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Abstract

The knowledge of the distribution in time and space radiologically
important radionuclides from different sources in different marine
environments is important for assessemnt of dose commitment following
controlled or accidental releases and for detecting eventual new sources..

Present sources from nuclear explosion tests, releases from nuclear
facilities and the Chernobyl accident provide a tool for such studies. The
different sources can be distinguished by different isotopic and radionuclide
comosition.

Results show that radiocaesium behaves rather conservatively in the
south and north Atlantic while plutonium has a residence time of about 8
years. On the other hand enhanced concentrations of plutonium in surface
waters in arctic regions where vertical mixing is small and iceformation
plays an important role. Significantly increased concentrations of plutonium
are also found below the oxic layer in anoxic basins due to geochemical
concentration.

7.1. Introduction

Anthropogenic radioactive substances have reached a variety of marine
environments from different sources. Data for the fresh water environments
are more sparse since major nuclear facilities are namely located near the
sea. The recent Chernobyl accident however has focused the interest to lakes
and rivers especially in Scandinavia and the area adjacent to Chernobyl.
Several of these radionuclides are radiologically important for the long-term
storage of nuclear waste, in the prediction of source terms using isotopic
and radionuclide compositions, and act as excellent tracers for oceanographic
and bio-geochemical studies in the oceans.

Natural radionuclides such as Po/ Pb, radium isotopes, uranium
isotopes and thorium isotopes are used for determination of sedimentation
rate studies and general dating, but also reflect the flux of radionuclides
under equilibrium conditions. In addition Po plays an important role for
dose to man through marine food chains.

The general theory for dispersion is rather complicated and we here
refer to van Damm ( 1) for the mathematical formalism. The distribution of a
radionuclide after release to the marine environment will depend on a large
number of parameters such as the source term, physico-chemical form, abiotic
and biotic factors, general oceanographic conditions, etc. It is for example
obvious that delivery of plutonium and americium to the sea by a weapons
accident is quite different to a source such as global fallout or releases
from a nuclear fuel reprocessing plant. In the case of a weapon accident the
elements have not undergone any interaction in the atmosphere and a limited
one, if any, in the water column, and the interaction and resulting chemical
partitioning have taken place in the sediments.
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In this paper we describe the existent distribution of some
radiologically important radionuclides from different sources in different
marine environments.

7.2 Global distribution from fallout

7.2.1 Horizontal distribution

7.2.1.1 Radiocaesium

The general world wide fallout distribution shows maxima at 45 °N and S
and minima at the equator and the poles. Since most nuclear tests have been
carried out on the northern hemisphere, 80% of the fallout has been deposited
in the Northern Hemisphere. These data have been confirmed by measurements of
soil samples collected world wide and there are several reasons to believe
that this general initial distribution is also valid for the oceans.

The distribution today is a result of water movement, diffusion and
vertical settling of radionuclides associated with particulate matter.
Estimations of mean residence times in the upper mixed layer have been done
by studies of vertical flux collecting sedimentary material or by estimating
inventories in different layers of the oceans.

During the recent Swedish Antarctic Research Expedition (SWEDARP 88/89)
samples of surface sea water were collected during steaming from Gothenburg,
Sweden and the Antarctic Peninsula. The results for Cs and Pu were
compared with those obtained from the GEOSECS expedition in 1972/73 and the
Polish Expedition 1977/78. The sampling routes are displayed in Fig. 1. and
the results for Cs are displayed in Fig. 2. Activity concentrations of
radiocaesium after correction for physical decay show an amazing agreement
from 30°N to 70 °S. The immediate conclusion is that radiocaesium from
nuclear detonation tests has behaved almost perfectly conservative in open
Atlantic surface water. We must however consider eventual input sources since
1973.

We can distinguish different regions such as 20 °-40 °N where the
activity concentrations of Cs are about 3 Bq m , between 30 °S and 20 °N
about 2 Bq m~3, between 65 °S and 50 °S about 0.5 Bq m~3, and south of 60 °S
about 0.3 Bq m . Significant decreases in concentrations occur when entering
the South Sea Current at 40 S and the circumpolar Antarctic water at 55 °S.
These rapid decreases are accompanied with drops in the water temperature.

