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Abstract

In this work levels of 137Cs, 238Pu and 239 +240Pu as well as activity ratios of anthrophogenic radionuclides in sediment

samples from the southeastern Brazilian shelf are presented. Instrumental gamma spectrometry was used to determine 137Cs and

alpha spectrometry to determine 238Pu and 239+ 240Pu after a radiochemical procedure. The levels ranged from 0.30 to 1.79 Bq

kg�1 for 137Cs, from 15 to 150 mBq kg�1 for 238Pu and, from 18 to 117 mBq kg�1 for 239 + 240Pu. There was a bathymetric

differentiation in the radionuclides distribution. 137Cs values were generally higher in the samples collected at water depths of

less than 100 m. On the other hand, plutonium isotopes exhibit higher values at greater depths. The mean ratio of
239 + 240Pu / 137Cs obtained was 0.112F0.072 which is in agreement with the value reported for the Atlantic from atmospheric

fallout of nuclear explosions in the past. The 238Pu / 230 + 240Pu ratios varied widely (from 0.339 to 2.088) and showed the

influence of the SNAP-9A accident in the 238Pu levels for this area. The main goal of this work was to present unpublished

anthropogenic radionuclide levels and activity ratios related to the contamination of the southeastern Brazilian shelf.
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1. Introduction

Radioactive pollution is as harmful as other forms

of pollution. Thus the monitoring of anthropogenic

radionuclides in the marine environment is of great

importance, since the seas and oceans constitute the

major repositories of this kind of element.
ent 357 (2006) 146–159
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Concentrations of anthropogenic radionuclides in

the marine realm generally vary from region to re-

gion, according to the location and magnitude of the

different sources of contamination. Radionuclides

have been released into the environment from a

multiplicity of sources, both planned and accidental

(Calmet and Sjöeblom, 1992; Livingston and Povi-

nec, 2000).

Radionuclides are powerful tracers for a variety of

marine processes. Due to the relatively well-defined

temporal and spatial characteristics of the introduction

of radionuclides into the ocean, the knowledge of their

input, transport and fate within the different marine

compartments provides many insights into a large

number of processes within the water column, and

in both biological and sedimentary systems. The dis-

tinctly different geochemical behaviour of these radio-

nuclides in the aqueous system makes this set of

tracers valuable for investigating water circulation

and sedimentary processes (Baskaran et al., 1996;

Noureddine and Baggoura, 1997; Livingston and

Povinec, 2000).

Among the radionuclides produced artificially and

released into the marine environment 137Cs and 239Pu

are of great importance. 137Cs has a high fission yield

and a half-life of 30 years, while 239Pu has a longer

half-life (24,000 years) and is extremely dangerous

when released into the environment.

In the marine environment, these radionuclides

may be retained by the sediments through fixation

in suspended matter and sedimentation, direct precip-

itation of colloidal forms and the direct fixation by

adsorption and deposition of organic matter which had

previously incorporated the radionuclides (Ligero et

al., 2004).

In the Southern Hemisphere, the main source of

radioactive contamination for the South Atlantic is

the fallout from past nuclear tests. The radionuclide

inventories for this area are approximately 17.5 PBq

of 137Cs and 0.5 PBq of 239 + 240Pu (Aarkrog, 2003).

Another main source of radioactive contamination

was the accident with the SNAP-9A satellite, which

contained a nuclear power generator onboard that

released 0.6 PBq of 238Pu into the atmosphere. Due

to this accident, seawater samples from the Southern

Hemisphere have shown enhanced 238Pu / 239 + 240Pu

activity, nearly an order of magnitude greater than

that in ocean water from the Northern Hemisphere
(Whitehead, 1988; Holm et al., 1991; Aarkrog,

2003). Detectable levels of artificial radionuclides

have also been reported in the Antarctic region (Jia

et al., 2000; Marzano et al., 2000; Desideri et al.,

2003; Pourchet et al., 2003).

