richest in Corg (m ore than  4 per cent) were silts from  the G dansk  Deep and  the 
G otland  Deep, i.e. from  typical Baltic sedim entational basins, in  which m ineraliza­
tion o f  sinking suspensions was ham pered by unfavourable oxygen cond itions.

4 . ANALYTICAL M E T H O D S

M etal in suspensions (FPM  and  STPM ) were assayed by two m ethods: (i) the 
flameless a tom ic absorp tion  spectrom etry (AAS): H g — by the cold vapour techni­
que, Cd, Cu, Pb a n d  Z n — by electrotherm al atom ization  using a  graphite furnace 
(ii) by the neutron  activation analyses (NAA): Hg — w ith the separation o f  197mH g 
after irradiation o f samples, w hereas Co, C r, Cs, Ag, Se, Sb, F e and Zn by non- 
-destructive technique. In  bo ttom  sedim ents the  m etals (H g, Cd, Cu, Pb and  Zn, 
Co, C r, N i, M n, V an d  Fe) were assayed using bo th  the flameless and the flame techni- 
aq u es o f  AAS.

By the AAS m ethod, the nitric acid extractable fraction  o f the m etals was assayed. 
This fraction has com m only been recognized as assimilable for aquatic anim als. The 
N A A  m ethod  was em ployed fo r determ ining to tal concentrations o f  all metals, w ith 
the exception o f m ercury, to r  w hich the nitric acid extractable fraction was deter­
m ined as well.

The AAS m ethod required prelim inary acid digestion o f  samples. Suspensions 
on the m em brane filters (FPM ) were digested by double extraction w ith 10 cm 3 

o f  5 M H N 0 3 a t 90°C for 2 h  in  closed teflon vessels. The extract was diluted to  
50 cm 3. Dry suspensions from  the trap  (80 - 100 mg) and  bo ttom  sediments (2 - 3 g) 
were acid digested fo r assaying Cd, Cu, Pb and  Z n by extraction w ith 20 cm 3 o f  
5 M H N O 3 for 4 h a t 130°C in closed teflon vessels o r in  conical flasks under reflux 
[1]. The extracts were diluted to  50 cm 3. M ercury was assayed in the  w et m aterial. 
Samples of 100 - 150 mg of suspension o r 3 - 4 g o f bo ttom  sediments were digested 
in a m ixture o f  8  cm 3 o f  concentrated  nitric acid and  4 cm 3 o f  concentrated  sulphuric 
acid w ith  addition  o f 0.3 g o f  potassium  persulphate, under conditions as above.

All reagents and inorganic standards o f m etals were supplied by M E R C K  (F R G ) 
and were prepared for spectral analysis. The standard ization  was supplem ented by 
NBS (USA) biological standards, mainly bovine liver. W ater used for the prepara-
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tion  o f  the reagents, standards and  samples was trip le distilled, including repeat 
distillation from  & quartz  still. The laboratory  equipm ent was m ade from  poly­
propylene (A ZLO N , U .K .) and  teflon.

T he m easurem ents were carried ou t on  a  Beckman m odel 1272 atom ic absorp tion  
spectrophotom eter equipped w ith the M assm ann graphite cuvette and  a deuterium  
lam p fo r background correction. M ercury was determ ined on a  L aboratory  D ata  
C on tro l (USA) double-beam  m onito r equipped w ith 30 cm  long q uartz  cuvettes, 
5 m m  in diam eter. W orking conditions are reported  in  papers by Brzezińska [5, 9]. 
Parallel determ inations o f  the  m etals in blanks (filters, reagents, w ater) were run. 
The spectrophotom etric m easurem ents were m ade in duplicate o r triplicate.