The GEOSECS expedition in 1972/73 (2) showed the characteristic peaks
for the general fallout distribution with maxima at 40-50 °N and S. The
general lower fallout in the southern hemisphere is also noted. The peak at
40-50 N has more or less disappeared during 16 years probably as a result of
activity being transported into the Arctic Sea and as a result of horizontal
advection and mixing. The Polish expedition passed through areas influenced
by European reprocessing facilities while the GEOSECS expedition went further
east in the North Atlantic.

The estimated fission yields of atmospheric nuclear tests since 1973 are
about 6 Mt mainly from Chinese and French tests compared to a total of 217 Mt
since 1945. Other sources such as aeolian redistribution and run off are
considered to be of less importance. The mean residence time of radioactive
material in the stratosphere is about 11 months and remaining activity from
older tests might have given some contribution. An overall calculation,
however, gives that the half life of radiocaesium (corrected for physical
decay) from nuclear detonation tests in surface waters of the North and South
Atlantic is 100 years or longer which is not in agreement with the general
residence time of surface water (25 years). This observation suggests
recirculation or additional sources of Cs.
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Fig. 1. Sampling route for the study of anthropogenic radionuclides in the
North and South Atlantic. GEOSECS, Polish and SWEDARP expeditions.
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Fig. 2. Cs concentrations (Bq m ) in surface waters from North and
South Atlantic obtained from the expeditions shown in Fig. 1.
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2.1.2 Plutonium

The results for Pu from the GEOSECS and the SWEDARP expeditions
are displayed in Fig. 3. Results for plutonium from the Polish Expedition are
not available. The general latitudinal distribution of plutonium is similar
to that for radiocaesium although the sharp decrease at 40 S is not
observed. In the latitude band 50-25 N the concentrations in the surface
waters are about 8 mBq m~ , in the latitude band 25-5 N about 3 mBq m~ , 0
°S-60 ° S about 1.5 mBq m~ and actually slightly higher values in the
circumpolar water around the Antarctic Peninsula.

The concentrations of plutonium have decreased a factor 4-5 during 16
years from which we can derive a halflife of 7-8 years in the surface waters
of the North and South Atlantic. Based on flux derived residence times and
mixed layer transuranic inventories residence times for plutonium were
estimated to 2-13 years in the pacific and 12.3 years in the mediterranean
respectively ( 3 , 4).

Plutonium-238 is also present in our environment since the activity
238 230+240

ratio Pu/ Pu in nuclear test fallout is 0.025. In the southern
238

hemisphere Pu originates mainly from a satellite SNAP-9A failure in 1964
when 1 kg of Pu metal reentered the atmosphere and burned up at high
altitude over the Mozambique Channel. The activity ratio Pu/ Pu in
integrated fallout on the Southern Hemisphere is therefore generally around
0.25. How much of that plutonium remains in the upper mixed layer and whether
the behaviour from this source is different to that for nuclear test fallout
plutonium is not clear.

Plutonium was also measured in samples from the North Sea, the Norwegian
Sea and the Barents and Greenland Seas during the Swedish YMER-80 expedition

The concentrations were 13+2 mBq m . In Fig. 4 the concentrations of
Pu in sea water from 74 S to 82 N are displayed with the results

from the SWEDARP expedition and the POLARSTERN expeditions in 1985 and 1987.
The data for temperate and arctic waters are in agreement with those from the
YMER expedition but it is surprising that pltonium concentrations increase
with latitude. Only a minor fraction of plutonium, 10%, originates from
European reprocessing facilities (6). The results suggest another source. A
possible explanation is close in fallout on the ice following the nuclear
tests at Novaya Zemlya. The ice drift and successive dissolution may
constitute a constant input source as well as the rivers flowing through the
European and Siberian tundra to the Arctic Sea.

