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ABSTRACT

Concentration and chemical forms of metals in bottom sediments and dredged mud
of the Weser Estuary were studied. The sediments with the highest metal contents are
found in the harbour basins of Bremen and in the mud shoal near Nordenham. Associa-
tion types of the metals can be divided into 2 groups: metals with relatively high
potential of mobilization, such as Cd, Zn, Mn, and Ni and those that are strongly
bound on particles - Cr, Cu, Pb and Fe. An estimation of the bicavailability of these
metals based on chemical extraction studies is relevant to problems encountered dur-
ing disposal of dredged materials.

INTRODUCTION

According to information provided by the Federal Institute of Hydrology in Koblenz
approximately 30 million m’ dredged sludge are produced during maintenace dredging
cach year in the coastal regions of the Federal Republic of Germany. Maintenance
dredging is regularly wundertaken in the mud shoal (1) of the estuary of the Weser
and other rivers as a measure to clear and maintain shipping channels. Dredged sludge
is quantitatively the largest portion of waste products dumped into the North Sea;
in 1978 72 million tons of dredged sludges were dumped into the area covered by the
Oslo Convention. The amount which the Federal Republic of Germany disposed into its
immediate territorial waters was 12 million m’> in 1977 and 2.5 million m® in 1978 (2).
The greatest portion of the Weser maintenance dredging sludge is dumped near lower
Weser River kilometer 80 (UW-km 80). It is not clear to what extent this material
is then washed into the North Sea or re-transported into the mud zone.

The Weser sediments - and consequently the dredged sludge - are contaminated with
municipal, industrial and agricultural wastes and runoff. This contamination consists
of potentially significant amounts of chemical toxicants and heavy metals. It is
conceivable that under certain conditions the contaminants present in these sediments
could have an adverse effect on the environmental quality at both the dredging and
disposal sites (3).

In order to estimate the potential effects of metal contaminated sediments or
dredged sludges on biota, those metallic association types that may be participants
in the short- or middle-term chemical and physiological processes must be investigated.
Furthermore, an environmental compatability test must take into account the various
remobilization effects that may play a role in certain parameters such as increased
salt concentrations in estuaries and disposal sites in the ocean, alteration of the
oxygen contents, the reduction of pH values due to acid precipitation, and increased
concentrations of organic complexing agents (4). Therefore, extraction sequences have
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been developed for heavy metals and
phosphorus from which the relative
association strength and environmental
behaviour of these components in the
solid phase can be estimated (5,60).

THE ENVIRONMENT

Hydrographic and sedimentologic
descriptions of the coastal plain
estuary of the Weser are given by
Lineburg et al. (7) and Wellershaus
(1). Like other dredged estuaries
the Weser is characterized by a mud
shoal and a turbidity maximum in the
zone where 5 to 15% isohalines inter-
sect with the bottom. Further upstream
and downstream the sediments consist
of sand except some sheltered places
in harbour basins and calm bays.

Due to complicated processes the
mud and suspended material (seston)
are roughly identical - at least in
the <63um fraction.

Mud as well as seston contain mine-
rals and organic matter. During its
bacterial decomposition oxygen deple-
tion takes place in the near-bottom
water, and reducing conditions are
common in the sediments a few centi-
meters below its surface.

METHODS AND MATERIALS

"vx".;zl ing

arinag 1980 and 1981 samples of
rdiment and dredged material were
the Weser Estuarv in order
s, 'f'rr.1qr the contents of heavy
:, rhozphorus and organic sub-
stances a5 well as the chemical forms
€ the heavy metals and phosphorus.
The results for phosphorus and the
organic substances have already been
reported (6,%).

Sampling in thr Woe
tuary was carried out from the re-
search vessel VICTOR HENSEN and from
the hoprer suction dredger LUDWIG
FRANZIUS on several sampling trips.
Figure 1 shows a general view of the
estuary with the various sampling
stations beginning in river water
and ending at higher salinities.

The following trips and tasks
were carried out:
16. May 1980: Sedimcnt sampling from
the middle of the dredged shipping
channel at spring tide;
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3. October 1980: Dredged sludge from on board the hopper suction dredqer at the in-
flow and outflow of the mud containing spaces, taken from the mud shoal near Nor-
denham (UW-km 55) ;
16. March 1981: Sediments from the harbours of Bremen, from the middle of the ship-
ping channel as well as from the eastern and western slopes at neap tide;
13. July 1981: Dredged sludge on board the hopper suction dredger as well as se-
diments from the disposal site.