F o r the  N A A  analysis, 50 m g o f suspensions from  the traps o r 1/4 o f  a  filter w ith 
suspension were taken, the sam e p o rtion  o f  the filter serving as blank. F u rth er 
procedure was the same as for determ ination the m etals in  p lank ton  [10], In  order 
to  determ ine zinc, it was necessary to  separate if  from  scandium , because 46Sc isotope 
interferes w ith zinc determ ination due to  sim ilar gam m a ray  energy values ( 1 1 2 0  

and  1115 keV respectively). Consequently the  irrad iated  sample was dissolved in  a 
m ixture o f concentrated nitric an d  hydrofluoric acids (3 : 1) taken  in an  am ount 
required fo r com plete dissolution, the acids were evaporated, 6  M  hydrochloric 
acid was added, evaporated, and  the residue was dissolved again in  this acid. Zinc 
was separated o n  a  colum n filled w ith on an ion  exchanger Dowex 1 x 8  (C l- ), (100 -
- 200 mesh) the following fractions being collected: 1) 10 cm 3 o f  6  M  HC1, 2) 10 cm 3 

o f 0.5 M HC1, 3) 30 cm 3 o f  0.1 M H N 0 3. The th ird  fraction contained zinc, w hich 
w as assayed on  the basis o f  the  1115 keV pho topeak  o f 6 5 Zn.

M ercury was assayed after Żm ijewska [35]. Samples o f  suspensions and  standards 
(a solution o f m ercury in nitric acid) were irradiated a t a  neutron  flux o f  the intensity 
o f  103 cm - 2 , s - 1  fo r 20 h  in  a  nuclear reactor EW A. Twenty four hours after acti­
vation  the am poules containing samples were opened and  their contents were 
transfered  to  a  round-bo ttom  flask w ith  a  reflux condenser. One m iligram  o f inactive 
m ercury carrier an d  5 cm 3 o f  concentrated nitric acid were added. The m ixture was 
refluxed until d issolution was obtained. A fter digestion, m ercury together w ith the 
carrier were extracted w ith a chlorophorm  thionalide solution ( 1  g d m -3 ) from  
a  dilute (1 : 3) nitric acid solution. The gam m a rad ia tion  o f  197H g isotope was 
m easured using a  gam m a-ray spectrom eter' w ith  Ge-Li detector. W ith standards, 
the  acid digestion step was om itted.

All determ ination by the N A A  m ethod were carried  ou t in  duplicate or triplicate.

5. RESULTS AND DISCUSSION

The precision o f  the m etal assays in  suspensions and  bo ttom  sedim ents is listed 
in Table 4. I t was estim ated on the basis o f  8  - 10 determ inations o f  a  m etal in the 
same sample o r on the  basis o f  2 - 3 determ inations in 3 - 10 various samples [14], 
In  this respect the precision includes only the  analytical procedure together w ith 
acid  digestion and  disregards random  errors due to  sam pling and  inhom ogenity o f  
the m aterial [8 , 10], The inhom ogenity Could be estim ated fo r traps, for w hich the 
s tandard  deviation was included, calculated fo r the w hole trap  on the basis o f  m ean
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Table 4. Estimated precision of trace metal determinations by AAS and N AA  
in suspended matter and bottom sediments (ng-g~1 dry weight)

Metal and 
method

FPM STPM STPM»
Bottom

sediments
Mean

concen­
tration

S.D.
[%]

Mean
concen­
tration

S.D.
[%]

Mean
concen­
tration

S.D.
[%]

Mean
concen­
tration

S.D.
[%J

Cd _ AAS 16.2 7.6 2.65 17.0 2.86 5.8 0.10 8.0
Hg - AAS 27.0 4.4 0.55 5.7 0.52 11.5 0.37 5.4
Pb - AAS 164.5 9.8 94.0 10.2 92.0 7.5 56.4 8.7
Cu - AAS 889 6.5 203 13.9 217 10.6 19.9 6.3
Zn - AAS 1219 6.2 158 9.5 169 20.1 101.5 4.1
Zn — N A A 682 8.5 156 26.0
Fe - AAS 3070 4.5
Fe — N AA 1350 52.0 30670 4.0
Mn — AAS 45.5 5.2
Se — NAA 1.9 9.0 2.0 43.0
Cr - N AA 10.0 43.0 84.0 5.0
Cr — AAS 21.8 9.4
Co — N A A 0.5 9.0 8.2 7.4
Co — AAS 4.4 6.3
Ag — NAA 2.8 7.0 1.7 30.0
Sb — N A A 2.5 76.0 5.9 21.0
Cs — N AA 0 .11 18.0 5.4 7.0
Ni — AAS 68.7 10.7
V - AAS 30.0 5.0

S.D. — standard deviation.
a — Precision for the whole trap calculated from the mean concentrations for separate 

cells.

m etal concentrations in particu lar cells (Table 4). The inhom ogenity is responsible 
for high dispersion o f  data , w hich in the case o f  m ercury and  zinc exceedes twice the 
dispersion due to  random  analytical errors. B aum gartner et al. [2] studied the causes 
o f  the dispersion o f  the da ta  during sam pling bo ttom  sediments and assaying m etals 
in them  by N A A  m ethod. They found tha t, due to  the inhom ogenity o f  sedim ents the 
classification in to  sub-sam ples had  m ajor con tribu tion  (52 - 93 per cent) to  the to tal 
random  erro r o f  the determ ination  o f  Cr, Sc, Co, Fe an d  Zn.