7.2.2 Vertical distribution

Data for vertical profiles are essential for estimating
inventories; however the general coverage of the oceans by such profiles is

137 239+240

poor. In Fig. 5 typical profiles for Cs and Pu in the Mediterranean
are shown. The general vertical distribution is similar for other oceans but
the Mediterranean shows sligthly higher concentrations. Concentrations are
depleted in the surface layers and there is a sub-surface concentration
maximum for both radionuclides.

Generally the Pu/Cs activity ratio increases with depth due to the
preferential association of plutonium with particulate material, followed by
the sinking of these relatively plutonium-enriched particles. In the same way

Am is associated with particulate material to a greater extent than
plutonium and the Am concentrationincreases over plutonium with depth.

There is an insufficient number of sediment cores analyzed in order to
make a correct estimation of sediment inventories. For the Mediterranean,
Livingston et al. (7) have reported data from which it can be estimated
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Fig. 3. The distribution of Pu (mBq m ) in surface water from the North
and South Atlantic obtained from the expeditions shown in Fig. 1
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137

that the sediment inventory of Cs is about 4.7% of the water column
inventory. In the same way Fukai et al. (8), Ballestra et al. (9), Livingston
et al. ( 10) and others have reported data for plutonium which show that
about 9 % of the total inventory of plutonium in the Mediterranean is present
in the sediments.
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Fig. 5 Typical vertical distribution of plutonium and radiocaesium
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10.7.3. European reprocessing facilities

7.3.1 Radiocaesium

The main ocean currents in the Northeast Atlantic are shown in Fig. 6.
137

About 40 PBq of Cs have been released from the Sellafield reprocessing
plant to the Irish Sea since 1952 and about 1 PBq from La Hague reprocessing
plant to the English channel. Table 1 gives the cumulative inventories of
radionuclides released from Sellafield and La Hague up to 1986.

Table 1
Inventories (TBq) of radionuclides arising from Sellafield and La Hague
releases until 1986.

Radionuclide Cumulative inventory
Sellafield La Hague

H
106Ru
137Cs
90Sr
239+240
241

125

Pu

99,

Am
Sb
Tc

16700
285

33500
4700
680
815+

65
305

8500
800
760
675

3

800

Includes in-growth from Pu

90°W

60°W

60°E

30°E

30°W 0°

Fig. 6 Main ocean currents in the northern North Atlantic and the
Arctic Ocean ( dotted lines: warm; solid lines: cold)
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European reprocessing facilities have thus been the major source of
radiocesium to the Northeast Atlantic since the activity released is
effectively transferred by the Gulf Stream up to these latitudes. Fig. 7
shows the distribution of Cs in surface water in the North Sea, the
Norwegian Sea and the Barents and Greenland Seas ( 5).

Along the Norwegian coast from 57.8 °N, 8.1 °E to 69.0 °N, 14.4 °E, the
137

Cs concentration in surface sea water decreases by less than a factor 2.
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Fig. 7. Concentrations of Cs as a function of latitude in temperate and

arctic waters of the North Atlantic.
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137
The Cs concentration C(x) from Norway varied in 1980 with the

distance x km for locations east of Svalbard according to the following
equation:

C(x) = 141 exp ( -0.00122 x) ( half distance 568 km)

and for locations west of Svalbard following the equation

C(x) = 148 exp ( -0.00164 x) ( half distance 423 km)

The
137,

Cs in sea water thus decreases more rapidly west of Svalbard than
east of Svalbard. In other words, more Cs released from European
reprocessing facilities went to the east than to the west.

The concentration of Cs in sea water in 1982 and 1983, as a function
of distance from the Irish sea into the Arctic Sea can be seen in Fig. 8.

Cs ( T =2.05 a) is also released from European reprocessing facilities
134

and Cs from nuclear detonation tests has decayed. By using the activity
ratio Cs/ Cs the transit time to different areas can be estimated. The
approximate route for transport of radionuclides from Sellafield to east
Greenland and the approximate transit times have been estimated by Dahlgaard
et al. ( 11). The results are shown in Fig. 9.
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Fig. 8 Cs in sea water in 1982 along the track indicated in Fig. 9. (from

Dahlgaard et al., 1986)
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30°W 20°W 10°W 0°

Fig. 9 Route for transport of radionuclides from Sellafield to the
Arctic Sea. Relative concentrations and transit times are shown,
(from Dahlgaard et.al., 1986).