Sediment sampling was done with a Van-Veen grab. Two or three samples were taken
at each station and the material thus obtained was deep frozen for subsequent analysis.

Analysis of samples

The sediments and dredged sludge were freeze dried and the particle fraction
<63 um was separated. It was in this fraction (silt and clay) that the areatest
amount of heavy metals was found. There was no grain fractionation of the dredged
sludge samples taken on October, 1980.

The samples were digested with concentrated HNO, for two hours at 180°C. With
this procedure all heavy metals with the exception of Fe and Ni werc nearly complete-
ly solubilized. Analysis was made using flame- and carbon furnace atomic absorption
spectroscopy for the metals Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn. The accuracy of ana-
lysis was tested with a sediment standard. The Fe and Ni values had to be corrected
by the factor 1.7 and 1.4, respectively, due to incomplete dissolution with the
HNO3 reagent.

RESULTS

Metals in sediments

The results are presented in Table 2 and Figure 2. The sediments with the high-
est metal contents were found in the harbour basins of Bremen and up to UW-km 20,
after which they decreased in a constant manner, but began to increase again near UW-
km 50-70. In this segment of the mud shoal, the shipping channel is constantly
dredged. Especially high metal contents were found in the upper layer of a sediment
core (0-2 ¢m) at UW-km 60, which was taken from the west bank immediately in front
of a lead, zinc and cadmium processing facility. The metal contents sank once more
further downstream in the estuary.

Metals in dredged materials

The metal contents of the samples of dredged materials investigated did not sig-
nificantly differ from those of the sediments because the material was chiefly
finely grained with a negligible sand portion. For comparison, Table ! shows two
samples for which no grain fractionation was carried out and one sample for which
only the fraction <63 um was investigated. All three samples originate from the mud
shoal zone between UW-km 50-60.

Sample cd Cr Cu Fe Mn Ni Pb Zn

(mg kg™ 1)

no grain fractionation (10/3/80)

dredger-inflow 2.71 37.4 23.4 23802 1185 24.6 63.7 272
dredger-outflow 2.49 34.5 25.5 22240 1219 23.2 61.7 282

fraction <63 um (7/13/81)

3.30 61.6 26.1 25800 1440 39.0 56.6 280

Table 1 : Metal contents in dredged material
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cd Cr Cu Fe Mn Ni Pb Zn

(ma-kq™ )

UW-km e m w © m w e m w o m w e

ANV CU IR D TR B 29 146 97 92 156 23100 23100 24900 1000 1012 976

o>
(]

42 48 187 204 265 755 736 1432

BLh 00N 60D N A Tod 100 86 al 86 23800 231500 24200 760 1012 £32 39 46 46 187 178 196 830 679 830

AL 3LRG Ylleg Y BID Sh0H9 e 41 19500 12900 12900 784 689 589 33 17 18 187 156 152 585 296 361

LT 2,00 2090 1o 19 T3 S48 4 41 17300 20200 14700 689 g2e 600 26 2 21 213 196 152 443 544 378

1203 2,00 1,00 2,50 65 22 o943 32 48 17300 20200 18700 724 600 832 25 32 27 178 100 204 459 312 544

18.0 0.24 2.00 77 85 32 44 26700 23100 535 1107 42 32 57 187 116 459

20.0 7.23 83 91 33500 1740 76 89 947

21.0 1.31 4.70 54 93 48 162 14400 28500 530 1304 19 46 152 204 361 774

30.0 0.14 2.40 54 77 9 59 21500 20400 892 904 20 28 39 248 100 585 S
38.0 0.09 0.09 62 69 9 9 21500 27400 165 243 21 20 44 39 67 67 N
40.0 0.75 53 21 27900 600 47 336

50.0 0.08 2.23 0.12 54 58 54 9 44 14 19600 23400 19600 371 727 915 15 44 18 22 117 48 43 391 84
53.0 1.76 2.35 0.21 92 92 54 43 65 18 26700 25900 16300 808 1732 644 34 39 15 239 187 48 508 459 116
55.0 2.79 41 39 30400 950 52 357