The concentration  o f m etals in dry m atter o f  suspensions separated  by the filtra­
tio n  o f w ater from  the Southern Baltic (FPM ), taken in various depths", varied over 
w ide ranges (Table 5). M axim um  observed concentrations determ ined w ith a  probab i­
lity  o f  0.95 by using critical values o f  S tudent’s d istribution [34] were tw ofold higher 
th a n  m ean concentrations for Hg, Cu, Pb, Zn, Cs and  Fe, threefold higher for Cd, 
C o, C r and  Se and  four- to  fivefold higher fo r Sb and  Ag. H istogram s for the m etal 
levels in  suspensions (Fig. 3) are indicative o f  positively skew ed distributions o f all 
elem ents w ith the exception o f Cs, whose d istribu tion  was very sym m etric according 
to  its physico-chemical properties. The degree o f  skewness o f  the distributions is 
particu larly  high w ith Cd, Pb an d  C r (skewness coefficients ranging from  0.22 to
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[wg-g'1]

Fig. 3. Histograms of trace metal concentrations (n g-g -1 dry weight) in suspended matter from 
the Southern Baltic.

Table 6. Average concentration levels o f cadmium, mercury, lead, copper and zinc in suspended 
matter from different regions and water layers in the Southern Baltic

Hg-dm - 3 Mg‘g 1
Metal

Mean
Standard
deviation Mode Mean

Standard
deviation Mode

G urf of G^jińsk
Cd 0.030 0.022 0.011 13.7 10.5 3.3
Hg 0.052 0.041 0.033 34.0 17.0 34.4
Pb 0.200 0.126 0.060 107 75.4 42.8
Cu 1.23 1 .00 0.63 698 428 467
Zn 1.58 0.83 1.12 1096 692 750

Studied area, except the Gulf o f Gdańsk m

Cd 0.019 0.012 0.012 17.4 13.5 3.3
Hg 0.035 0.018 0.028 40.7 22.5 30.0
Pb 0.150 0.100 0.140 132 88.0 29.0
Cu 1.39 1.03 1.16 893 391 533
Zn 1.50- 1.37 1.20 1437 873 1208

Surface layer (0 to 5 m depth)
Cd 0.037 0.029 0.012 13.3 9.7 3.3
Hg 0.051 0.041 0.031 36.0 21.8 35.1
Pb 0.228 0.159 0.110 90.4 52.3 33.3
Cu 1.65 1.05 1.31 703 423 650
Zn 1.99 1.36 1.39 1122 885 750

Intermediate layers
Cd 0.007 0.006 0.011 9.7 8.9 3.6
Hg 0.040 0.024 0.034 37.4 27.2 33.4
Pb 0.080 0.062 0.050 102 66.5 136
Cu 0.59 0.24 0.52 657 260 600
Zn . 1.03 0.64 1.07 1299 672 1182

Near-bottom layer
Cd 0.028 0.020 0.012 20.3 13.9 3.6
Hg 0.045 0.027 0.028 37.0 16.0 33.4
Pb 0.193 0.120 0.150 156 91.0 136
Cu 1.35 1 .0 0 0.73 907 518 600
Zn 1.42 1.01 1.09 1278 741 1182



0 .8 8 ) thus indicating strong, bu t irregular effect o f  accidental, local sources o f  input 
o f  these elem ents to  the sea. Predom inanting concentrations were, as a  rule, lower 
than  the m ean ones, the difference being, however, relatively m uch lower for Cs, 
Se, Co, Hg, Cu, Zn, Fe th an  in the group o f  such toxic elements like Cd, Cr, Pb and 
Sb.