7.3.2 Plutonium

The distribution of the transuranium elements in the surface water of
the Norwegian, Barents and Greenland Seas is quite different from that of

Cs. As was mentioned earlier the distribution is quite homogenous with an
average concentration of 13 mBq m . Plutonium-isotopes released from
European reprocessing facilities are not significantly transported by ocean
currents to the Arctic ocean. This is in agreement with the fact that the
major part of plutonium released is in the lower oxidation states ( + IV) and
not in the more soluble forms ( oxidation states V and VI), and is thus
deposited locally in the sediments (12,13).

239+240

The general situation is expressed in Fig 10 where values for Pu
in 1982 and 1983 in surface sea water are plotted as a function of distance
from Sellafield to the Arctic Ocean. The rate of decrease in concentration
with distance from the source is much higher for plutonium than for
radiocaesium.
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238 241

Results for other plutonium isotopes, ( Pu and Pu) have also been
published (6). The relative contribution from European reprocessing
facilities is larger for these isotopes since the Pu/ Pu activity
ratio in releases from nuclear reprocessing facilities and fresh fallout is
on the order of 0.28 and 0.026, respectively. The corresponding values for

241 239+240
the activity ratio Pu/ Pu are about 30 and 16 respectively. It can

239+240

be calculated that the contribution of Pu from European reprocessing
plants to the Greenland and Barents Seas is on the order of 5-10 %. the
corresponding values for Pu and Pu are approximately 26-50 % and 20-45
%, respectively.

The transfer of a radionuclide from a source to the sampling point is
expressed by the transfer factor. This factor is defined as the ratio of the
time integral of the radionuclide concentration in the sample to the total
discharge of this radionuclide from the source. If a source has discharges A
Bq and the time integral in sea water at the location is B Bq m the
transfer factor becomes B/A m . In steady state, with an annual discharge of
a Bq a and an equilibrium concentration at the location of b Bq m , the
transfer factor becomes b/a m a . It is assumed that there is no other
source of the radionuclide than the one considered.
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Fig. 10 Pu in sea water in 1982 along the track in Fig. 9 (from

Dahlgaard et.al., 1986)
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If the transfer factor is based upon an annual discharge of 1 PBq ( 10
Bq), the unit of the transfer factor for sea water then becomes Bq m ( PBq
a" )~ X. In the calculations, during transport radioactive decay is corrected
for. The transit time from Sellafield to Barents and Greenland seas is 4-7
years. The yearly average releases during 1973-1976 were 0.04 PBq, 0.011 PBq
and 1.16 PBq for 239+24°Pu, 238Pu and 241Pu respectively (14).
We can then derive a transfer factor for plutonium from Sellafield to
Greenland and Barents Seas on the order of 0.02-0.04 Bq m~ ( PBq a" )~ .
This calculation is then based on the total plutonium released but actually
only a small fraction, 4% of this amount, is in the dissolved form. The
transfer factor of this "soluble" plutonium falls between 0.4 and 0.9 Bq m

a r - 134 -3

These figures should be compared with those for _ Cs; 2.3-3.3 Bq m (
PBq a" 1)" 1 and 99Tc and 9°Sr; 4.3-6.2 Bq m"3( PBq a"1)"1. Technetium and
strontium are supposed to behave conservatively and very little is
transferred to the sediments.

7.4. Nuclear Power Plants

The dispersion of activation products released from nuclear power plants
has been studied. A nuclear power plant constitutes a pulsed source with
maximum releases during revision periods normally in the summer. Such studies
can be performed by water analysis which, however, is rather complicated.
Instead time integrating indicators such as macroalgae or sediments can be
used to advantage .