60.0 0.12 2.35 18.2 77 69 92 20 36 376 25600 24600 33800 820 1375 1818 29 42 38 100 135 4478 149 375 6429
63.0 2.00 2.67 3.16 69 73 69 36 36 36 23000 25200 18900 916 1107 844 26 27 25 152 178 274 443 476 459

65.0 2.21 36 31 26200 890 44 382
70.0 3.06 41 39 29600 910 51 343
75.0 0.75 17 13 18000 400 16 163
80.0 0.40 22 16 20400 890 19 179
90.0 0.91 27 23 860 32 261
Table 2 :

Total metal contents in the bottom sediments of the Wese

r Estuary -~ e = eastern, m = middle and w = western side of
the river,

Silt and clay fraction (£63um). The sediments contained different amounts of silt and clay.
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CHEMICAL FORMS OF THE METALS

Following a review of various procedures given in the literature, Salomons &
Férstner (5) propose a standard extraction method for the assessment of the as-
sociation form of particle-associated heavy metals. Three solid phases can be dis-
tinguished:

1. Exchangeable cations, manganese compounds and carbonate-bound metals;
2. Metals bound to organics and sulfides;
3. Metals bound in crystal lattices of detrital silicates.

This standard extraction scheme is still somewhat unsatisfactory later on in the
sequence. The moderately reducible components are partially extracted with H_ O_,
but a portion of this fraction, which may well originate to a certain extent from
anthropogenic sources, is not extracted by the suggested reagents.

As to the question of biotic availability, this aspect could very well be of
secondary importance, concerning as it does relatively stably bound metal phases.
It appears, however, that for other fields of application, for example the determi-
nation of origin and distribution as well as diagenetic effects, it is important to
have an additional extraction step for moderately reducible components.

After consideration of the above facts, we introduced the application of the Schwert-
mann oxalate buffer reagent (9) directly after leaching with acidified hydroxyl-
amine hydrochloride. While maintaining as good a practicability as possible, we
applied the following scheme (10):

I Exchangeable cations - 1 M ammonium acetate, pH 7, solid/solution ratio 1:20,
2 h shaking;

I1 Easily reducible phases (Mn-oxides, partly amorphous Fe-oxyhydrates and carbo-
nate phases) - 0.1 M NH,OH-HCl, pH 2, dilution 1:100, 12 h shaking;

III Moderately reducible phases (e.g. amorphous and poorly crystallized Fe-oxyhy-
drates) - 0.2 M ammonium oxalate + 0.2 M oxalic acid, pH 3, dilution 1:100,
24 h shaking;

IV Organic fraction, incl. sulfides - 30% H202, 85°C, extracted with 1 M ammonium
acetate, dilution 1:100, 12 h shaking;

v Residual fraction - conc. HNO3, 180°C, dilution 1:100.

Figure 3 includes data from the extraction experiments on selected samples of
bottom sediment from the estuarine zone and on two dredged sludge samples.
Principally, two categories can be distinguished:

- metals, such as Cd, Zn, Mn and Ni that have a relatively large potential mobili-
zable portion, and
- metals, such as Cr, Cu, Pb and Fe that are stably bound on sediment particles.

It is apparent that 5-20% copper is found in the organic/sulfidic fraction. To
which extent metals from this fraction are released, e.g. by microbic transformation
of organic material, is unclear.

cd and Zn show very similar association behaviour. They are found mostly in the
easily reducible and exchangeable phases, from which they, like Mn, can be released
under anaerobic conditions.

A comparison of sediments and dredged materials does not indicate any difference
in the type of association of the individual metals. A deviation from this pattern,
however, is the heavily contaminated sediment sample from UW-km 60. In it the mine-
ralic and sulfidic components are predominant for the elements Pb, Cd, Zn and Cu.