A research programme to establish the environ-

mental radioactivity in marine samples from the

southeastern Brazilian shelf has been carried out

since 1993 to determine the levels of antrophogenic

radionuclides. This area shows low levels of arti-

ficial radionuclides due to the atmospheric fallout,

as previously reported in the literature (Cunha et

al., 1993, 1999; Figueira et al., 1998, 2001, 2004;

Saito et al., 2001a,b; Godoy et al., 2003). This

work presents the levels of 137Cs, 238Pu and
239+ 240Pu and the activity ratios of manmade

radionuclides in surface sediment samples collected

in 1997 on the southeastern Brazilian shelf. The

results obtained here are important for our knowl-

edge of artificial radioactivity in the Southeastern

Atlantic, an area for which the data on such para-

meters is scarce. In this sense our results may be

taken as reference values for the monitoring of this

region.
2. Study area

The study area corresponds to the southeastern

Brazilian upper margin (Fig. 1), between the lati-

tudes 28840VS and 23800VS, an area of approximate-

ly 320,000 km2. The shelf width ranges from 73 to

231 km with an inclination of between 1 :656 and

1 :1333, the shelf break being located at between

120 and 180 m depth. As a rule, the inner shelf is

covered with quartzose sandy sediments. From the

50-m isobath to the shelf break muddy sediments

prevail. A few areas characterized by the occurrence

of carbonate gravels are related to the presence of

relict sediments (Mahiques et al., 2004). Most of

the drainage systems run from the coastal range

westwards into the interior, being part of the

Parana-La Plata river basin; only small rivers drain-

ing granitic, gneissic and migmatitic terrains, run

directly into the sea.

The southern sector of the study area presents

allochthonous sediments, originating in the younger

rocks of the Andean chain and reaching the shelf via
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Fig. 1. Study area and sampling stations.
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the River La Plata. The sedimentation in the northern

sector is determined by the action of the Brazil

Current, presenting a mixture of terrigenous and pe-
lagic fractions (Mahiques et al., 2002, 2004). These

regions also present differences as regards the clay

mineralogy, mainly montmorillonite in the south and
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a mixture of kaollinite–illite–montmorillonite in the

north (Rocha et al., 1975).
3. Experimental

3.1. Equipment

The following equipment were used to analyze the

radionuclides in the marine sediments studied: a hyper

pure Ge detector with a resolution of 1.9 keV for the

peak of 1332.40 keV of 60Co, model GEM 60190, by

EGG&ORTEC, and associated electronic appliances.

An alpha spectrometer coupled to a surface barrier

detector, model 576A, by EGG&ORTEC, and associ-

ated electronic appliances.

3.2. Sediment sampling

Sediment samples were collected by the R.V.

bProf. W. BesnardQ in 1997 with a box-corer and a

Petersen grab sampler. For the box-core samples

only the topmost (2�10 cm) was considered for

the analyses. For the samples collected with the

Petersen grab sampler, about 8 l of wet sediment

sample were taken. The samples were dried, homog-

enized and transferred to plastic containers. The

water content as well as grain size was determined

for each sample.

3.3. Determination of 137Cs, 238Pu and 239+240Pu in

sediment samples

3.3.1. Cs analysis
137Cs was assayed by gamma counting by means

of its photopeak of 661 keV (Fig. 2). The method

consisted of detector calibration, determination of

detector counting efficiency, cumulative counts of

both background and samples at regular intervals of

time counted, photopeak smoothing and linear re-

gression (Figueira et al., 1998). Comparison be-

tween the linear regression curves of background

and sediment sample permitted the determination of

sediment radionuclide activity, discounting back-

ground activity for each time registered. Detector

calibration was performed by means of several

gamma ray emitting nuclides. IAEA reference mate-

rials were employed to determine the detector
counting efficiency in the radionuclide photopeak

region.

In order to verify the precision and accuracy of the

analytical method we have analysed the following

reference materials: Soil-6 (soil, from IAEA), IAEA-

307 (seaweed), IAEA-352 (tuna fish), and IAEA/SD-

N-2 (marine sediment). The values obtained are pre-

sented in Table 1 and are conclusive in terms of the

reliability of the analytical procedures here employed

in the determination of the low levels of 137Cs in the

environmental samples.