As an example, we will take the Barseback nuclear power plant on the
Swedish southwest coast. The liquid radioactive waste is mixed with the
cooling water. The speed of the dominating north-bound current is, of the
order of 0.2-0.3 m/s which is sufficient to transport released activity about
2-5 km downstream during the time for a single injection ( 3-5 h). On its way
downstream, the volume of contaminated water will expand due to turbulence
and diffusion.

The variation in activity concentration with distance at different times
may be described by a power function of the form:

C(x) = a x~&

where C(x) is the activity concentration at a distance, x, north of Barseback
(km) and a and /3 are constants.

If the expansion rate were constant in time and direction, the volume of
contaminated water would be proportional to r , where r is the mean radius of
the volume.

Expansion is however limited upwards by the surface and downwards by the
sea-bottom and by a deeper layer of higher salinity water. The higher
temperature of the released water will also limit rapid mixing downwards. The
expansion would rather proceed in 2 dimensions and the volume of the
contaminated water would be proportional to r and the activity concentration
proportional to r .

Fig. 11 shows the distribution, of some characteristic activation
, . 60^, 58« 65_ 54,, 110. m 131T 57 .

products, Co, Co, Zn, Mn, Ag , I and Co, as a function of
distance north of the power plant (15). The value of /3 in the above equation
is aboutl.2-1.5 for radioactive Co, Zn and Mn and lower, 0.8, for
radiosilver.

In a similar way the pure beta emitter Ni ( T = 100 a) was studied

in samples of Fucus vesiculosus from the vicinity of the nuclear power plant

(16). A /3 value of 1.65 was found for 63Ni and also the 63Ni/stable Ni
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Fig. 11 Variation in radionulide concentration in F. vesiculosus with
distance northwards from Barseback nuclear power plant in December.
1978.
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macroalgae Fucus vesiculosus as afunction of distance from Barseback
nuclear power plant on the southwest coast of Sweden.
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decreased with distance from the plant at the same rate;however the Ni/ Co
ratio was constant as shown in Fig. 12.

7.5. Mixed sources in specific environments

7.5.1 The Baltic Sea

The Baltic Sea has received anthropogenic radionuclides from
fallout,inflow from rivers, the Chernobyl accident and also by inflow from
the North sea containing radionuclides originating from European reprocessing
facilities.

The water balance for the Baltic Sea is important for understanding the
behavior of radionuclides and can be described as: Precipitation: +200

3 —1 3 ~1 —3 —1

km a ; Evaporation: -200 km a : Inflow through Danish Straits +433 km a ;
Outflow through Danish Straits: -866 km a ; Run off: +433 km a . The mean
residence time of the water in the Baltic Sea is reported to be 20 to 30
years.

The Baltic Sea is a semi-enclosed and shallow sea in which dissolved
substances can remain for a long period of time. This leads to a greater
accumulation of radioactive materials than in other seas of the Atlantic
Basin. On the other hand the high load of suspended matter, the low salinity
and the shallow water results in enhanced sedimentation of several
radionuclides. Estimations of inventories have been done by Salo et. al. (17)

137

giving a total inventory for Cs in 1981 of 346 PBq in the water and 290
TBq in the sediments. For 9°Sr the corresponding values were 475 TBq and 11
TBq, respectively, and for 2 3 9 + 2 4 0p u 0.2 TBq in the water and 24 TBq in the
sediments. These findings demonstrate the conservative behavior of Sr and
the high particle association of plutonium. A common process for the transfer
to sediments is Fe/Mn oxi-hydroxide scavenging under oxic conditions.
Analysis of Fe/Mn nodules from the Baltic sea shows, however, that generally
other scavenging processes are more important except for radium (18).

13"t 239+240 90

For Cs, Pu and Sr the major source before Chernobyl was
global fallout from nuclear weapons tests. European reprocessing facilities
seem to play an important role only for Tc. The total inventory of Tc in
the Baltic Sea was 1.3 TBq in 1986 (19) of which 1.05 TBq originated from
European reprocessing facilities and only 0.05 TBq from the Chernobyl
accident.