It is this fact and the lead contents 20 times greater than average that point to the
presence of ore muds or ore dust that would originate from the nearby lead works.
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DISCUSSION AND CONCLUSION

Dredging during 1981 in the Weser Estuary produced 8 million m® of material in-
cluding 5 million m® mud, most of which was subsequently dumped into the outer
estuary at Weser-km 81 (11). From the average metal contents of the sediments in
the dredging zone (UW-km 51-65) the quantity of heavy metals moved can be deter-
mined if it is taken into account that the dredged silty sludge consists of 20%
solid materials. Table 3 shows total values and the anthropogenic portion of heavy
metals dredged in the mud zone in 1981.

avg. contents natural back- total anthropogenic portion

Element in sediment ground (12) in dredged mud

(mg-kg™ 1) (tonnes, 1981)
cd 2.4 0.2 6 5.5
Cr 62 60 155 5
Cu 42 31 105 27
Ni 58 32 145 65
Pb 154 20 385 335
Zn 393 95 983 745

Table 3: Amount of heavy metals dredged in the mud zone of the Weser Estuary in 1981

There are several possible fates for the disposed sludges:
- they are removed from the estuarine zone completely and washed into the North Sca,
- or they are washed onto the tidal mud flats,
- or they are transported back into the dredged zone by "bottom density currcnts” (1).
The final fate can only be determined by hydrological investigations.

We were mainly interested in the physico-chemical behaviour of the heavy met-
als associated with the sediments. During dredging, oxygen content does not re-
main stable in the sediment. When the sludge is dumped at sea, it is qgencerally
introduced into an environment that has a higher oxygen and salt content.

With regard to oxidizing conditions Chen et al. (13) have found that all metals
observed, with the exception of Cr, were released in the sediment-water interfacc.
In comparison with background seawater they found that Cd, Mn, Ni and Zn were
significantly released; Cu, Fe and Pb were only moderately released. It is suggested
that the release effect is mainly the result of carbonate and the formation of
chloro- and organo-complexes. Under reducing conditions, Fe and Mn were mobilized
to a very high level (ppm range). The concentration of the other dissolved metals
decreased to extremely low values in the initial contact period. With time the
concentrations of Cd, Cu, Ni, Pb and Zn increased once more. The decrease effect
is a result of metallic sulfide formation. The redissolution effect is due to the
desorption from Fe and Mn or clay minerals and the slow kinetics of the metal-
sulfide precipitation, the formation of sulfide complexes, or the formation of
organo-metallic complexes.




We investigated dissolution rates of the metals in artifical seawater in a
relatively short period, namely 96 h. Results showed that Mn was siqnificantly
released (25%), Pb, Cd and Zn were released to only a very small extent and that
for other metals no dissolution effects were observed.

Due to the extremely low concentrations of metals in seawater, the relative
factors of release over the background levels should not be used as dredging
criteria. The release of metals in the soluble phase is deemed ecologically in-
significant (13). During a dumping event, we observed the behaviour of metals sorbec
to the dredged sludge; there was no measurable increase in the heavy metal concen-
tration in solution. However, metals associated with certain fractions of the
dredged sediments, e.g. with the organic phase or the interstitial waters, might
be available as a food source for filter-feeders and algae, and will possibly pre-
sent some potential problems.

This is even more true for disposal of dredged materials on land. The suggested
extraction sequence can here too give indication of potential mobilization proces-
ses.

The extraction mechanisms with which plant roots actively participate in the re-
moving of nutrients from soil include redox- and pH-alteration (14, 15) and the
organic complexing processes (16). From the simulation of these basic mechanisms
- which could vary greatly to plant or soil type and climatic conditions -
possible to arrive at conclusions as to the biological availability.

For complexing processes from soil, the DTPA reagent introduced by Lindsay &
Norwell (17) appears to be a good indicator of the reservoir of labile metal
compounds. Its disadvantage lies in its poor phase specifity.

In the present extraction sequence the treatment with ammonium acetate gives
the easiest available fraction. The subsequent hydroxylamine treatment includes
those metal portions occluded in a Mn-oxide matrix that may be released during
post-oxic changes in the sediment. In the third stage (oxalate buffer), the
simulated dissolution of Fe-compounds in comparison may amount to a relatively
small portion during normal metabolic processes.

it is

The uptake of metals in aquatic environments and by terrestrial plants is not
a single function of total metal concentration. The prediction of the toxicity
on organisms requires the understanding of the physical, chemical and biotic pro-
cesses, which uncouple uptake from total concentration and control the biological
availability of metals. Future investigations should concentrate on the develop-
ment of bioindicator procedures.
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