There are certa in  spatial differences in m etal levels in suspension from  the Southern 
Baltic (Table 6 ). Suspensions from  the off-shore zone o f  the central coast were usually 
richer in H g an d  Z n th an  those from  the G u lf o f  G dańsk. This statem ent can be 
extanded over the  som e o f the rem aining m etals, the m axim um  am ounts o f  Cr, 
A g and Fe being found in suspensions taken from  the deep regions, i.e. from  the 
B ornholm  Deep. The level o f  C d and  Pb in one gram  o f dried suspended m atter was 
higher a t the bo ttom  th an  in the upper layers whereas the distribution o f Hg, Cu 
a n d  Zn was ra ther uniform . Such spatial tendencies m anifest themselves in the m ean 
values, elevated strongly by rare  cases o f  sharp  local increases o f  the levels o f some 
m etals, whereas the m odal values confirm  significant regional differences only in the 
d istribu tion  o f  zinc. The differences w ith dep th  occur in the d istribution o f zinc and 
lead in the suspended m atter taken  from  surface and interm ediate layer.

The estim ation o f the quantity  o f a particu lar m etal occuring in the form  o f suspen­
sion in a un it volum e o f w ater depends on tw o factors: the concentration  o f  suspended 
m atter in w ater and the m etal concentration in the suspended m atter. As far as the 
general view on the abundance o f all 12 elements studied in suspension o f  the Baltic 
Sea is concerned, it is consistent in the  two approaches, gravim etric (Table 5) and  
volum etric (Table 7). D istributions o f  volum etric concentrations are also positive 
skewed, bu t m ore concentrated.

Ow ing to  relatively high concentrations o f  suspended m atter (Table 1), waters

Table 7. Statistical evaluation o f trace metal concentrations (ng-dm -3 ) in suspended matter 
(FPM ) from the Southern Baltic (1977 - 1980)

Metal
N o. of 

samples
Mean
conc.

Standard
deviation Range Mode

Cs 13 0.009 0.003 0.001 - 0.070 0.005
Se 13 0.011 0.008 0.021 - 0.030 0.005
Co 13 0.012 0.009 0.004 - 0.040 0.008
Cd 69 0.026 0.024 0.001 - 0.110 0.012
Hg 64 0.046 0.029 0.010 - 0.176 0.030
Ag 13 0.077 0.133 0.008 - 0.500 0.027
Sb 13 0.148 0.181 0.019 - 0.650 0.057
Pb 68 0.177 0.106 0.010 - 0.560 0.141
Cr 13 0.285 0.280 0.019 - 0.650 0.100
Cu 62 1.28 1.00 0.16 - 3.40 0.73
Zn“ 68 1.56 0.99 0.20 -4 .90 1.15
Znb 13 1.83 1.58 0.36 -6 .58 1.45
Fe 13 8.30 3.65 3.6 - 15.8 7.00

a -  A  AS. 
b -  NAA.
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o f  the G ulf o f  G dansk are thus richer in Cd than  those o f  the central coast o f  the 
Southern Baltic. W ith reference to  the w ater body, it can be stated th a t the highest 
concentrations o f Cd, Cu and Pb occur a t the bo ttom  than  those in the interm ediate 
Jayers. A m ong the rem aining metals, rem arkable is large accum ulation o f  Cr, Sb, 
Zn and Fe in suspended m atter o f  the western coast.