137
The total amount of Cs deposited in the Baltic Sea following the

Chernobyl accident can be estimated to be 3.7 TBq and about half of that
valuefor Cs. The major deposition took place in the southern Bothnian sea
close to Sweden and, due to the counter clock-wise motion of the water in the
Baltic Sea, there is a south-ward transport of contaminated water.

7.5.2 Framvaren an anoxic Fjord

Framvaren is a permanently anoxic fjord on the southernmost point of
Norway and is geomorphologically the result of glaciation and deglaciation. A
barrier of glaciofluvial deposit was formed between the open sea and the
landlocked water. Due to isostatic uplift during the deglaciation period, the
landlocked water was isolated from the sea and became a merimictic lake.
Around 1850 a channel was cut in the barrier and the lake became a fjord with
a sill depth of 2.5 m and a basin depth of 180 m.

Relatively large amounts of organic substances decompose in the water
consuming oxygen at a higher rate than oxygen is supplied When most of the
oxygen has been consumed some bacteria are able to reduce sulphate to
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dihydrogensulfide ( H S) and, because of the ample supply of sulphate in sea

water, large amounts of H S may be produced and accumulated due to the high

solubility in water. The fjord is now permanently anoxic below 18 m with a
H S concentration of 8 mmol 1~ below 120 m.

The water exchange mechanisms of Framvaren are driven by the fluctuating
sea-level difference between the two basins. The average volume transport of
seawater into Framvaren is estimated to be 10 m s . Most of the seawater
entering framvaren from Hellviksf jord has a low density and may only
contribute to the renewal of the upper 10-20 m ( see Fig 13 )The overall
freshwater input is 1-2 m s .

Framvaren contains anthropogenic radionuclides from nuclear test
fallout, fallout from the Chernobyl accident and inflow of radionuclides
originating from European reprocessing facilities. The European reprocessing
facilities play an important role only for Tc.

The total inventory of Cs is estimated to 2.6 kBq m in the water
and 8.5 Bq m in the sediments. Slightly more than half of Cs originate
from the Chernobyl accident. It is interesting to note that in 1989 Cs
from the Chernobyl accident was detected down to 140 m. A rapid removal of
radionuclides from the Chernobyl accident in the Norwegian sea has
been reported

(20). A vertical profile in the water column for radiocaesium is shown in
Fig.14. The general distribution is similar to other marine areas. There is
however a lack of radio caesium. The total inventory for the area of Cs
from nuclear tests and Chernobyl should for the area be 1.6 + 3.1 kBq m ,
however only 2.6 are found. A possible explanation is that activity was lost
with the large outflow of low salinity water which occurs during springtime.

N Sill S

160
Framvaren

Lyngdalsf jord

4 km

Fig. 13 A longitudinal profile of Framvaren fjord.
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There are two principal mechanisms involved for the vertical transfer of
metals, (i) the precipitation of metal sulfides in the anoxic layer and (ii)
the transfer of metals from the productive layer by sinking of organic matter
to the bottom. Plutonium shows a sharp increase in the water profile with
depth ( see Fig. 15). Plutonium follows Mn/Fe oxy-hydroxide scavenging in the
oxic layer. There is a removal of Pu in the interphase beteween the oxic and
the anoxic layer. The Mn/Fe oxides will be dissolved in the anoxic region and
plutonium will be reduced to the +IV oxidation state. Plutonium in the lower
oxidation state is more particle reactive but it can also be complexed by
carbonates and/or dissolved organic carbon. With depth the complexation by
DOC and carbonatre becomes more important.
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7.6. The Thule accident

Since the accidental loss of a nuclear device in January 1968, near
Thule, Greenland , several scientific expeditions have taken place in the
area for the collection of sediment, water and biota samples (21-24). In 1984
the estimated inventories of Pu and Am in the sediments derived
from the accident were 1 TBq and 0.1 TBq respectively.

