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which show that in the winter period the suspended matters consist of a mixture of
terrigenous and marine particles up to km 70, (continous dredging is required to
keep the gullies at a certain depth). Almost all samples analyzed for plutonium,
were in fact collected during this winter period (Febr. to April). Our data show that
plutonium-enriched particles may be transported much further landward, well into
the freshwater zone up to km 120.

The exact enrichment process is still unknown. In the absence of a significant
input of particles like in the Gironde estuary, a plutonium increase has there been
ascribed to the uptake of marine dissolved plutonium by the brackish-water
suspended matter (22, 23, 24). In the Western Scheldt estuary, it is not known if the
particles which 'scavenge' dissolved plutonium are the detrital particles supplied by
the river (and later retransported landward) or the 'marine' particles of the North
Sea. )
239+240Pu concentrations in the La Hague
region are 1.3-6.8 £Ci/l (19). In the water of the North Sea in front of the Delta,

Dissolved (by filtration) marine

average total (particulate + dissolved) concentrations were 0.81 + 0.34 £Ci/l in
1980-1982 (34). All these concentrations are higher than those of the coastal waters
of the Bay of Biscay (0.1-0.2 fCi/l; dissolved) near the Gironde estuary (23). The

seaward increase of normalized 2394240

Pu concentrations in the Western Scheldt
sediments is by a factor 10, whereas it is only 2.5 in the Gironde estuary. This
plutonium enrichment of marine fine-grained sediments probably reflects the

dissolved concentrations, as might be expected.

Origin of plutonium238

238, ,239+240

In the Rhine-Meuse-Eastern Scheldt estuary, Pu/ Pu ratios increase
seaward, reaching 0.22 in sediments and 0.31 in mussel flesh (Fig. 11). The Western
Scheldt estuary shows a different pattern with a pronounced peak near km 100
(Fig. 12), where this ratio reaches 0.5-0.6, a value nowhere observed in the Delta
region. These data clearly point to the occurrence of an additional 238F’u source.
Potential sources of artificial radionuclides are only nuclear installations at Mol,
Doel and Borssele. In the Western Scheldt estuary sediments are transported over a
long distance so that the location where the maximum radionuclide concentration
occurs, does not necessarily need to correspond with the area where effluents are
discharged in the system. In order to clarify this problem, attention has been given
to 60Co, a major component of PWR power plant effluents.

This gamma emitter has been supplied to the Western Scheldt since 1973 at

Borssele and 1974 at Doel (8). Assuming that é0co did not escape from the estuary,
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the total activity after decay correction ( half-life 5.2 yr) would amount to about
‘ 60
Co

discharges near Mol in a small tributary of the Rupel river amounted 0.22 and 0.27

11 Ci in 1981, most of which supplied by the power plants of Doel. Recent

Ci in 1979 and 1980, respectively (after De Clerg-Versele et al, (35) this volume)
60Co
has been discharged into the Western Scheldt estuary by the three mentioned

and Metayer-Piret et al (36). During this period a total of 1.3 and 0.9 Ci of

sources, 62-70% being attributed to the Doel power plant.
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Pu/ Pu concentration ratios in recent sediments and mussles (only Mytilus edulis from
brackish regions) from the Rhine-Meuse-Eastern Scheldt estuary. Haringvliet data are given for comparison.

Fig. 11. Isotopic

The 90

where concentrations reach 12000 pCi/kg Al. They decrease in both landward and
60
Co

contamination level, due to effluents from reprocessing plants and a number of

Co distribution (Fig. 13) shows a prominent peak near km 60 (at Doel),
seaward directions. The sediments of the English Channel show a variable

nuclear power stations. Normalized concentrations in suspended matter of the
Strait of Dover are 800 + 460 pCi/kg Al.

Locally these concentrations might reach 2200 pCi/kg Al as in the Aa estuary
near Gravelines power plant. The concentrations in the Dutch Delta are, however,
always very low ( 80 + 50 pCi/kg Al), so that input from the sea towards the
Western Scheldt is very limited. These data indicate that the peak near km 60 can

essentially be attributed to the discharge of the Doel plants.
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Fig. 12. Isotopic Pu/ Pu concentration ratios in sediments and mussels of the Western Scheldt estuary.

Although the location of the 60Co peak in the bottom sediments is not sharply
238Pu/239+21+0

consequence, the likely major source of excess 238Pu is probably not the Doel

defined, it does not correspond with the highest Pu ratios. In

power-plants effluent, but the nuclear installations at Mol, its drainage entering
the Scheldt at km 100 through the Rupel river.