3.3.2. 238Pu and 239+240Pu analysis
238Pu and 239+ 240Pu determinations were carried

out by radiochemical separation. The analytical pro-

cedures employed in our methodology, with some

modifications, followed the methods for analyses of

plutonium in soils and sediments described by various

authors (Meadows et al., 1975; Holm, 1986; IAEA,

1989; Cunha et al., 1999; Jones et al., 1999; Beks,

2000; Michel et al., 2002; Ugur and Yener, 2002;

Vioque et al., 2002). The reliability of our methodol-

ogy (Fig. 2) was confirmed by analysing reference

materials from International Atomic Energy Agency:

marine sediments (IAEA-300, IAEA-367, IAEA-368)

and soils (Soil-6) as well as by participation in inter-

comparison analyses organized by the IAEA (IAEA-

384 sample).

About 2 to 15 g of the sediment were leached

with nitric acid solution and a few drops of hydro-

gen peroxide, in the presence of 242Pu tracer. Plu-

tonium was coprecipitated with iron hydroxide. The

precipitate was dissolved in 8 M nitric acid solu-

tion, after the addition of sodium nitrite, during

heating. The solution was loaded into the condi-

tioned anion exchange column (Dowex AG1-X8,

100–200 mesh). Americium, iron and uranium

were eluted by 8 M nitric acid solution, while

thorium was desorbed from the column by passing

10 M hydrochloric acid through it. Plutonium was

eluted by using 10 M hydrochloric acid in the

presence of 0.6 g of ammonium iodide. Iodine

was eliminated by heating the solution and by the

addition of concentrated nitric acid. The solution

was evaporated to almost total dryness and 0.3 M

sodium sulphate solution (1 ml) was added. After

the evaporation of the solution, 300 Al of concen-

trated sulphuric acid were added and plutonium was
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electrodeposited (pH=1.5 to 2.2, constant current of

1.8 A for 75 min) and assayed by alpha spectrom-

etry. Blank analysis was performed simultaneously

with the sediment analysis. The results of 238Pu and
239+ 240Pu in reference materials are presented in

Table 2. The results obtained show that our meth-

odology is appropriated for the detection of low

concentrations of plutonium.
MARINE SEDIMEN

134Cs analysis

- 50 to 100 g of sediment sample 

Gamma spetrometry

 

Fig. 2. Methodology for 137Cs, 238Pu and 239+ 24
4. Results and discussion

4.1. Analysis of the results for sediment samples

The radiochemical procedure for 137Cs and pluto-

nium isotopes in marine sediments from the south-

eastern Brazilian shelf are presented in Fig. 2. The

quantity of sediments employed for the analyses var-
T SAMPLE

238Pu and 239+240Pu
analyses 

- 10–15 g of sediment sample; 
- 242Pu tracer;  
- 8 M HNO3 and H2O2; 
- leaching for 16 h or microwave 
oven digestion 

Supernatant

- co-precipitation of Pu with
Fe(OH)3; 
- dissolution of Fe(OH)3 and 
addition of NaNO2; 
- AG-1X8 ionic exchange column 

Ionic Exchange

- Am, Fe and U elution (8 M 
HNO3); 
- Th elution (10 M HCl); 
- Pu elution (10 M HCl + 0.6 g 
NH4I) 

Iodine elimination

- HNO3conc. and heating to dryness;
- 1 mL Na2SO4 0.3 M; 
- 0.3 mL of H2SO4conc; 
- pH to 2 with NaOH 

Electrodeposition
on polished steel

disk, 75 min., 1.8 A

Alpha spectrometry

0Pu analyses of marine sediment samples.