Shortly after the accident detailed nuclear track autoradiography and
microscopic studies of melted crust samples were conducted. The studies
showed the plutonium to be in form of oxide particles with a very wide size
distribution with a median diameter of 2 (im. The particles were associated
with particles and pieces of inert debris of all kinds of materials (glass,
metal.plastic, rubber, etc.). The subsequent cleaning of the crash site was
very effective and it was estimated that only 350 g plutonium of the total
3150 g released were trapped in the ice. Sedimentation studies of melted ice
cores showed that 85 to 95% of the debris and associated plutonium oxide sank
immediately when contaminated ice was transferred into the sea and broke up
in June-July 1968.

It is evident that such delivery of plutonium to the sea floor is quite
different from other sources such as global fallout, releases from nuclear
fuel reprocessing plants, etc. In the Thule case the elements have not
undergone any interaction in the atmosphere and only a very limited one, if
any, in the water column. The interactions and resulting chemical
partitioning have taken place in the sediments.
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Fig. 16. Chemical partitioning of plutonium and americium in sediments
collected in 1968 and 1984 at Thule (Greenland). Fl: exchangeable;
F2: carbonate; F3: Fe/Mn oxide ; F4: organic-sulfide; F5: residual
fraction.
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The isotopic ratios 238Pu/239+24°Pu and 241Pu/239+240Pu are different
depending on source. They are much higher in the releases from nuclear fuel
reprocessing facilities and in fallout from the Chernobyl accident than in
global fallout from nuclear weapons tests, and these in turn are higher than
those for weapon grade plutonium. 9..

The 238Pu/ 24°Pu activity ratio was o. 16+0.01 and the Pu/^J9+240pu
241 239+240

ratio was 3.3+0.4 at the time of the accident (24). The Am/ Pu
activity ratio was 0.098+0.005 in 1984(25). From the available data we can

241 239+240

calculate the decay of Pu relative to Pu and also tyhe^build^up^of
241Am as shown in Fig. 15. It can then be estimated that the Am/ + Pu
activity ratio was about 0.037 at the time of the accident. Supposing that
there was ' no Am present in the initial plutonium separation, one can
estimate that the plutonium was fabricated in 1962+1 year.

Chemical partioning studies have been performed on the sediments(25).
The fractions separated and studied were: Fraction 1: Exchangeable; Fraction
2: Bound to carbonates; Fraction 3: Bound to Fe/Mn oxides, Fraction 4: Bound
to organic matter-sulfides; Fraction 5: Residual.The results are displayed in
Figure 16. It is obvious that the major part of plutonium and americium is
associated with the residual fraction but also that relatively more americium
than plutonium is associated with the exchangeable and carbonate fractions
(see Table 2). Interestingly, this is reflected by the observation that
benthos collected in the area preferentially concentrate americium relative

239+240

to plutonium. The range of Pu in biota collected at Thule is given in
Fig. 17.

Table 2
The Am/ Pu activity ratio for different chemical fractions in

surface sediment at Thule collected in 1984.

i- 4. • 2 4 1 » ,239+240-, . . . . , -

Fraction Am/ Pu activity ratio

Exchangeable 1.21 + 0.30
Bound to carbonates 1.13 + 0.10
Bound to Fe/Mn oxides 0.20 + 0.02
Bound to organic matter-sulfides 0.12 + 0.05
Residual 0. 10 + 0.03

Weighted mean 0.098 + 0.005

J • • 1 • Bq kg"1 (logarithmic scale)

I 1 surface sediment 0-3 cm

I benthos

seaplants

fish

-I sea birds

sea mammals

Fig. 17. Range of + Pu (Bq kg dry weight) in environmental samples
collected at Thule in August 1979.
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7.7. The Palomares accident

A similar accident took place at Palomares , Spain in 1966 when a B-52
bombercarrying 4 thermonucelar weapons released one which fell into the sea
and was recovered later intact according to authorities. Two of the other
bombs fell on land, close to the village of Palomares and then plutonium was
released by conventional explosion. The site was cleaned-up by removing the
top layer of soil from the most contaminated areas.