In  spite o f  a com prehensive literature confined to m etals in m arine suspensions, 
it is difficult to  find any spatial, and particularly  tem poral, regularities. I t  has com ­
m only been accepted tha t the chemical com position o f  water, suspensions o r  m arine 
organism s o f  po lar regions can still provide a m easure o f natural levels o f  trace 
com pounds in the environm ent. To evaluate the state o f  the pollu tion  o f  the Baltic 
we determ ined trace m etals in suspensions from  the A dm iralty  Bay i.e. in the A tlantic 
:Sector o f  the A ntartic  Sea [7]. H arris and Fabris [20] determ ined Cd, Cu, Pb and 
Zn in the suspended m atter o f the Indian Sector o f  the A ntarctic  Sea. The suspended 
m atter from  the Ind ian  Sector was on an  average 4 - 8  tim es richer in  these m etals 
than  th a t from  the A dm iralty Bay, and  twofold richer in Cd, Pb and Z n than  suspen­
ded m atter o f  the Southern Baltic. Owing to  differences in suspended m atter concen­
tration , arranging o f  these regions after abundance o f  suspended m etals becomes ju s t 
opposite. The m ean m etal content in  suspended m atter o f  the Southern Baltic is 
very close to  the data  characterising oceanig conditions fo r all elements, w ith the 
•exception o f  Cd, Ag and Sb, the m ean concentrations o f w hich in  the Baltic Sea are
2, 5 and 36 times higher, respectively. A bundance o f Pb and Zn sim ilar to  those o f 
the  Southern Baltic were found by B uat-M enard and  Chesselet in  the N orthern  
A tlantic (cited aftei [20]), whereas those o f  copper, and zinc were found by D uinker 
and  N olting in the N o rth  Sea, a t the Rhine estuary [12, 13]. Weigel [32, 33] analyzed 
Baltic seston taken  in 1973 from  an  open sea region. The m ean m etal contents in 
one  gram  o f dry m atter determ ined by him  were as follows: 5.8 jig Cd, 123 |ig Pb, 
61 ng Cu and 733 Hg Zn. The concentrations o f lead and  zinc, and  even o f  cadm ium , 
can be regarded as identical if one takes into account th a t m uch o f suspensions ana­
lyzed by us were taken  from  a zone strongly affected by land. Differences in  the 
estim ation o f copper are likely to  be due to  m ethodological factors, although certain  
increase in the concentration o f  this m etal in  the Baltic Sea due to  increasing inpu t 
o f  organic m atter canno t be ru led  out.

Suspended m atter collected in  traps (STPM ) on the bo ttom  o f the G u lf o f  G dańsk 
{Table 5) contained less m etals th an  those filtered (FPM ) from  various w ater layers 
{Tables 5 and  6)  and  m ore th an  silts collected from  the surface o f the bo ttom  (Table 
8 ), w ith  the exeption o f  Co, Cs an d  Fe, which have a tendency to  accum ulate a t  the 
bo ttom . I t should be m entioned th a t in the case o f  iron  the contam ination from  the 
tra p  and  the bo ttom  may occur.

O ne o f the m ain purpose o f  using the traps was collection o f  a  m aterial having 
th e  same com position as th a t o f  contem porary bo ttom  sediments. Bearing in  m ind 
the  rate o f the sedim entation in  the Baltic Sea estim ated as 0.5 - 1.5 m m  y r " 1 [3, 
31], the m aterial trapped  during 1 -2  m onths (Table 7) w ould correspond to  an  abou t 
0.1 m m  thick  layer o f  sediments. O n the o ther hand, the 1-cm layer o f  the bo ttom  
deposits taken  for analysis w ould be the outcom e o f approx. 1 0 -yr sedim entation
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o f suspended m atter which undergoes extensive transform ations o f  their chemical 
com position. Owing to  the vicinity o f  land an d  the m ou th  o f the V istula River, 
m aterials collected on the bo ttom  o f the sou thern  region the o f  G dansk D eep m ay be 
m ostly o f  continental origin; either directly (river-borne suspensions and  air-borne 
particulate m atter) or indirectly (coagulation o f colloidal fraction  [25] and  precipi­
ta tio n  o f new, sporingly soluble com pounds upon  mixing together fresh w ater w ith 
sea w ater). The high dynam ics o f  the sea bo ttom  in this region causes th a t such ca l­
culations are ra ther raugh  estim ates. They can, however, shed light on the fate o f  
m etals bound w ith suspensions (Table 9). The calculations reveal very large am ounts 
o f  Pb, Zn, Cu, Cr, C d and  H g deposited annually per 1 m 2 o f the bo ttom  o f the  G u lf 
o f  G dansk. A fraction  perm anently  fixed in  the bo ttom  constitutes the  m ajor p a r t  o f

Table 9. Approximate deposition rate of particulate metals in the Gulf o f Gdansk, calculated 
from sedimentation trap data