Table 1

Values of 137Cs (Bq kg�1 ) in reference materials from the International Atomic Energy Agency (IAEA)

Reference material Certified valuea Value obtained RSD (%)b RE (%)c

Soil-6 53.65 (51.43–57.91) 54F1 1.8 0.6

IAEA-307 4.9 (4.5–5.2) 4.7F0.5 10.6 4.1

IAEA-352 2.7 (2.5–2.8) 3.3F0.5 15.1 22.2

IAEA/SD-N-2 0.8 (0.5–1.0) 0.61F0.09 14.7 23.8

a Certified value and confidence interval.
b Relative standard deviation (RSD).
c Relative error (RE).
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ied from 50 to 100 g for 137Cs and 10 to 15 g for

plutonium isotopes. Table 3 shows the results

obtained in the analysis of the sediment samples

from the study area. Data show that the levels varied

from 0.30 to 1.79 Bq kg�1 for 137Cs, from 15 to 150

mBq kg�1 for 238Pu and from 18 to 117 mBq kg�1

for 239 + 240Pu. The radionuclide levels were compared

with those of other areas of the North and South

Atlantic and the results are presented in Table 4.

The radionuclide levels for the Brazilian coast are

similar to those for such areas as Antarctica, the

Tyrrenean Sea and the Turkish and Algerian coasts

which have not been directly affected by the radioac-

tive contamination due to the effluents from nuclear

facilities, deposition of radioactive waste or the Cher-

nobyl accident. Due to this type of contamination,

other areas such as the Irish Sea, the English Channel

and the Barents Sea present higher artificial radionu-

clide levels.

A study of the distribution of the radionuclide

concentrations in the study area was undertaken

(Figs. 3 and 4) and, as stated previously by Mahiques
Table 2

Values of 238Pu and 239+ 240Pu (Bq kg�1 ) in reference materials from the

Reference material Certified valuea Va

IAEA-300 3.55 (3.44–3.65) 3

IAEA-367 38 (34.4–39.8) 4

IAEA-368 31 (29–34) 2

IAEA-375 0.299 (0.245–0.339) 0.3

Soil-6 1.040 (0.962–1.110) 1

IAEA-384 107.0 (105.4–108.9)d 9

38.95 (38.10–39.60)e 3

n is the number of determinations.
a Certified value and confidence interval.
b Relative standard deviation (RSD).
c Relative error (RE).
d Values for 239 + 240 Pu.
e Values for 238 Pu.
et al. (2004), as regards geochemical and sedimento-

logical parameters, there is a clear difference between

the sediments northward and southward from São

Sebastião Island. The area off São Sebastião Island

marks the boundary between the two main sedimen-

tary zones, which are characterized by differences

both in the organic and inorganic fractions of the

sediments.

In the sector southward from São Sebastião Island

there was a northward increase in 137Cs levels, rang-

ing from 0.50 to 1.79 Bq kg�1 . To the north of São

Sebastião Island the values were almost constant at

levels between 0.30 and 0.62 Bq kg�1. The geograph-

ical variations in plutonium distribution also presented

the same differentiation between the sectors north-

ward and southward of São Sebastião Island, the

lowest values for plutonium being found in the north-

ern sector. These results seem to indicate that these

radionuclides are transported by the main hydrody-

namic agents of the area, especially by the Subtropical

Front that carries water northwards from the Argenti-

nean shelf (Mahiques et al., 2004).
International Atomic Energy Agency (IAEA)

lue obtained RSD (%)b RSE (%)c

.6F0.6 (n =6) 16.7 1.4

0F1 (n =6) 2.5 5.2

7F2 (n =2) 7.4 14.8

4F0.04 (n =1) 11.8 13.7

.2F0.3 (n =3) 25.0 15.4

5F8 (n =4) 8.4 11.2

6F2 (n =4) 5.5 7.6



Table 3

Levels of radionuclides and grain size content in sediments from the southeastern Brazilian shelf

Sample Lat. Long. Depth

sampling

(m)

137Cs

(Bq/kg)

238Pu

(mBq/kg)

239+ 240Pu

(mBq/kg)

Silt

(%)

Clay

(%)

Silt+Clay

(%)