Estimated sources and quantities of plutonium in the Western Scheldt

A tentative estimate is made of the annual input of plutonium isotopes in the
Western Scheldt estuary (Fig.14), assuming that: (i) the concentrations measured
between km 50 and km 100 in the surface layer of the bottom deposits and in the
suspended matter are representative of the sediments entrapped in this major
shoaling area, (ii) these concentrations are not biaised by reworking with old
sediments and (iii) plutonium is fixed rapidly by sediments and post-depositional
migration in the estuary is negligible, (37,38). In fact, several samples of salt-marsh
sediments were collected in 1961-1962 in the Haringvliet basin and Lake Veere,
having low interstitial water salinities (0.3-3 °/oo). Normalized SHEp,
concentrations in these samples ranged from 17 to 370 pCi/kg Al, which is of the
same order of magnitude as those of sub-surface layers in two cores taken in the

Haringvliet and Western Scheldt. These values are similar to those found in recent
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Fig. 13. Normalized 60Co concentrations in recent sediments of the Western Scheldt estuary (1979 - 1984).

freshwater sediments and no evidence has been found of any occurrence of old
sediments with higher plutonium content in the Delta.

According to a net sedimentation of 2x106 tons/yr between km 50 and 100 in
the Scheldt (1,2),and taking into account the average concentrations of plutonium
234280 18 pCi/kg and 238p: 6.5 pCi/kg), the quantities

Pu, which are associated to these sediments are 32 and 13

measured in that area (
of 239+2140pu and 238
mCi/yr, respectively (Fig. 14). Input by fallout includes river input in particulate

and dissolved form and direct fallout by rain over the estuary. Using a Scheldt solid

9

and liquid discharge of 1.52x106 tons/yr and 2.8x10 m3/yr, respectively, the

particulate and dissolved plutonium inputs can be calculated. Taking the particulate
plutonium measured near Gent, the particulate input of 239+240pu and 238F‘u is 5
and 0.2 mCi/yr, respectively. Dissolved river concentrations may be estimated
using an average distribution coefficient of 7x104, as measured in French rivers
(24). 1f calculated on this basis, the dissolved input seems to be negligible as
compared to the particulate input, (dissolved input of 239+zl’opu: 0.13 mCi/yr and
of 228py: 0.005 mCi/yr).

239+240Pu fallout at Milford Haven (G.B.) from 1979 to 1982 was smaller than
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Fig. 14. Tentative budget of average plutonium isotopes annual sources and sinks of the Western Scheldt estuary in the

major shoaling area of sediments near Antwerp (between km 50 and 100). All data are in mCi/yr.

5.7 ;JCi/km2 (39, 40), and this allows to calculate a maximum input of 2.85 and
0.086 mCi/yr for 239+240Pu and 238Pu, respectively, over the entire Western
Scheldt estuary (surface 500 kmz). Hence, the total input by fallout amounts to 8
and 0.3 mCi/yr for these isotopes.

The contribution of the remaining, non-fallout sources is then estimated at 24
239+2QOPU and 12.7 mCi/yr for 238

plutonium may originate from the North Sea and from contributions of local
239+240

- mCi/yr for Pu. This remaining or 'excess'

nuclear effluents. The distribution of Pu (Fig. 9) does not allow, however,
to envisage these contributions to be of great importance and the input from the
North Sea amounts probably entirely to the 24 mCi/yr.

Taking an isotopic ratio of 0.24 at the mouth of the Western Scheldt, the marine

238Pu is then approximately 5.8 mCi/yr. Since as afore mentioned the

input of
input other than fallout was 12.7 mCi/yr, an additional source of 6.9 mCi/yr is
required for the Western Scheldt estuary. Part of it may be covered by the CEN at
Mol, where in 1979-1980 the release was of 3 mCi total Pu/yr (35,36). This leaves
at least 3.9 mCi/yr to be accounted for. In principle nuclear power plants should

not release any 238Pu, but as observed in the Loire river sediments the isotopic
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Pu ratio increases from 0.035 upstream of nuclear power plants to
238
Pu

Pu/
0.25-0.42 downstream (15).Thus, in view of these findings, the occurrence of
releases by other sources like nuclear power plants in the Western Scheldt cannot
be definitely discarded.

Concerning the Borssele nuclear power plant, the average radioactive effluents
discharged per year amount to + 5000 m3, containing an alpha activity of | to &4
kBq/mB, from which 10% is attributed to 2>°Pu (41). This presents a quantity of
0.01 to 0.05 mCi/yr. For the Doel power plants, the value is less than 1 pCi/l total
alpha for about 5000-10000 m3/yr (42), which accounts for less than 5-10 mCi total
alpha/yr. If 238p,, is again 10%, the figure is 0.5-1 mCi 238Pu/yr. Thus, both
Borssele and Doel cannot be alone responsible for the remaining 3.9 mCi/yr to be
accounted for. This would be better if the used figure for the net sedimentation as
given at 2x106tons/yr is lower, as is suggested by the Rijkswaterstaat, Vlissingen on
the basis of dredge-spoil data for the period 19641983 (43), however denied by
recent Belgian recalculations (44) which give the same figure. »

Nevertheless, even for a lower sedimentation value of f.e. lx106tons/yr (the
238p, budget (Fig. 14) is that 4.3 mCi/yr is
to be supplied by industry (instead of 6.9 mCi/yr), which leaves 1.3 mCi/yr at the

dredge-spoil amount), the effect on the

account of other sources than the C.E.N. at Mol, like the mentioned nuclear power
stations. Such inputs are, however, small compared to the controled releases of the
La Hague (6.5 Ci total Pu/yr in 1977 (45)) and Sellafield (170 Ci 2>°Pu/yr in 1979-
1983 (46)) reprocessing plants.