Rate [m g-m ~2yr_1] Pb Zn Hg Cr Cu Cd

Deposition with 
STPM 84.8 179 0.58 100 296 3.1
Accumulation in 
surficial silts 74.1 123 0.23 18 44 0.4
Accumulation as 
percentage of 
deposition 87 69 40 18 15 13

lead and  zinc transpo rted  to  the bo ttom . W ith the rem aining m etals, the mobil· 
frac tion  predom inates, w hose m echanism s o f further red istribu tion  in  the sea may 
be very different. Suess and  Erlenkeuser [29], on the basis o f  ow n studies and  those 
o f  H allberg [19] have show n the enhanced con tribu tion  o f  Cd, Pb, Zn and  C u to 
the chemical com position o f  the Baltic bo ttom  sedim ents, the enhancem ent being 
a ttribu ted  to  anthropogenic sources. The anthropogenic con tribu tion  fo r Zn was 
estim ated by them  to  approx. 100 m g m -2 y r-1  in  Kiel Bight, B ornholm  Deep and 
G o tland  Deep. W ith Cd, Pb and  C u the anthropogenic con tribu tion  could no t be 
precisely estim ated, bu t it was o f the order o f  m agnitude very close to  our estim ates 
listed in  Table 9.

C oncentrations o f  trace m etals in  bo ttom  sedim ents o f  the Southern  Baltic (Table 
8) fall in to  the ranges reported  for various regions o f  the Baltic Sea [4]. T he dispersion 
o f  the  d a ta  is, however, very large and  is expressed in coefficients o f varia tion  o f  the 
order o f  80 - 140 per cent for such m etals as Hg, Cd, C r, V, decreasing considerably 
fo r Co, Cu, M n, N i, Pb and  Zn (20 - 60 per cent). D epending on  the  nature  o f a  sedi­
m ent, the confent o f organic m atter in  it and  the site o f  residence in  the sea, there are 
som e regularities in  concentration  o f  the  m etals. Silts are usually m uch richer in 
m etals th an  sands, similarly as an  increase in  organic carbon  conten t leads to  increased 
m etal concentrations, in  particu lar o f  C u an d  Hg. Som e o f the m etais, such as Pb, 
Z n  and  C u pass in significant am ounts to  the  bo ttom  sedim ents in the  gulfs, o ther 
such as Cd, C r and  M n are ra ther transported  to  the deep sea regions together w ith 
the finest fraction  o f  suspended m atter. Em ission o f m etals from  land-based sources»



m anifests itself in  locally increased m etal levels in  silts and  sands in  w hich parall 
increase o f  organic m atter is noted (Table 2).

O n going from  suspended m atter to  bo ttom  sediments there is no t only the 
decrease in concentrations o f  the  m ajority  o f  studied m etals in the series F P M >  
> S T P M >  silts >  sands, bu t also th e  significant rearrangem ents in  respect o f abun­
dance o f  particu lar m etals in various com ponents o f  the m arine environm ent (Table 
10). In  the w ater phase, the  overhelm ing quantities o f  Cd, Pb, Z n  and  H g occur in 
solution. The con tribu tion  o f th e  suspended frac tion  o f  the m etals in  their to ta l 
concentration in w ater is the least fo r  cadm ium , the highest fo r copper. Coefficients 
o f  enrichm ent o f  suspended m atte r in  m etals are, however, very high and  increase 
in the  same order as the co n trib u tio n  o f  suspended fraction  o f m etals from  Cd 
(6 x  JO4) to  Cu (4 x  105). Table 10 lists m ean values o f  the coefficients calculated fo r

Table 10. Characteristics of the average distribution of cadmium, mercury, lead, copper and zinc 
•.in the Southern Baltic

Value Cd Pb Zn Hg Cu

■Concentrations in  water [|ig -dm ~3] 
— mean 0.26 0.89 7.79 0.09 1.89
— modal 0.15 0.39 7.07 ' 0.04 1.86

'Particulate metals in the total concentration 
[%1 8.1 15.8 16.5 28.4 41.3

-Coefficients o f enrichment 
-  FPM s 60 140 160 390 400
-  STPM x 103 15 82 12 6 110
— silts 1.6 60 19 2.4 17
— sands 0.2 6 3 1.2 2