239+ 240Pu /
137Cs

238Pu /
137Cs

238Pu /
239+ 240Pu

6571 �24.212 �44.983 78 0.44F0.11 38F2 112F5 7.99 5.99 13.98 0.255 0.086 0.339

6587 �25.290 �46.353 86 1.79F0.10 28F2 82F4 75.29 13.13 88.42 0.046 0.016 0.341

6598 �26.575 �47.489 97 1.52F0.17 38F1 18F1 56.35 41.32 97.67 0.012 0.025 2.088

6604 �27.536 �47.962 98 1.39F0.07 15F1 44F2 61.62 30.82 92.44 0.032 0.011 0.341

6588 �25.717 �46.816 100 1.44F0.12 27F1 63F3 73.53 25.95 99.48 0.044 0.019 0.429

6541 �23.597 �41.707 143 0.55F0.09 91F4 58F3 47.36 23.68 71.04 0.105 0.165 1.569

6569 �24.248 �44.351 147 0.30F0.09 61F3 44F2 7.94 7.94 15.88 0.147 0.203 1.386

6573 �24.710 �44.724 155 0.62F0.07 79F4 59F3 7.99 2.00 9.99 0.095 0.127 1.339

6606 �27.801 �47.401 176 0.56F0.07 83F4 113F5 0.48 8.00 8.48 0.202 0.148 0.735

6611 �28.406 �47.363 197 0.51F0.11 88F4 69F3 55.62 39.20 94.82 0.135 0.173 1.275

6553 �23.818 �42.780 227 0.50F0.08 bMDC 96F4 10.31 4.12 14.43 0.192 – –

6591 �26.112 �45.997 410 0.87F0.10 131F6 77F3 72.41 25.34 97.75 0.089 0,151 1.701

6622 �26.516 �46.255 474 1.18F0.08 150F5 117F4 49.46 35.97 85.43 0.099 0.127 1.282

6608 �28.001 �46.995 500 0.83F0.09 bMDC bMDC 20.02 18.02 38.04 – – –

Mean 0.89 69 73 0.112 0.104 1.069

S.D. 0.48 43 30 0.072 0.070 0.608

Median 0.73 70 69 0.099 0.127 1.279

Max 1.79 150 117 0.255 0.203 2.088

Min 0.30 15 18 0.012 0.011 0.339

MDC is the Minimum Detectable Concentration and was 4.2 mBq kg�1 for Pu isotope analysis.
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There is also a bathymetric differentiation in the

radionuclides distribution. 137Cs values are generally

higher in the samples collected at water depths of less

than 100 m, an exception to this pattern being sample

6571. On the other hand, plutonium isotopes exhibited

higher values at greater depths. Fig. 5 shows the levels

of radionuclides in terms of depth of sampling.

A comparison of the levels of 137Cs, 238Pu and
239+ 240Pu by grain size has been carried out. A sig-

nificant correlation between 137Cs concentration and

clay (b2 Am) and silt (2–63 Am) contents was found,
Table 4

Levels of 137Cs, 238Pu and 239+ 240Pu in marine sediments from southeaster

the Northern Hemisphere

Region Author

Southeastern Brazilian shelf this study

Antarctica (Italian station) Desideri et al. (2003)

Antarctica (Ross Sea) Jia et al. (2000)

English Channel Boust (1999)

Irish Sea Jones et al. (1999)

Spitsberg-Bear (Barents Sea) Heldal et al. (2002)

Tyrrenean Sea Desideri et al. (2004)

Aegean Turkish Coast Ugur and Yener (2002)

Western Algerian Coast Noureddine and Baggoura (1997)
as shown in Fig. 6, thus attesting the role played by

grain size in the fixation of 137Cs (Cundy and Crou-

dace, 1995; He and Walling, 1996; Park et al., 2004).

Plutonium isotopes did not show a significant corre-

lation with grain size.