Increased radioactivity has been detected in marine sediments near the
area especially in form of hot particles (26). From the isotopic composition
of plutonium and by dating the sediments, it can be concluded that the
activity originates from the accident. It is still not completely clear how
this activity has reached the sea. There are several possible ways such as
aeolean redistribution (there was a strong wind blowing toward the sea at the
time of the accident), transport to the sea by the Almanzora river which
drains the area and was flooded in 1973, from the bomb itself which fell into
the sea and was recovered 3 months after the accident, and partially orsome
of the contaminated soil from the clean-up operation which was "lost" or
disposed of at sea.

7.8. The Chernobyl accident

The Chernobyl accident in late April 1986 had an impact also on the
marine environment either directly or through runoff from rivers draining
contaminated land. Mainly fission products were released from the accident
and the released amount depended on core inventory and volatility of the
elements. In Table 3 the total estimated releases are given.

Table 3
Estimated releases of long-lived radionuclides from the Chernobyl accident.

Radionuclide Release in PBq

r 3 7 _ _

134Cs 50
90Sr 8
106Ru 35
144Ce 90
110Agm 1.5
125Sb 3
239+240Pu 0.055
238Pu 0.025

Pu 5
OA1

Am 0.006
242Pu 0.6
243+244Cm 0.006

Activity concentrations in air were observed at many sites all over the
world. The results reflected often that activity was released from the
reactor site on several occasions after the initial explosion. A typical
distribution of radiocaesium and Radctivity in air over time at Monaco is
shown in Fig. 18.

At Monaco different specie of macro algae and their uptake of radioa-
ctive elements deposited from the Chernobyl accident were studied. An example
of the concentration of some radionuclides in the brown algae Dictyota
dichotoma is shown in Fig. 19.
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Fig. 18. Radiocaesium and Ru in air over time at Monaco following the
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Fig. 20. Activity concentration of Cs in Fucus vesiculosus at the

Swedish west coast (Sardal) during 1967 to 1991.

- 4
5 6 7 10 11 12 /1986

Fig. 21. Ru, , Ru, Cs, Agm in mussels from Monaco area
following the Chernobyl accident. Data are not corrected for decay.
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various trophic levels in a marine ecosystem after an accidental
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It was observed that radionuclides relative to each other were generally
concentrated in the following sequence:

110. m . 131T ^ 129_ 103,106_. ^ 140,, ^ 134,137_
Ag . > I > Te > Ru > Ba > Cs

and that the concentration factors for different macroalgae generally could
be arranged in the following sequence:

Sphaerococcus c. > Coral Una m. > Dictyota d. > Codium t.
(red) (red) (brown) (green)

The site- spe c ific ecological residence time of the different
radionuclides in the different macroalgae varied between 60 and 250 days.
This is a typical value for the mean residence time of radionuclides in macro
algae and indicates that very little radioactivity is brought to the
collection site through run off on observationwhich is in agreement that
activity concentrations in water were back to pre-Chernobyl values by 2
months after the accident. This is, for example, not the case for another
marginal sea such as the Baltic Sea where runoff from rivers draining
contaminated areas is much more important for the water balance of the Baltic
than in the Mediterranean. In the Baltic Sea levels of radiocesium did not
decrease during 1986 to 1991.

The Skagerakk on the Swedish west coast receives radioactivity from the
controlled releases of the European reprocessing plants. The concentrations
of various radionuclides in Fucus vesiculosus have been studies since 1977
(27). In Fig. 20 the results are given showing the response to the releases
particularly from the Sellafield plant, the time factor from release to the
observed increased concentrations at the site, and the response to the
Chernobyl accident. The figure also shows the seasonal variation indicating
the higher metabolism of radiocaesium during spring-summer.

Also mussels were studied at Monaco following the Chernonbyl accident.
The accumulation over time is shown in Fig. 21. The concentration factors for
mussels are generally lower than those for macroalgae and the residence time
is shorter in agreement with literature (28).

Generally speaking the delay in radionuclide accumulation in fish
relative to maximum concentration in water after a contamination incident is
exemplified in Fig. 22. The variation in time of maximum accumulation at
different trophic levels is shown in Fig. 23.
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