m etal concentrations in  suspended m atter and w ater for each sam ple o r from  the 
•metal concentrations in  bo ttom  sediments and suspended m atter and  from  m eans 
,of regional concentrations o f  the  m etals in filtered w ater from  a particu lar region. 
.Similar to  th a t in the Southern Baltic affinity o f  m etals to  suspended m atter in  respect 
-of accum ulation coefficients and  ranking o f  the  elements after their abundance was 
observed by N aruse et al. [22] in  the  G u lf o f Ise a t  the Pacific coast o f  Japan. D egra­
dation  o f organic m atter liberates considerable am ounts of m etal as early as during 
the first m onths after the ir deposition; coefficients of accum ulation o f  Hg and  Zn 
in  suspended m atter collected in  traps were by 1 to  2 orders o f m agnitude lower 
than  in  suspensions filtered from  the w ater, whereas coefficients o f accum ulation o f  
Pb, Cd and. C u were two- to  fourfold  lower. F u rther decrease o f  the accum ulation 
o f the m etals, dow n to the coefficient values o f  the o rder o f  102 - 103, takes place 
in silts. Carefully rinsed sands from  open sea regions practically contain  no m ore 
fraction o f the  m etals extractable under the given conditions. The presence o f  som e 
am ounts o f  m etals in sands from  the G u lf o f  G dańsk and  the Puck Bay is always 

„accompanied by a  rem arkable content o f  organic m atter (Tables 2 and 8).
The ra tio  o f  m etal concentrations in various kinds o f  suspended m atter to  their



concentrations in silts (Table 10) reveals a  significant difference in  the rate  o f  the 
chemical transform ation  o f organic m atter in suspensions. O f the 5 m etals considered, 
H g is released from  suspensions a t the highest rate, followed by C u and  Cd. O n the 
o ther hand, releasing o f  Z n  and  Pb occurs considerably less efficiently. The facility 
and efficiency w ith  w hich m ercury returns to  m arine environm ent provide serious 
ecological threat.

The ran k  order o f the m etal concentrations in suspended m atter and  bottom  
sediments is the outcom e o f a  num ber o f factors. In  the Southern Baltic the ran k  order 
is as follows:

FPM  F e > Z n > C u > C r > P b > S b >  A g > H g > C d > C o > S e > C s
STPM  F e > C u > Z n > C r > P b > C o > S b > C s > C d > S e > A g > H g

B ottom  sedim ents
(G dańsk  Basin) F e > Z n > P b > N i> M n > V > C u > C r > C o > C d > H g

B ottom  sedim ents
(Southern  Baltic) F e > M n < Z n > C r > N i> V > C u > P b > C o > C d > H g

E arth
crust F e > M n > V > C r > N i > Z n > C u > C o > P b > C s > S b > C d > H g > S e >  Ag

As far as the bo ttom  sediments are  concerned the ran k  order resembles m uch the 
natural abundance o f the elements in the lithosphere (after Taylor, cited after Polański 
and  Smulikowski [27]), and  in  the case o f the so-called heavy metals it is identical. 
The m ain difference is th a t in the G dańsk  Basin certain  shift o f  Zn and  Pb occured 
(in the open sea zone the shift o f  Zn) to  the group o f  m ore abundan t elem ents. 
Investigations o f the Baltic bo ttom  sediments carried ou t by N iem isto and  Tervo 
[23] as well as by O lausson et cil. (cited after [23]) have show n sim ilar o rder o f  occu- 
ring elements to  the natural one, w ith increasing tendency o f  occuring o f Zn and  Cu 
in  the N orthern  Baltic, o f  Zn and Pb in  the open sea an d  o f Zn, Pb and  Cu in the 
coastal zone. Slight differences in ordering the elements in the Baltic sedim ents after 
various au tho rs can be due to  regional conditions, they usually fall, however, w ithin 
the dispersion due to  random  errors o f  analyses (Table 4). T aking into account all 
the da ta  on trace m etal contents in  the sedim ents o f  the Baltic Sea it can  be stated 
th a t absolute concentrations o f  Zn, Pb, Cd and  H g in the Baltic sedim ents are higher 
than  the m ean concentrations o f these m etals in  the unpollu ted  regions [27]. The 
concentrations o f  all rem aining m etals (Fe, M n, Cr, N i, Co, V) are  lower in the 
Baltic th an  in the clean regions the difference being so large, th a t even accounting 
for the m etal fraction built in the crystal lattice o f  loamy m inerals does no t affect 
this estim ate. The ordering o f trace m etals in suspended m atter and  bo ttom  sediments 
o f  the Southern Baltic seems to  be strongly influenced by high accum ulation o f 
m etals in m arine organism s, specially Cu, Pb, and Zn. I t  is also in accordance w ith 
the stability constants of these m etals w ith hum ic and fulvic acids and  proteins 
[18, 25],
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