An analysis of the behaviour of the plutonium

isotopes in their relation to each other revealed a

good correlation, taking into account both the shallow

(less than 100 m depth) and deep samples, as stated in

Fig. 7. Samples 6598 and 6606 are exceptions to this

trend.
n Brazilian shelf as compared with those in regions of Antarctica and

137Cs 238Pu 239+ 240Pu

0.30–1.79 0.015–0.150 0.018–0.117

0.14–1.5 b0.0003–0.0125 b0.0003–0.0806

b0.10–0.96 b0.0003–0.0125 b0.0003–0.0169

0.12–3.13 0.008–0.448 0.204–1.007

13–4417 1–123 4–780

0.5–9.3 0.001–0.1 0.01–2.4

0.32–19.8 0.0044–0.011 0.04–0.54

3.2–14.9 0.002–0.09 0.13–0.85

6.9–8.5 0.02–0.05 0.3–0.6
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graphs represent the position of São Sebastião Island.
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4.2. Analysis of the radionuclide activity ratios

The activity ratios (239 + 240Pu / 137Cs, 238Pu / 137Cs

and 238Pu / 239 + 240Pu) have been used to obtain infor-

mation as to the sources (such as global fallout,

nuclear reprocessing plants and nuclear accidents) of

these radionuclides (Baskaran et al., 1996; Jones et al.,

1999; Gascó et al., 2002; Michel et al., 2002; Heldal

et al., 2002).

Table 3 shows the radionuclide activity ratios in the

sediment samples from the southeastern Brazilian

shelf. Ratios of 239 + 240Pu / 137Cs varied from 0.012

to 0.255, with mean values of 0.112F0.072. This

range can be compared with the mean value of
0 5 10 15 20 25 30 35 40 45
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

(r=0.54; p<0.05)

13
7 C

s 
(B

q/
kg

)

Clay (%)

Fig. 6. Levels of 137Cs according to clay and
0.17F0.08 reported for the Atlantic slope sediments

(Livingston and Bowen, 1979).

A wide spatial variation was obtained in the
239+ 240Pu / 137Cs ratios and this is related to the geo-

chemical behaviour of these radionuclides. Bowen et

al. (1980) also suggested that fallout of 239 + 240Pu is

different from that of 137Cs because this latter has a

noble gas as precursor, and it does not lead to signif-

icantly higher concentrations of 137Cs. Baxter et al.

(1995) have mentioned in their article that plutonium

has a spatial inhomogeneity in the oceans with sub-

sequent non-conservative behaviour, thus the inven-

tory of plutonium is not uniformly mixed and activity

concentrations vary widely.
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Fig. 7. Correlations of 238Pu and 239+ 240Pu in the marine sediments: (a) above the 100 m isobath, (b) below the 100 m isobath.
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Hirose et al. (1992) have explained this pattern as

due to the difference in the scavenging rates as be-

tween the cesium and the plutonium in surface sea

water. While most of the cesium remain in the water

column, plutonium is readily adsorbed by particulate

matter and the ratios may increase in the sediments by

the sinking of Pu-enriched particles.

The distribution coefficient (Kd) may help to ex-

plain the behaviour of Pu and Cs in the sediments of

the study area. An estimate of Kd for both radionu-

clides was performed by using levels of 239 + 240Pu and
137Cs in seawater collected in 1997 in the same region

(Figueira et al., 2001). The values of Kd obtained (10

4 for Pu and 10 2 for Cs) agree with data previously

published in the literature (104–105 for Pu and 102–

103 for Cs; IAEA, 1985) showing that plutonium

isotopes may be removed due to their great affinity

with suspended particulate matter, particularly organic

matter, and the slight removal of 137Cs may be due to

its lesser affinity with particulate matter (Moon et al.,

2003).

Ratios of 238Pu / 239 + 240Pu varied from 0.339 to

2.088 Bq kg�1 , with a mean value of 1.069F0.608.

According to UNSCEAR (1982), the 238Pu / 239 + 240Pu

ratio in global fallout is 0.0254; this ratio does not differ

significantly as between the two hemispheres. Howev-

er, a satellite (SNAP-9A) containing plutonium reen-

tered the atmosphere of the Southern Hemisphere in

1964, thus, increasing the measured 238Pu levels

especially in the Southern Hemisphere beyond

those to be expected from nuclear weapon testing.