In conclusion, the preceeding estimates only represent a first tentative asses-
ment of plutonium inputs in the Western Scheldt estuary, which obviously requires
additional experimental work and modelling. Although a number of uncertainties
still subsist, these estimates confirm that the marine input is the major source of
plutonium contamination being more than 70 % for the 239+2L‘0PU and approxima-
tely 45 % for the 236

On the contrary, 60Co is essentially supplied by industrial effluents directly

Pu accumulation in this estuary.

discharged in the estuarine zone. The same calculations as above allow us to
estimate 60Co sedimentation to 700 mCi/yr. Average annual input by CEN at Mol
in 1979-1980 is 245 mCi/yr, to which must be added the discharges by nuclear
power plants. According to Luykx and Fraser (8), 740 and 125 mCi/yr were supplied
by the Doel and Borssele power plants, respectively. River input by particulates is
negligible (smaller than 18 mCi/yr) since the radionuclide is not found in fallout.
Thus total nuclear input averages 1110 mCi/yr. This value is not significantly

different from the quantity entrapped within the sediments, but raises the question
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of a possible partial mobilization from anoxic sediments.

Concerning the hazards of mussel consumption, it has to be remembered that
only 0.1 % of all alpha radioactivity is contributed by the total plutonium activity.
Additionally a consumption of 50 kg mussels per year is still 10-501: the ALI (annual

limite of intake for people involved with the nuclear industry).

CONCLUSIONS

-Measurable plutonium contamination has been detected in all sedimentary

material as well as in marine biota (mussels) in the entire Dutch Delta area and
coastal regions north-eastwards to the German border. The total alpha activity of
plutonium isotopes is very low and only represents 0.1 % of the alpha radiation

caused by natural radionuclides of the uranium and thorium series.

239+240

-Contamination of coastal environments of the Delta by Pu, originating

from nuclear industrial sources (reprocessing plants), is at least equal to the supply
of plutonium by atmospheric fallout, including drainage-fallout. This industrial

influence is hardly detectable in the north-eastern part of the Dutch coast.

-238Pu is a very sensitive tracer for nuclear industrial releases, which on the

whole exceeds the input by fallout by one order of magnitude. Although 238Pu

concentrations tend to decrease north-eastwards, the industrial contamination by

238Pu is still obvious near the German border and probably can be followed

furtheron.
-238Pu contamination in the Delta area is of recent origin, as is shown by an
increase of the 238Pu/239+2l"019u ratio during the last ten years. This effect is

primarily noticeable in regions where recent sediments accumulate, contrary to the
salt-marsh deposits in which deposition is slower and mixing with reworked older
sediments occurs.

-The major sources of plutonium contamination are the effluents released by
the nuclear fuel reprocessing plants of La Hague and Sellafield, the relative
contribution of each cannot be simply evaluated. Input of plutonium from the North
Sea (probably essentially contaminated along the Dutch coasts by inputs of Channel
water) to the Delta is observed in coastal and brackish-water environments. It is
obvious that landward transport due to specific estuarine hydrodynamic processes is
most likely occurring. Thus contamination may spread up into the freshwater
environment of the estuary.

-Part of the 238
Meuse rivers cannot be attributed to fallout, but suggest the existence of small

Pu concentrations measured in the sediments of the Rhine and

nuclear industrial inputs in the upstream system.
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-Local effluents do influence the general pattern in the Western Scheldt
estuary, where additional industrial inputs of 238Pu are present at levels equal to
the quantity originating from the North Sea.

-Estuarine distribution of plutonium isotopes is characterized by a seaward
concentration increase. This result confirms earlier studies in fallout environments
and is likely to be observed in any other well or partially mixed estuarine system.

-The seaward increase is partly governed by an uptake of marine dissolved
plutonium by estuarine sedimentary particles. The exact location where such
uptake occurs is unknown. The occurrence of a large proportion of detrital terri-
genous components in the fine-grained marine fraction of the sediments of the
Delta, as well as an important reintroduction of such 'marine' material in the
estuarine zones does not permit a simple answer to that question.

-Whatever may be the true enrichment process, the estuarine zones are able to
accumulate plutonium from the sea and deposite it in bottom sediments.

-A large question remains how these processes of accumulation will extend into
the future, and whether at some time a steady state equilibrium will be réached
where an input into the estuary is conterbalanced by an output, probably 'again' to
the sea.

-A practical consequence of interest is the possibility to use particulate
plutonium, and probably also other long-lived artificial radionuclides discharged by
effluents, as convenient tracers for studies of the sedimentary dynamics in
estuaries. Application to the Western Scheldt has shown that landward sediment
transport almost reached the limit of tidal intrusion.

-The hazard for mussel consumption is far below the ALI ( annual limit of
intake), like IO'5ALI for the consumption of 50 kg mussels/yr.
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