Approximately 22% of the 238Pu reached the North-
ern Hemisphere, while the remainder settled in the

Southern Hemisphere. This event changed the global

fallout in the Northern Hemisphere to 0.036 and in

the Southern Hemisphere to 0.182 (Linsalata et al.,

1980; Sholkovitz, 1983; Aarkrog, 1988; Jia et al.,

2000).

The values obtained in this study do not agree

with these last estimates, which seem to be very low,

since the accident with the SNAP-9A released about

0.51 PBq of 238Pu in the Southern Hemisphere,

equivalent to double the amount released by all the

nuclear tests put together. So it is difficult to estab-

lish a value for the 238Pu / 239 + 240Pu ratio because

nuclear accidents with satellites may modify the

proportion of 238Pu in the sediments relative to that

from fallout. There is, further, a lack of experimental

data relating to the 238Pu concentration in the South-

ern Hemisphere. Just as a comparison, the mean ratio

of 238Pu / 239 + 240Pu in sediment samples from Ant-

arctica ranged from 0.20 to 0.23. These values are 5–

10 times higher than those found in the Northern

Hemisphere (Desideri et al., 2003) and seven times

higher than those for Adriatic Sea sediments, whose

value is 0.034 (Jia et al., 1999), these results thus

point to a different source for the 238Pu (Marzano et

al., 2000; Jia et al., 2000).
5. Conclusions

The determination of 137Cs, 238Pu and 239Pu in

marine sediments from the southeastern Brazilian
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shelf provides important information about the be-

haviour of these radionuclides in this area of the

South Atlantic. The results lead us to the following

conclusions:

(1) The values obtained for the radionuclide levels

in the marine sediments were relatively low as

compared with those from other areas of the

world which have been directly affected by

effluents from reprocessing plants, dumped nu-

clear reactors or influenced by the Chernobyl

accident.

(2) A bathymetric differentiation in radionuclide

distribution was found. 137Cs values were gen-

erally higher in the samples collected at water

depths of less than 100 m. On the other hand,

plutonium isotopes exhibited higher values at

greater depths.

(3) 137Cs showed a good correlation with grain

size (clay and silt content) and this is related

to the chemistry of this element and its pro-

cesses of fixation in sediment particles. Pluto-

nium isotopes did not show a significant

correlation with grain size. Due to their highly

complex chemical behaviour, other parameters,

such as those for organic matter, affect the

distribution of plutonium isotopes significantly.

The organic matter fraction has not been de-

termined in this work, making it impossible to

obtain a more detailed study of the geochem-

istry of plutonium.

(4) The mean ratio of 239 + 240Pu / 137Cs obtained for

the study area (0.112F0.072) agreed with the

value reported for atmospheric fallout and

showed that the main source of radioactive con-

tamination in Brazil was the nuclear explosions

which occurred in the past.

(5) There was a geographical variation in the dis-

tribution of Cs and Pu, related to the main

hydrodynamic agents that act on the southeast-

ern Brazilian shelf. The values of Kd obtained

have helped to understand the difference in the

behaviour of these radionuclides as between the

shallower and deeper areas.

(6) The experimental values of the 238Pu / 239 + 240Pu

ratios presented here indicate a change of atmo-

spheric fallout by virtue of the SNAP-9A acci-

dent in 1964. However, the values expected for
the Southern Hemisphere as stated by

UNSCEAR and by Aarkrog (1988) have been

underestimated.

Finally, the results presented here are the first

report on activity ratios for this area of the Southern

Atlantic Ocean. These values obtained are important

for the understanding of the behaviour of radionu-

clides in the marine environment and in the field of

isotope geochemistry as well as for the detection of

additional contributions of 137Cs, 238Pu and 239Pu

from atmospheric fallout in this area. In view of the

limited data available for the South Atlantic area, the

values of activities and ratios of manmade radionu-

clides presented here may be taken as reference values

for this region.
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